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ABSTRACT

This thesis presents the design of novel robust control strategies for dy-
namics systems with input saturation and state constraints affected by
disturbances. The problem considers both linear and nonlinear systems
taking into account some systems constraints, i.e., state, input, and com-
munications constraints. To develop the new robust control algorithms for
both linear and nonlinear systems, several tools are used. These tools in-
clude the model predictive control, the attractive ellipsoid method, and the
barrier Lyapunov function, which effectively handle input and state con-
straints. Additionally, integral sliding-mode control can counteract the
effects of some class of external perturbations, while event-triggered con-
trol theory addresses communication constraints. Numerical simulations,
over some academic examples, and experimental results, using the unicy-
cle mobile robot, validate the effectiveness of the proposed robust control
strategies.
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INTRODUCTION

This chapter contains the motivation of this work, which serves as the founda-
tion for the main problem formulation. The contribution section outlines the novel
aspects of this work in addressing the stated problem. Finally, the structure of the
document is also presented.

1.1 MOTIVATION

In control theory, the mathematical models are normally used to repre-
sent physical systems and design controllers. However, if the controller
is applied to a real dynamical system, there exist some restrictions due to
structural limitations such as saturation in the control input and state con-
straints, (see, e.g., [1], [2], and [3]). Nevertheless, this class of restrictions
is rarely included in most of the mathematical models. On the other hand,
the behavior and the stability of the systems can be affected by parameter
uncertainties and external perturbations. Moreover, in most cases, the dy-
namical systems are managed through a digital platform, and then, there
is limited bandwidth and it is necessary to restrict the frequency of control
input updates to save communication resources.

Therefore, the control strategies must consider these challenges during
their design. In this sense, it is essential to ensure that the designed con-
troller does not violate the system constraints. To achieve this, control
techniques need to take into account these constraints and be capable of
compensating the effects of external perturbations.

Fig. 1, illustrates some examples of dynamical systems for which it is
required to take into account possible state, input, and communication
constraints as well as external perturbations. For instance, the wheeled
mobile robots operate in a confined workspace, i.e., they are restricted by
obstacles, terrain, and workspace boundaries. On the other hand, aerial
robots, also have workspace limitations and limited flight time due to the
battery capacity, i.e., they have input and state constraints.

Figure 1: Constrained dynamic systems
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With this in mind, the main problem statement is presented below.

1.2 PROBLEM STATEMENT

Consider a general class of nonlinear system
X(t) = f(t, x(t), ut), w(t)), t >0, (1)

where x(t) € R" is the state, f : R4 x R™ x RP x RY9 — R™ is a locally
Lipschitz function in x and u, and piecewise continuous in t, u(t) € RP is
the control input, and w : Ry — RY is the disturbance term.

Then, it is considered that the control signals are constrained, i.e.,

u(t) € % = {u € RP| — Unmax; < Uj < Umay, V) =1,p), (2)

where 0 < Umax; 1S the maximum amplitude value that u; can take. More-
over, the control signal could possess sampling communication constraints,
ie, u(t) =u(ty), for all t € [ty,tx+1) and k € IN, where the sampling in-
stants tx monotonously increase, so that limy_, tx = +00. Additionally,
the solutions of the system (1) must be constrained inside the polytope

X ={x € R"bx < 11}, (3)

where b = (bq,. ..,ka)T € R&*" with b; € R™ being some given vec-
tors that characterize the state constraints, k, € Z is the number of the
polytope faces, and 1, = (1,...,1)T € R¥x,

Thus, the general objective is to develop new robust control strategies
for stabilizing some classes of perturbed dynamical systems taking into
account state, input, and/or communication constraints. Specifically, the
particular goals of this work are listed below:

1) To design a robust control strategy to regulate the output of a class
of uncertain linear systems, with state and input constraints, affected
by external perturbations.

2) To design a robust control strategy to stabilize a particular class of
uncertain nonlinear systems, taking into account state and input con-
straints, and external perturbations.

3) To design a sampled robust control strategy to stabilize a particular
class of uncertain nonlinear systems, taking into account state, input,
and communication constraints, and external perturbations.

1.3 CONTRIBUTION

Motivated by the aforementioned challenges, i.e., external perturbations,
state, input, and communications constraints, this document presents a
solution to the controller design problem for some classes of uncertain
linear and nonlinear systems with state, input, and/or communication
constraints. Specifically, this thesis contributes with



1.3 CONTRIBUTION

1) The design of a robust output-regulation control for a class of uncer-
tain linear systems. The proposed algorithm is composed of a linear
and nonlinear part, with the following features:

¢ The linear control part is designed based on the BLF and the
AEM approach.

* The nonlinear control part is based on an ISMC approach.

* Characterization of safe set where the system trajectories do not
transgress the system constraints.

This contribution is reflected in the works given in [4], [5], [6], [7],
[8], and [9].

2) The design of a robust sampled controller to stabilize a particular
class of uncertain nonlinear systems, taking into account state and
input constraints, affected by external perturbations. The proposed
controller possesses the following features:

¢ The controller is based on a discrete—time IP-based state—feedback
controller and a MPC approach.

¢ The measurements of the system states are not required.

¢ Characterization of safe set where the system trajectories do not
transgress the state constraints.

¢ Low computational cost.

This contribution is reflected in the works given in [10], [11], [12],
and [13].

3) The design of a sampled control strategy to stabilize a particular class
of uncertain nonlinear system, taking into account communication,
state and input constraints, affected by external perturbations. The
proposed control scheme is composed of an aperiodic and a periodic
sampled controller, with the following features:

¢ The aperiodic sampled controller is based on a state-feedback
event-triggered controller designed through the AEM and the
BLE.

¢ The periodic sampled control part is based on a state-feedback
controller designed using a Lyapunov-Krasovskii function ap-
proach.

e Characterization of a safe set, where the state constraints are
not transgressed.

This contribution is reflected in the works given in [14], [15], and
[16].

A schematic diagram of the academic contribution is presented in Fig.
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1.4 THESIS STRUCTURE

The rest of the document is organized as follows. In Chapter 2, the
mathematical preliminaries along with some useful results are given. The
second part of the thesis focuses on designing control strategies for con-
strained systems. Chapter 3 introduces the design of an ISM-based control.
Chapter 4 presents the design of an interval predictor-based robust con-
trol. Chapter 5 presents the development of a sampled robust control. In
the third part of the thesis, the applications of the algorithms presented
in the second part are shown. Chapter 6 contains the application of ISM—
based robust control to solve the trajectory tracking in an omnidirectional
mobile robot. Chapter 7 shows the application of the ISM-based robust
control algorithm to solve the trajectory tracking problem in an unicycle
mobile robot. Chapter 8 presents the application of sampled robust control
in an unicycle mobile robot. Finally, Chapter 9 provides the concluding re-
marks.



PRELIMINARIES

In this chapter, it is described the notation that will be used throughout the rest
of the document, as well as fundamental definitions and concepts necessary for the
development of the control algorithms.

2.1 NOTATION

The sets of real and integer numbers are defined by R and Z, respec-
tively;, Ry :={s € R:s > 0}and Z, = {s € Z : s > 0}. The matrix
Al = (ATA)TAT € R™*™ denotes the left pseudoinverse of a matrix
A € R™*™, The term He{A} denotes A + AT, for a matrix A € R™*™. For
a matrix A, it is defined that A* = max{0, A} and A~ = A" — A (similarly
for vectors), where the operation max is understood in an element-wise
sense. For two vectors x7,x> € R™ or matrices Aj,A> € R™™, the re-
lations x; < x2 and A7 < Ay are understood in an element—-wise sense.
The relation P < 0 (P > 0) means that a symmetric matrix P € R™*™ is
negative (positive semi-) definite. For a matrix A € R™*™, the induced
norm is the spectral norm, i.e., |All = \/Amax(ATA).

The set &(R) := {x € R™x"Rx < 1} is an ellipsoid characterized by a
matrix 0 < RT = R € R™*™ centered at the origin. The set &(P,x.) =
{(x € RY(x —x¢)"P(x —xc) < 1} is an ellipsoid characterized by a ma-
trix 0 < PT = P € R™™ and centered at x. € R™. For any 8 € R",
18] := infyces ||0 —m], is the distance from O to the set &. The Mink-
ouski addition of two subsets A,B € R is defined by A+ B = {a + bla €
A,b € B}. The set P := {x € R"|bx < 1 } is a polytope, where b =
(bq,... ,bkx)T € R*" with b; € R™ being some given vectors that char-
acterize the state constraints, ky € Z is the number of the polytope faces,
and 1, = (1,...,1) T € Rk~

For a Lebesgue measurable function w : Ry — RS9, define ||w|(, (,) =

€SS SUP ¢ (1, 1) IW(L)[; then, [[w][o, = [[Wl| (o 1 ) and the set of all the func-

to,t
tions w wi’?h ]the property ||wl||,, < 400 is denoted as £d,. A continuous
function « : Ry — Ry belong to class X if it is strictly increasing and
«(0) = 0. A continuous function 3 : Ry — R belongs to class KL if, for
each fixed s, 3(r,s) € K with respect to v, and for each fixed r, 3(r,s) is
decreasing to zero with respect to s. A matrix is called Metzler when all
its non—-diagonal coefficients are non—negative. Let us denote a sequence
of integers 1,..,n as 1,n, for any n € IN.

Denote the trigonometric functions sin(0), cos(0), and sinc(0) as s(6),
c(0), and sc(0), respectively. The OR operation is denoted by the symbol
/\.
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2.2 DEFINITIONS AND SUPPORTING LEMMAS

Consider the following nonlinear system

x(t) = f(x(t), w(t)), (4)

where x(t) € R™ is the state vector, w : Ry — R9 is the external input;
f: R™ x RY — R™ is a locally Lipschitz function. The solution of system
(4) for an initial condition xo € R™ and w € £g, is denoted as x(t,xo, W),
for any t > 0 for which the solution exists.

Definition 1 [17]. The system (4) is said to be Input—to—State practically Sta-
ble (ISpS) if there exist some functions 3 € KL and v € X, and a constant
k € Ry, such that for any w € L, and any xo € R™

[x(t, xo, WIII < B(lIxoll, ) +v(IWlleo) + k, ¥t = 0. (5)

If k =0, the system (4) is said to be Input-to-State Stable (ISS).

The next lemma gives the interval upper and lower bounds for product
of matrix and vector variables.

Lemma 1 [18]. Let x € R™ be a vector variable, x < x < X for some x,x € R™,
then

» If A € R™*™ is a constant matrix then

ATx —A X <Ax<ATX—A " x (6)

» If A € R™¥" is a variable matrix and A < A < A for some A, A €
R™XM then
Am < AX < Apm, (7)

with Am = AT™xt —ATx" —A Xt +A x and Ay = A X+ —
ATXT—A xt+ATX

A variant of Gronwall-Bellman inequality is formulated in the next
lemma:

Lemma 2 [19]. Let A : [a, b] — R be a continuous function and w : [a,b] — R
be a continuous and non—negative function. If a continuous functiony : [a, b] —
R satisfies

t

y(t) <A +J u(s)y(s)ds,

a

for a <t < b, then, on the same interval, it holds that

y(t) <A(t) +r A(s)u(s)els H(r)argg,

a



2.3 BARRIER LYAPUNOV FUNCTION

2.3 BARRIER LYAPUNOV FUNCTION

Consider the following system
X(t) = f(x(t)), x(0) =xo, (8)

where x(t) € R™ is the state and f : R"™ — R™ is a continuous function
with respect to x(t). The solution of system (8) for an initial condition
xo € R™ is denoted as x(t, o), for any t > 0 for which the solution exists.

Definition 2 [20]. A barrier Lyapunov function is a scalar function V(x), de-
fined with respect to the system (8) on an open region 2 containing the origin,
that is continuous, positive definite, has continuous first—order partial derivatives
at every point of &, has the property V(x) — oo as x approaches the boundary of
2, and satisfies V(x(t)) < b, for all t > 0, along the solution of system (8), for
X0 € 9 and some positive constant b.

Note that if V < 0 and xp € 2, then b = V(x¢), and any trajectory will
be bounded inside 2.
A graphical representation of a Lyapunov barrier function is depicted in

Fig. 3.

> X

109 0 09.
Figure 3: Barrier Lyapunov Function

Let us consider the input vector u = (Lu,...,up)T € IRP, then it is
possible to apply the saturation function to each element of u € RP, i.e.,

Umax; s if Umax; <y,
0j (uj) = w5, if _umaxj < o] < LLmaxj/ (9)

_umaxj if U < _u-maxj~

where Umax; > 0, for j = 1,p, is the maximum amplitude value that u
can take. Due to the structure of this function there exists a linear control
region, where o(u;) = u;, is characterized by the set % := {u € RP|—
Umax; < W < Umay;, Vj = 1,p}. Define the function ;5 : R — Ras ¢j(u;) ==
oj(u;) —uwy and $(u) = (Pr(ur),..., dp (up))T. For the multiple input
case, let us introduce the following lemma.
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Lemma 3 [21]. If & — B is an element of %, then the function (o) satisfies
¢ T (&)A [d(&) + B] <0, with A = diag(s1,...,5p), forany & >0,j =1,p.

The conditions to get an asymptotic attractive ellipsoid are given by the
following definition.

Definition 3 [22]. The set &(P) = {x € R"x"Px < 1} is an asymptotically
attractive ellipsoid for the system (8), if ||x(t,xo)|| o — 0, when t — oo, for any
xo € R™.
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AN ISM-BASED ROBUST CONTROL FOR UNCERTAIN
LINEAR SYSTEMS

This chapter presents a robust control for uncertain linear systems with input
saturation, state constraints, and external perturbations. The control design con-
sists of a nominal and a robust part, both independently designed using an ISMC
approach. The proposed scheme guarantees asymptotic convergence to zero of the
output regulation error coping with the system constraints and perturbations.

3.1 INTRODUCTION

The mathematical models are normally used to represent physical sys-
tems and design controllers. However, if the controller is applied to a real
dynamical system, there exist some restrictions due to structural limita-
tions such as saturation in the control input and state constraints. Never-
theless, this class of restrictions is rarely included in most of the mathe-
matical models. On the other hand, the behavior and the stability of the
systems can be affected by parameter uncertainties and external pertur-
bations. Therefore, robust control techniques, e.g., SMC, are necessary to
design a controller that counteracts the effect of external perturbations. In
particular, the ISMC technique is capable of compensating the effect of
these perturbations without the presence of a reaching phase [23]. More-
over, the ISMC allows to independently design the control law in two parts,
i.e., a nominal and a robust part. Each part of the control could deal with
different constraints and perturbations.

Regarding the control design for systems with state constraints, the BLF
appears as a possible solution [20]. For instance, based on the BLF tech-
nique, in [24], a feedback control is proposed for nonlinear switched sys-
tems with state constraints. The proposed scheme ensures that the output
tracking error converges to zero asymptotically. The BLF can be combined
with other different techniques, e.g., the AEM, adaptive control techniques,
and backstepping, to solve the problem of the control design for systems
with state constraints. The BLF combined with the AEM allows an el-
lipsoid to characterize a region where none of the system constraints are
transgressed. For instance, in [25], considering that the state constraints
are described by a polytope, a robust state feedback controller is proposed
for uncertain linear systems. The proposed scheme ensures asymptotic
convergence of the system trajectories to a region around the origin. In
the context of the adaptive control, in [26], a robust adaptive control based
on an asymmetric BLF is proposed for a class of strict-feedback nonlinear
systems in presence of state constraints. However, in some of the previ-

13
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ously mentioned works, the external perturbations are not contemplated
and only sate constraints are considered.

On the other hand, in the control design for systems with input satura-
tion, in [27], an output feedback control is proposed for a chain of integra-
tors with input saturation. The proposed approach guarantees asymptotic
convergence to zero of the closed-loop dynamics. However, parameter un-
certainties and external perturbations are not taken into account. In [4], a
robust output-based control, based on the AEM and the BLF, is proposed
for uncertain linear systems with input saturation and external perturba-
tions. The proposed algorithm guarantees asymptotic convergence to a
certain set. However, in the above-mentioned works only input saturation
is considered.

Concerning the control design for constrained systemes, i.e., systems with
input saturation and state constraints, different techniques have been used
to solve this problem. For instance, in [28], an output feedback control is
proposed for linear systems with external perturbations. The proposed
controller ensures that the regulation error converges to a neighborhood
around the origin. On the other hand, in [29], a controller based on a high—
order BLF and the Nussbaum gain technique is proposed for high-order
nonlinear systems. In absence of external perturbations, the closed-loop
signals are bounded. Also, in [30], a constrained adaptive robust control is
proposed for MIMO systems with parameter uncertainties and perturba-
tions. The proposed algorithm guarantees finite-time convergence of the
tracking error to a region around the origin. Notwithstanding, in most of
the above-mentioned works, external perturbations are not contemplated,
and when they are considered, only convergence to a region around of the
origin is guaranteed.

Motivated by the above-mentioned issues, this chapter aims to design
a robust controller to regulate the output of a class of uncertain linear
systems, with input saturation and state constraints, affected by external
perturbations. The proposed robust control is composed of a linear and
a nonlinear part. Each part of the control can be designed independently
due to the use of an ISMC approach. Then, the proposed control approach
contributes with the following features:

1) The linear control, whose design is based on the BLF and the AEM
approach, considers the input saturation, the state constraints, and
the parameter uncertainties.

2) The nonlinear part is based on an ISMC approach and it can com-
pensate the effect of some matched perturbations.

3) A safe set where the system trajectories do not transgress the state
constraints and input saturation, is provided.

4) The proposed scheme guarantees asymptotic convergence to zero of
the output regulation error coping with the system constraints and
perturbations.



3.2 PROBLEM STATEMENT

5) A constructive and simple method, based on LMIs, is proposed to
compute the controller gains.

3.2 PROBLEM STATEMENT

Consider the following class of uncertain linear systems with input sat-
uration

x(t) = (A +A)x(t) + Bu(t) +w(t)), t >0, (10a)
yr(t) = Cx(t), (10b)

where x(t) € R™ is the state, u(t) € R is the control input, y-(t) € R
is the output to be regulated, w : R — IRY is the external perturbation,
and A € R™ ™ represents some parameter uncertainties. The matrices
A, B, and C are known and they have suitable dimensions. It is assumed
that the controllability of the system is not affected by the presence of the
parameter uncertainties, i.e., the pair (A 4+ A, B) is controllable.

It is considered that u € [—Umax, Wmax), Wwhere umax > 0 is the maximum
value that the control signal can take. The solutions of the system (10)
must be constrained inside the polytope

Py i={x € R"bx < 11 }. (11)

Let us define a desired constant reference as r € R. Thus, the problem
is to design the control input u, for the system (10), such that

lim r—y,(t) =0 subjectto u € [—Umax, Umax],
t—o0

where r € R is the desired constant reference, despite some class of exter-
nal perturbations w(t) and parameter uncertainties Ax.

3.3 ROBUST CONTROL DESIGN

The following assumption is imposed on system (10).

Assumption 1 The unknown input w is bounded, i.e., w € W :={w € L :
IWlloo < W}, with W a positive known constant; and the unknown matrix A is
norm bounded, i.e., ||Al| < 8, with § a positive known constant.

Since the external perturbation w is bounded, and due to the fact that
the system (10) is linear; then, the solutions of the system exist and they
do not escape to infinity in finite time, i.e., [[x||(o¢,) < oo, for any t; < oco.

Define the regulation error ey := r —y, and the following variable

t t
Xy 1= Jo (r—y+(Tt))dTt = Jo ey(T)dT.

Then, the following extended system is introduced

2(t) = (A+A)z(t) + B(u(t) +w(t)) + Fr, (12)

15
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T . .
where z := (XT, xr) e R™t1 is the extended state and the system matrices
have the following structure

) (0) = 0)a-(30)

The following assumption is imposed on the extended system (12).
Assumption 2 The pair (A + A, B) is stabilizable.

The Assumption 2 characterizes the type of outputs that can be regu-
lated. Note that, due to (11), the solutions of the system (12) are con-
strained inside the polytope

P.={ze R" bz < 1}, (13)

withk=%k,+1and b = (biT,. .., bg)T e R™t1 where by is an arbitrary
vector. For simplicity, by can be considered as O since the variable x, has
no constraints. It is possible to approximate the state—constrained set (13)
by an ellipsoidal set completely contained in it [31]. Thus, there exists a
family of ellipsoids &(R), parameterized by 0 < R = RT € R(n+Dx(n+1),
contained in P, if b/ R~"b; < 1, for i = 1,%, where the ellipsoid &(R) is
the safe set in which the state constraints and the input saturation are not
violated.

Note that it is possible to compute the projection of the ellipsoid &'(R) &
RM+1Dx(M+1) into the plane R™*™, i.e., a new ellipsoid &(Rp), parame-
terized by 0 < R, = Rg € R™*™, in the coordinates of the original state
x. Then, it is possible to obtain a matrix R, by partitioning R into the

following matrices
R= ( Rit Ry ) ,
R21 R22

where Ry € R™™, Ry; € R (m=1) and Ry, € R. Therefore, the matrix

Ry is computed as R, = Ryj — R2T1 R;; Rz71. Then, the ellipsoid &(Rp)

fulfills the condition b;'— Ry by < 1,and it is completely contained in (11).
The proposed controller is given as follows

u(t) = o(uo(t)) +ur(t). (14)

The controller (14) is divided into two parts. The nonlinear element u;
is the ISMC that can compensate the effect of the matched perturbations;
whereas g is the linear control part that takes into account the system
constraints, i.e., the input saturation and the state constraints, and parame-
ter uncertainties. Due to the fact that [u| < umax, each part of the controller
can be upper bounded as u;| < uy,, and |o(up)| < up,,,, with constants
Wo, . Wi, > 0, such that up,, +uy, < Umax

Remark 1 The value of Wmax is fixed due to the physical properties of the ac-
tuators. In order to fulfill the condition uo,, + Ui, < Umax, it is possible
to select uy,_, according to the upper bound of the matched perturbations; then,

LLOmax = Umax — uImax'
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Therefore, the closed-loop system dynamics, taking into account (14), is
given as:

z(t) = (A + A)z(t) + B(o(ug(t)) +ug(t) +w(t)) + Fr. (15)

Now, define the sliding variable as follows

t

s(z) =G (z(t) —z(0)) -G J (Az(t) + Bo(ug(T)) + Fr)dr, (16)
0

where G € R'*™ is such that det(GB) # 0. The optimal way to design

the matrix G is G = BT [32] or G = BT [33], these selections of G minimize

the effect of the unmatched perturbations on the sliding mode dynamics

[33],i.e., G=BT or G = Bl = argming i« [[(I—B(GB)~'G)Az.

Hence, the dynamics of the sliding variable is given as

$ = GB(us(t) +w(t)) + GAz. (17)

The methodology to design the robust controller can be described in
two steps: the design of the ISMC and the design of the linear control.
The ISMC is designed in order to ensure the existence of the sliding-mode,
taking into account the input saturation and matched perturbations. On
the other hand, once the sliding-mode existence is guaranteed, the linear
control part is designed in order to guarantee the convergence to zero of
the regulation error considering the input saturation, state constraints, and
parameter uncertainties.

3.3.1 Integral Sliding—Mode Control Design

The ISMC u; is proposed as

up(t) = —p(z(t))sign(s), (18)

where the state-dependent gain p must be positive, i.e., p(z) > 0, forall z €
R™*'. Consider the ellipsoid &(R), parameterized by R € R(n+1)x(n+1),
that it is computed further on, as a safe set, which is an approximation of
the region of attraction of system (12), where the state constraints are not
violated. The following lemma provides the conditions to design p and
ensures the existence of the sliding-mode.

Lemma 4 [32] Let Assumptions 1 and 2 be satisfied, and the ISMC (18) be
applied to the system (17), for a given uy__ > 0. If the gain p is designed as

3lIGIllIz]
IGB|

max

plz) = (19)

for some « > 0O, such that

3G
O<oc<u1max—7v—¢ (20)

_ 1 ’
GBI Amax{R}

holds for some wuy, and 0 < RT = R € RM+1X(M+1): thep, s = 0 is Finite—
Time Stable.
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state—dependent
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In order to fulfill the saturation constraint uy_, < Umax — Uo,,,., & must
be selected such that (20) holds, which is explicitly related to the safe set
&(R), where the system constraints are not violated, i.e., U € [Wmax, —max]
and z € P. Moreover, note that the design of the gain p ensures the
existence of the integral sliding-mode guaranteeing the fulfillment of the
input constraint. Once on the sliding surface, the linear control design will
deal with the state and input constraints.

The following subsection presents the design of the linear controller ug
for the dynamics on the sliding-mode.

3.3.2 Linear Control Design

Once on the sliding—mode, it follows that s = 0; and thus, based on the
equivalent control method, the dynamics on the sliding surface is given by

2(t) = (A+TA)z(t) + Bo(ug(t)) + Fr, (21)

with I' = (I—B(GB)~'G). Then, the linear part of the control, i.e., o, is
proposed as follows
up(t) = Kz(t), (22)

where K € R™*! is a feedback gain to be designed, which can be designed
considering the state constraints (13) and the input saturation, by means
of the AEM and the BLF approach.

The following lemma provides the safe set &(R) and a way to design K.

Lemma 5 Let Assumptions 1 and 2 be satisfied, and the control (22) be applied to
the system (21), for a given up,, > 0. Suppose that there exist a positive—definite
matrix X1 = X]T e R +1) some matrices Y € R and Z € R,
and some constant 8,y > 0, such that the following set of LMIs

P Bo-Y'+ZT F X

* —26 0 0
X1 = <0, (23a)
* * -y 0
* * *  —X3
P =AX] +XGA+T8X; +X:8T T +BY+Y'BT,
X Z
X2 = ( l 5 > =0, (23b)
Z uOmElX
x3 =b{ X1b; <1, fori =Tk, (23¢)
Xy < X, (23d)

is feasible for some vectors by and a fixed constant §. If z(0) € &(R), with R =
X7, and K is designed as X = YR; then, the trajectories of the system (21)
converge asymptotically to &(Py), with P = X5 and P, = :—ZP, and the state
and input constraints are not violated.
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An outline of the proof is provided in the section 3.6, and for more
details please see [5].

Since v # 0 the system trajectories converge to an equilibrium point
ze = —(A +TA+BK)~'Fr; then, it is only necessary to verify that this
equilibrium is contained in the ellipsoid & (P-).

Remark 2 Note that (23d) guarantees that &(P.) C &(R). Since, in the set
ERNE(Py), V <0, with V(z) =In (1/(1 — 2" Rz)) (please, refer to the proof of
Lemma 5, section 3.6); then, there is no equilibrium point in such a set. Therefore,
2l Pz, < 12 is always fulfilled.

Finally, considering the results of Lemma 4 and 5, the main result is
presented in the following theorem.

Theorem 1 Let Assumptions 1 and 2 be satisfied, and the control (14), with
ur(t) = —p(z(t))sign(s) and uo(t) = Kz(t), be applied to the system (12), for a
given umax > 0. If z(0) € &(R), K is computed as in Lemma 5, i.e., K = YR, and
p is designed as in (19), i.e.,

(3lIGlllIzl)
(IIGBI)

p(z) =ax+wW+

for some o« > 0, such that

3lIGl|

_ T =
IGBIIAmax{R}

then, the trajectories of the system (12) converge asymptotically to the equilibrium
point z¢; thus, limy_, ey (t) = O, and the state and input constraints are not
violated.

o+w-+

ulmax § Umax — uOma,(/

Note that it is desirable that the safe set &(R), where the system con-
straints are not violated, is as large as possible. Thus, it is possible to
establish an optimization problem in order to maximize its volume.

Corollary 1 Let Assumptions 1 and 2 be satisfied, and the control (14), with
ur(t) = —p(z(t))sign(s) and uo(t) = Kz(t), be applied to the system (12), for a
given Umax > 0. If 2(0) € &(R), the gain K =YX is computed by solving the
following optimization problem

X],I\r}%)f&y log{det(X7)} subject to (23), (24)

and p is designed as in (19), i.e.,

(3lIGlllI=I])
(GBIl

p(z) =a+wW+

for some « > 0O, such that

BlIG|

_ 1
|IGB|Amax{R}

then, the trajectories of the system (12) converge asymptotically to the equilibrium
point z¢; thus, limy_, ey (t) = O, and the state and input constraints are not
violated.

o+w-+

<UL S Umax — W0,

19
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Regarding the proof of Lemma 4, this is omitted due to it is a standard
result in the sliding-mode control theory, for more details, please refers to

[32].

Remark 3 Since uy is selected as in (18), i.e., uy(t) = —p(z(t))sign(s), a dis-
continuous control signal is obtained. However, it is possible to approximate the
sign function as [32]

sign(s) ~ S
& Tsl+t
where T is a small positive constant, i.e., T < 1. Then, a continuous control

signal is obtained as
s

Is|+7°

up(t) = —p(z(t)) (25)

The following algorithm gives some insight on the implementation of
the robust controller (14).

Algorithm 3.1:

Input: T, by, Wmax, W,5, B, G, &, € v;

Output: R, K, p;

o: veE(,T1);

02 Ul = Umax;

03 U0y = Umax — Wl

og whilex; ~0Ax2 X0Ax3 =0Au, >0

max

AAGERY > U8Bl Gy  —w— w)

S|IGH|
05: UL = Wi — VUL s
06: U0 max — Wmax — WI,.0r
07: end
08: R= XT];
og: P = X£1;
10: K= YR}
11: Ug = UL s

max

12 uomax = uomax;

Note that if the algorithm ends and no feasible solution is obtained; then,
it is not possible to design a gain K for the desired reference r, the given
parameter uncertainties A, and external perturbations w.

To better illustrate the algorithm presented in this chapter, a block dia-
gram of the closed-loop dynamics, considering the system (10a) and the
controller (14), is presented in Fig. 4.
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Linear System
T ) YO _ 4+ ayx + B +w) I x(®) 2
() xr(8)
u(t) | m

i

Figure 4: Closed-loop diagram

3.4 SIMULATION RESULTS

Consider the pendulum system dynamics:

X1 (t) =x2(t), (26a)
x2(t) = }G(u(t)) — <n;]gl + 6p> sin(x1(t)) + w(t), (26b)
yr(t) = %1 (1), (26¢)

where x; is the angular position of the pendulum, x; is the angular veloc-
ity, and w represents some external perturbations. The system parameters
are given as follows: m = 1[kg] is the pendulum mass, | = 0.707[m] is the
pendulum longitude, ] = 0.5(kg - m?] is the arm inertia, g = 9.815[m/s?] is
the gravitational constant, and o, = 0.1734[1/ s2], which represents 10% of
parameter uncertainties. Then, linearizing (26) around the unstable equi-
librium point (x1,x2) = (0,0), the system matrices, as in (10), are given

(o )o=(00)= ()
c=(10).p=(0 1)T.

It can be verified that system (26) satisfies Assumptions 1 and 2. The
external perturbation is taken as w(t) = 2sin(2t) + 2, therefore w = 4, and
then, Q,, = 0.0625. The initial conditions are x(0) = (—157/180, 127t/45)T
and x,(0) = 0. The desired reference is selected as r = 7t/18 [rad]. The
vectors by and by are equivalent to the maximum and minimum values
for xq,i.e., xy € (—X1,%1) with X7 = 107t/45 [rad]. Similarly, for state x,, the
vectors by and bs are equivalent to X, = 107/35 [rad/s] and —%3, i.e., x3 €
(—%2,%2). Since x3 = X, is the integral action no constraints are considered.

——=
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For simulation purposes, sufficiently large constraints are considered for
the state x,. Given the previous statements, the state constraints are 51 =
(45/10m, 0, 0)", b, = (0, 35/10m, 0)T, b3 = (0, 0, 10/25)7, by = —b; ,
65 = —62 and 66 = —63.

To compute the control gains, let us apply Algorithm 3.1. Consider
Umax = 6, &« = 0.1, v = 0.2, then, the following feasible solution is obtained:

414277  5.1529 —45.8358
R= 5.1529 1.9253 —4.9642 |,
—45.8358 —4.9642 63.3021

3.2452  1.0895 —3.2507
P = 1.0895  0.5252 —1.0206 |,
—3.2507 —1.0206 3.6626

K= ( —20.5211 —7.4427 20.2369 )
up, =4.1761, up, = 1.8239, y =50, 5 = 0.6809.

Once the matrix R is obtained, it is possible to compute the matrix R,
which is the projection of the ellipsoid in the plane x; — x2, according to
equation R, = Ry1 — RZT] R22R321, the following matrix R, is obtained

o _ [ 82389 15585
P 15585 15360 )

Taking into account Remark 3, it is possible to apply the ISMC (14), with
the approximation (25), fixing T = 0.02 and using the same gain computed
for the ISMC (14), i.e.,, K= (—=3.2637 —2.0919 1.7694). For comparison
purposes, and in order to show the benefits of introducing the ISMC, let
us consider a linear control u as the linear control ug, i.e., u = Kz.

The corresponding simulations have been done in MATLAB, using the
explicit Euler method with a sampling time equal to 0.001 [s]. The LMIs
solutions are obtained through the SDPT3 solver. In order to simplify the
nomenclature in the simulation results the sub—indexes ISM, ISM. and ug
are introduced for the results obtained through the proposed control law
(14), the continuous ISMC with the approximation (25), and u as the linear
control, respectively.

The system trajectories are depicted by Figs. 5-7. Fig. 5 illustrates
the trajectories of the state x; and its constraints. For the case when the
ISM-based controllers are applied, the output system follows the desired
reference even in the presence of external perturbations. Whereas for the
case when only the linear controller is applied, i.e., when u = Kz, the out-
put system converges to a certain neighborhood of the desired reference.
However, in both cases, the state constraints are not transgressed. Fig. 6
depicts the trajectories for the state x, and its constraints. It is shown that
for the linear case, i.e., when u = Kz, the state trajectory transgresses the
upper state constraint due to the presence of the external perturbations,
while the ISM-based controllers ensure that the state trajectory does not
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transgress the restricted zone. Fig. 7 depicts the trajectories of the variable
Xr, it can be seen that only when the ISM-based controllers are applied,
the trajectory converges to the equilibrium point zZ.. The output regula-
tion errors are depicted by Fig. 8. It is shown that, for the case when the
ISM-based controllers are applied, the regulation error converges to zero,
while for the linear case, the regulation error converges to a neighborhood
close to the origin. For the case with the ISM-based controller, the linear
control 1y, the nonlinear control u, the control signal, and the satura-
tion constraints are depicted by Fig. 9. The linear control signal, i.e., uo,
remains in the non-saturated region all the time, while the nonlinear con-
trol signal is bounded, i.e., ur < up_, ; thus, the control signal u remains
in the non-saturated region. Similarly, in Fig. 10 the control signals are
presented for the case in which the approximation (25) is applied to the
ISM-based controller (14), it can be seen that the nonlinear control part is
continuous. However, with both ISM-based controllers, the tracking task
is achieved. Fig. 11 illustrates the linear case, i.e., u = Kz. It is observed
that the control signal is not saturated. Nevertheless, the tracking task
is not achieved due to the control is not able to compensate the external
perturbations.

The states trajectories and the corresponding ellipsoid are depicted by
Fig. 12, for the three cases, i.e., the ISM-based controllers and the lin-
ear case. It is shown that the system trajectories, when the ISM-based
controllers are applied, remain in the ellipsoid &(R), and converge asymp-
totically to ellipsoid &(P.). The projection of the ellipsoids &'(R) and & (Pr)
in the x1—x; plane and the polytope P are depicted by Fig. 13. It is clear
that, for the case when the ISM-based controllers are applied, the trajecto-
ries of the system are always inside &'(R,,), which is completely contained
in the polytope (11). Nevertheless, for the linear case it is noticed that the
states trajectories leave the ellipsoid &'(Rp), violating the state constraints.
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Figure 5: State x7 and its constraints
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3.5 REMARKS

This chapter contributes with a solution to the output regulation prob-
lem for uncertain linear systems with input saturation, state constraints,
and external perturbations. The controller is split in two parts, the linear
and nonlinear part. Due to the ISMC approach, both parts of the controller
can be designed independently. Based on the BLF and AEM approach, the
linear control considers the input saturation, state constraints, and param-
eter uncertainties, whereas the nonlinear control compensates the effect
of matched perturbations through the ISMC technique. A safe set is pro-
vided where the state constraints and the input saturation are satisfied.
The proposed scheme guarantees asymptotic convergence to zero of the
output regulation error coping with the system constraints. The synthesis
of the controller gains is given in terms of LMIs providing a constructive
method for the design.

36 PROOF OF THE RESULTS

Proof of Lemma 5: Consider the function ¢(uy) = o(up) — ug; thus, the
dynamics on the sliding-mode (21) can be rewritten as

2(t) = (A+TA+ BK)z(t) + Bd(ug(t)) + Fr. (27)

Let us take into account the following BLF candidate

1
Ve =10 (=i )

where 0 < R =RT € RIn+1)x(+1) jg 3 matrix that parametrizes the ellip-

soid &(R). Then, introducing the extended vector nm=zTt),d"(ue(t),n 7,

the time derivative of V along the trajectories of system (27) is given by

He{A,) RB RF
V(z) =S.(thn" * o o0 |n,

* * 0

where S,(t) = 1/(1 —z" (t)Rz(t)) and Ay = R(A +TA+ BK). Then, adding
and subtracting the terms vr2S, and vS,z " (t)Pz(t), withy > 0, and taking
into account Assumption 1, where Ay = R(A + T8 + BK). and according to
Lemma 3, with & = Kz, B = Kz— Gz, and Gy € R (M+1) the inequality
5 1¢ " [d+ (K—Gp) zl < 0is satisfied. In order to ensure that Goz belongs
to the set %, it is sufficient that ||Goz|* < u(z)maszRz holds. Using the
Schur’s complement, the previous inequality can be written as in LMI
(23b) with Z = R™'Gy. Therefore, the LMI (23b) guarantees the fulfillment
of the input constraint.
Then, V can be rewritten as

V(z) <¥S:(t)(r? — 2T (1)Pz(t)) + S.(t)n " Qim,
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where
He{A}+vYP RB—§6T[K—Go]T RF
Q7 = * —257! 0
* * -y

Pre and post-multiplying Q7 by T = diag(R~', 5, 1), it follows that Q1 <
0 is equivalent to x; in (23a), with the change of variables X; = R,
Y=KR"and Z=R"'G,.

Hence, if x1 < 0, then

V(z) <yS:(t)(r* —z' (1)Pz(t)).

Note that, for all z" (t)Pz(t) > 12 and z" (t)Rz(t) < 1, V < 0; and thus,
any solution of the system starting in &'(R), remains in &'(R) and converges
asymptotically to &(P;); and hence, it follows that lim;_,, ey (t) = 0. Fi-
nally, if the LMI (23c) holds; then, &(R) is also the safe set in which the
state constraints and the input saturation are not violated. Moreover, LMI
(23d) ensures that &'(P;) C &(R). This concludes the proof. [ ]
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AN IP-BASED ROBUST CONTROL FOR UNCERTAIN
NONLINEAR SYSTEMS

This chapter presents a robust sampled—time controller for stabilizing a class
of uncertain nonlinear systems. The proposed strategy consists of two key compo-
nents: an 1P-based state—feedback controller and an MPC approach. The switched
control strategy guarantees ISpS of the nonlinear systems with respect to external
perturbations.

4.1 INTRODUCTION

Real dynamical systems are restrained due to the structural limitations
of the system, i.e., the system dynamics have state and input constraints
(see, e.g. [34], [35], and [36]). These kinds of systems can generally be rep-
resented by nonlinear models. Furthermore, the systems may be subject to
external perturbations and/or parameter uncertainties that may have an
impact on their behavior. To design a controller, which is able to counter-
act the effects of external perturbations while considering state and input
constraint, robust control techniques are required. For instance, the MPC
is a technique that obtains the current control action through the on-line
solution of a finite horizon open-loop optimal control problem, at each
sampling instant, using the current state of the plant as the initial state.
The first control signal, obtained in the optimal control sequence, is ap-
plied to the system [37].

Concerning the control design for constrained systems affected by exter-
nal perturbations, in [38], an MPC for constrained uncertain linear systems
is proposed, which guarantees the robustness of the system constraints
and ISS of the closed-loop system. Also, the MPC approach is widely
used for LPV systems. For instance, output feedback robust MPC for un-
certain LPV systems with external perturbations is proposed in [39] and
[40]. In [39] the algorithm single-step dynamic output feedback robust
MPC, where the infinite-horizon control moves, is parameterized as a dy-
namic output feedback law. However, to accomplish the control task, this
method requires a heavy computational burden. While, in [40] the esti-
mated state and estimation error converges to the corresponding invariant
sets. In both works, recursive feasibility and robust stability are ensured.
For discrete time systems, the MPC can also be applied, for instance, in
[41], an output feedback MPC for discrete-time linear systems affected
by bounded state and output perturbations is considered. The controller
is composed by a stable state estimator and an MPC. Meanwhile, an on-
line solution of a standard quadratic optimization program is required.
The closed-loop system renders a specified invariant set robustly exponen-
tially stable. In [42], an output—feedback MPC algorithm for discrete—time
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constrained linear systems affected by additive noise is presented. The al-
gorithm ensures convergence of the state to a suitable neighborhood of the
origin. Note that most MPC results in the literature are devoted to linear
systems, and this could be restrictive.

Regarding the application of the MPC approach to nonlinear systems,
in [43], a robust learning-based MPC is proposed for nonlinear systems
subject to input and output constraints. The prediction model is esti-
mated by a nonparametric machine learning technique; thus, an MPC,
without terminal constraint, is obtained, then the closed-loop is asymp-
totically stable. The MPC can also be applied to nonlinear discrete-time
systems. For instance, in [44], an MPC with a composite self-triggered
mechanism is proposed to reduce the communication and computational
burden while maintaining the desired control performance for this kind
of systems. However, the algorithm has a relatively low perturbation tol-
erance. Meanwhile, in the previous works, a heavy computational burden
is required because the MPC is active during the control task.

It is also possible to combine the MPC with other techniques, e.g., adap-
tive control, SMC and interval observer techniques, to improve its perfor-
mance. For instance, in [45], an adaptive MPC for linear systems with ex-
ternal perturbations is proposed. In [46], an MPC algorithm is developed
for discrete-time constrained linear—time invariant systems with parame-
ter uncertainties. An adaptive controller is used to handle the parameter
uncertainties, and it is combined with an MPC algorithm guaranteeing
the constraints satisfaction. On the other hand, an MPC is proposed in
[47] for nonlinear systems based on a terminal cost function character-
ized by an implicit SMC law. However, a linearized model is required
to guarantee the asymptotic stability of the closed-loop system. In [48],
an interval observer and predictor are incorporated into the classic MPC
scheme for discrete-time constrained linear systems with bounded state
perturbations. Nevertheless, most of the above-mentioned works do not
consider sampled control.

Motivated by these issues, this chapter proposes the design of a robust
sampled controller to stabilize continuous-time nonlinear systems, taking
into account state and input constraints, and external perturbations. The
robust controller is based on a discrete-time IP-based state—feedback con-
troller and an MPC approach. The proposed control method possesses the
following features:

1) Due to the use of an IP, the measurements of the system states are
not required for the proposed scheme.

2) Characterization of a safe set where the state constraints are not
transgressed using the IP-based state—feedback controller.

3) Low computational cost since the MPC is only activated out of the
safe set, and it can be pre-computed in advance.

4) Local Input-to-State practical Stability of the constrained nonlinear
systems with respect to external perturbations.
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5) The synthesis of the controller is constructive since it is based on
LMIs.

The fact that the proposed scheme does not require the measurement
of the system state represents an advantage in real-world applications
(e.g., the blood glucose regulation and the anesthesia regulation in deliv-
ery machines, and some trajectory—tracking problems in mobile robots)
that could be solved by using the proposed framework. Therefore, the
proposed method can be interpreted as a tool to design robust feedfor-
ward inputs.

4.2 PROBLEM STATEMENT

Consider the following class of nonlinear system
x(t) = f(x(t)) + Bu(t) + Dw(t), t >0, (28)

where x(t) € R™ is the state, f : R™ — R™ is a locally Lipschitz function,
u(t) € RP is the control input, and w : Ry — IR9 is the perturbation term.
The matrices B and D are known of suitable dimensions. It is considered
that u € % = {u € RP| —Unay; < Uj < Umax;, § = 1, P}, Where 0 < Unay,
is the maximum value for each control signal. In this chapter, the control
signal must be sampled, i.e., u(t) = u(ty), for t € [ty, txy1) and k € Z,
where ti. = kh form a strictly growing sequence of time instants for some
h > 0.
Moreover, the solutions of the system (28) must be constrained inside
the polytope
X :={x € R"bx < 11}, (29)

where b = (by,..., by, )" € R**™. It is assumed that the origin belongs
to the interior of the set X. Before proceeding, the following assumptions
are imposed on the system (28).

Assumption 3 There exist a known Metzler matrix Ao € R™*™ and known
matrices A; € R™*™, j = 1,N for some N € Z., such that the following
relations are satisfied

N
f(x) = A0+ZOC]'(X)A]' X,
j=1

N

Y w0 =1, g(x) €(0,1),j=T,N.
j=1

Assumption 4 There exist known signals w,w € Lg,, Wmax > 0, and known
vectors xo,Xo € R™, such that w(t) < w(t) < W(t), [Wlloo < Wmax, and
xo < x(0) < Xo, respectively.

Assumption 3 characterizes the class of nonlinearities of the system (28),
i.e., those that can be expressed by a sum of a linear term, Apx, and a con-

vex nonlinear function, Z;\] —1 % (x)Ajx. On the other hand, Assumption 4
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and the condition that Ay must be Metzler are required to design an MPC
and an IP for the system (28).

The aim of this chapter is to design a sampled control law to ensure
the stabilization of the system (28), taking into account the input and state
constraints, i.e., x € X and u € %, under Assumptions 3 and 4.

4.3 CONTROL DESIGN

The proposed controller comprises the design of a robust control law,
composed of an IP-based state—feedback controller and the MPC, which
deals with state and input constraints. It will be demonstrated that there
exists a safe set for the IP based state—feedback controller, where the state
constraints are not transgressed, that characterizes the regions where each
controller is activated: the MPC is activated outside the safe set while
the state—feedback controller is applied inside of it. Since the control is
sampled, a sampled-time IP is designed for the continuous-time system
(28), which considers the error of discretization and guarantees a careful
treatment of the constraints.

The following section addresses the design of the IP for the nonlinear
system (30), satisfying Assumptions 3 and 4.

4.3.1 Interval Predictor

According to Assumption 3, the system (28) has the following represen-
tation

N
(1) = [ Ao+ o5(x)A; | x(t) +Bu(t) + Dw(t). (30)
j=1

Based on [49], assuming that x < x < X and applying (7) to o;(x)x, the
relation —x~ < aj(x)x < X" holds. Thus, according to (6), the following
inequalities can be obtained

N
—AATXT —AATXT <) a(0)Ajx S AATXT HAATX T,
j=1

where AAT = YN | A and AA~ = SN A; . Then, a continuous-time
IP for (30) can be stated as follows [50]:

2(t) = Aoz(t) + Arz" (1) + Azz™ (t) + Bu(t) + 8(t), (31)

where z = [xT,x"]T € R2" is the extended state vector of the predictor,
the extended system matrices Ap € R2™M%2n A, € R2MX2N 4, ¢ R2MWX2n
and B € R?™ P are given as

Ag = Ap O Ay = 0 —AA~ ’
0 Ao 0 AAT

_AA+
Ay = AAT 0 B B ,
AA~ 0 B
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and the term & € R2™ is defined as follows

s=o( WY DT -D~ w(t) |
w(t) -D~ DT w(t)

Being properly initialized by x(0) = x, and X(0) = Xo, this IP ensures
the desired interval inclusion property x(t) < x(t) < x(t), Vt > 0 [50].
Note that, based on Assumption 4, § is known. Then, for any t > to > 0,
the solution of system (31) is given by

t
z(t) = eftolt—to)z(¢y) —i—J et By (1)dr

t

to t

—l—J eAO(tT)é(T)dT—l—J e t=Tg(z(1))dT, (32)

to to
where g(z(t)) = A1z*(t) + A2z~ (t). The expression (32), with a sampled
control u(t) = u(ty), for t € [ty, tx+1), and k € Z, generates a discrete—
time sequence:

h
Z(ty1) = etoPz(ty) +J eo(N=s)Bas . u(ty) + 8k
0

ti
[ et gtatsas,
tx

where h = ty; 7 — tx is the sampling interval, ty is the sampling time
instant, and &, = ﬁ‘:“ efoltiii=s)§(s)ds. Adding and subtracting the

term jg efto(h=s)ds . g(z(ty)), it follows that

h
z(tip1) = e™oPz(ty) +J et (M=) Bds . u(ty) + &y
0

h
+Le%mﬂw»m4mn+mg<w>

with @ = K:“ efo(ter1=8)[g(z(s)) — g(z(ty))lds. Let us consider the no-

tation z(ty) = zk, u(tx) = ux, and § = f(})‘ eAo(h=s)qs ¢ RZ"*2n Thus,
(33) can be rewritten as

zi41 = Aoz + Bug + 8¢ + G9g(zk) + @k, (34)

with Ay = e#oh € R2M*2™ and B = §B € R2™*P. Note that the IP (34)
cannot be implemented since @y, which characterizes the discretization
accuracy and depends on z(t) with t € [ty,ti41], cannot be computed.
Thus, consider the following predictor

2k+‘| = ﬁoik + @uk + dk + 99(2]()/ (35)

with dy = 0k + @, where @T = (*(pmaxllr (pmaXII) and Ox < QPmax, the
bound @max is obtained later during the proof. This parameter evaluates
the error of discretization of (31), and taking it into account allows us to
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guarantee that the constraints will not be violated due to numeric errors.
To stabilize the nonlinear dynamics (28), it is necessary to design uy to
take the trajectories of the system (35) to a vicinity of zero dealing with
the state and input constraints. Let us propose the following control law
for the system (34)

uk{ e if 2y ¢%, (36)

U if 2 €%,
where # C R?™ is the safe set, @iy is the control signal computed by the
MPC algorithm and iy is the state-feedback control law. Notice that iy

is applied only inside the safe set %, defined further on, where the state
constraints are not transgressed.

4.3.2 State—Feedback Control

Let us propose the following nonlinear state—feedback control
U = Kozk + K12 + K22, +S1dx. (37)

The next theorem provides a way to compute the controller gains Ko, Ky,
Ky, S1 € RPx2n,

Lemma 6 Let Assumptions 3 and 4 be satisfied, and the control law (37) be
apflied to the system (34). Suppose that there exist diagonal matrices 0 < Xy €
R n><2n/ 0 < QO c IRZnXZn, 0> Q] c ]R2n><2n, 0 - QZ c 1R2n><2n, 0 < RO/
Ry, Ry € R¥*2n Ry € R2™X2" and matrices Yo, Y1, Y2, Y3 € RZ™M*P  such
that the following set of LMIs

X400 Ry Ry 0 0 0 XiAg +YoB'
x Qr Rs 0 0 0 XA[GT+vB
. « Q2 0 0 0 X{AIGT+Y,B'
* * * =Ry 0 0 X1 —|—Y3§T =0, (38a)
* * * * —=yI 0 X1
* * * x =yl Y3§T
* * * * * * —X1
Qo + min{Q1, Q2} + 2min{Ry, Ry} = aXy, (38b)

holds, with fixed «,y > 0. Additionally, suppose that the inequality

qbXib < 1y, (39)
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holds with B = (bT,bT), G = ae~', £ = Amax{Ro}5s + q10k + q2, ok =
2||D||Wmax/ and

q1 = 2c38, (40a)
q2 =2(c1¢+c28+ (ca + V2NnCs5) Qmax) €
+ c3AmaxiRo} + 4y (1 +2n) (cg + ¢2) ¢ + ke, || Bl TE (40b)

C - \/ 2k }\max{b—rb} Umax = ||u-max||
—-1/2

& = [ke, (£+ 1) + ke (A1l + M21DC + Ke (1Bl Tmax + Amas “{Ro}l,
@max = (€6 + ¢7)C + g ([IB/tmax + Amas “{Ro}),

or given Ry = X1RoX7, b= (by,..., by ) € R&*™ & woo >0, and
8 X

c1 = (Mol + M I + M2 DIPBIK, (412)
¢z = (0.5/IKoll + 1K1l + K2 INIIPBKo | + (1Kol + 051K+ [l + K2 )IPBK |
+ (IKoll + 1K1 1 + 0.5 K2 I IPBK, ], (41b)
¢3 = IS PBIK, ca = IPBIK, (410)
cs = ||ST§TP@HK (41d)
— (14 V2n) " (ke, & — Aol — LIISI + 141 + A2, (410)
— (1+V2n)~ ke1—||Ao||—u|9||) (41f)
=(1+v2n)~ (418)

whereke, = 1+&vTekeke, ke, = ke ke, ke = (1—e V1), v = [Re(Amax{Ao}}l,
.A .Ao—l—BKo, .A] —9./[1—}—3](1,./42 —9.A2+BK2, S] —I—i—BS],and
K = |[Koll + [[Ky |l + [[K2]|. If the IP (35) is initialized as 2o = (XO X0 )T, and the
controller gains are selected as Ko =Y, X]_], Ki =Y, X1_1, Ky = Y2TX1_ , and
S1 = Y] Xy, then the origin of the system dynamics (35) is ISpS, with respect to
d1, and the system trajectories fulfill the state constraints, i.e., x € X. Moreover,
the safe set is given as

R = {8, € R?™: 2[Xf12k <o 'el, (42)
with some o > 0 satisfying (38b).

Remark 4 Note that it is desirable that the safe set % is as large as possible.
Thus, it is possible to establish an optimization problem in order to maximize
its volume. For example, let assumptions 3 and 4 be satisfied and the control
law (37) be applied to the system (34). If the controller gains Ko = YJ X7',
Ki =YXy, Ko = Y X7!, and S1 = Y3 Xy are computed by solving the
following optimization problem

T log det(X;) subject to (38a), (43)

then the origin of the system dynamics (35) is ISpS with respect to &y with opti-
mized perturbation attenuation.
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Assumption 5
implies that the
invariant set %,

which is the safe set
of system (28), is
completely
contained inside the
polytope (29), i.e.,
the constrained
region X.
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4.3.3 Design of the Model Predictive Control

For the design of the MPC, the following assumption is considered.

Assumption 5 There exist gains Ko, K1,K2,S1 € RP*21 satisfying the condi-
tions of Lemma 6, and (y (t) = KoZx (t) + K1 27 (t) + K22, (t) + S1dk € %, for
all 2y e Zand t > 0.

Let us consider that the prediction can be performed in a receding hori-
zon fashion with a window length N > 1. The IP (35) has a sequence of
inputs SN = {so,...,Sn—1}, with s, € % for all m = 0, N —1, the values
Zx,m+1 will be calculated for m = 0, N — 1 under substitution i m = sm.
Let us define 2y ; = 2y 5, for j = 0,N. Thus, the optimal control problem

to be solved by the MPC is given as follows:

Problem 1 For given matrices 0 < W = WT € R?™*2" 0 < H = HT ¢
RZ 2N and M =MT € ]RzPXZp,ﬁnd the control signals

8N = argminVn (2,0, - - -, 21N, SN), (44)

with the cost function VN (2x,0, - - -, 2k,N, SN) = Vi(Zin) + ZE;B L2k, m, Sm),
where V¢(2) = 2"W3, (2,5) = 2" Hz +s" Ms, such that the following con-
straints are satisfied: i) 215 € X, for j = 0, N are computed by (35). i) w, € % .
iii) Zx N € X.

Finally, considering the results of Lemma 6 and the solution of the Prob-
lem 1, the following theorem is presented.

Theorem 2 Let Assumptions 3—5 be satisfied, the conditions of Lemma 6 be also
satisfied, and Problem 1 be feasible. If the control law (36), given by (37) and (44),
is applied to the system (28) and designed according to Lemma 6 and the solution
of Problem 1; then, the origin of the system dynamics (34) is ISpS, with respect to
dx, in the safe set .

The proof of the results are postponed to section 4.6.

Remark 5 The proposed scheme does not require the measurement of the system
state, i.e., the control (37) is only based on the IP (35). This can represent an ad-
vantage in real-world applications such as many problems in biological systems,
e.g., the blood glucose regulation and the anesthesia regulation in delivery ma-
chines, and some trajectory—tracking problems in mobile robots, where the state
measurements are complicated or subject to significant perturbations and delays.

Remark 6 An LPV representation of the nonlinear function f(x(t)) is used, and
since x(t) is not measured while in general the scheduling parameters have to be
dependent on the state in such a case, the values of these parameters are not used
in the design. Thus, the presented approach can be applied to uncertain contin-
uous LPV systems, without measured scheduling parameters, in the presence of
perturbations and constraints.

To better illustrate the algorithm presented in this chapter, a block dia-
gram of the proposed control law is presented in Fig. 14.
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Nonlinear System
U | %) = f(x(®)) + Bu(t) + Dw(t)
u(t) = u(ty), Vt € [ty trsr )

A Open — Loop Controller|

1
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condition (36) Predictor (35)
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Figure 14: Closed-loop diagram

4.4 SIMULATIONS RESULTS

Consider the following nonlinear system

x1(t) = —x1 () + (1 +0.0Txq (£))x2(t) +w(t),
%2 (1) = (0.2x7(t) — )x2(t) +u(t) +w(t),

with w(t) = 0.2sin (3t) +0.05, thus, w(t) = —0.15, w(t) = 0.25, and wpax =
0.25. This system satisfies Assumptions 3 and 4. The matrices Ay and A;
can be obtained by the convex polythopic method [51], as follows

Ao — -1 1 A= 0 0.07 A, = 0 0.07 ’
0 -1 014 0 —-0.14 0
As = 0 —0.07 CAs = 0 —0.07 ,
0.14 0 —0.14 0

Let us consider that umax = 3.5, x1 € (—7,7) and x, € (—7,7), and hence
by = (1/7,0)7, b, = —by, bz = (0,1/7)7, and by = —b3. The initial
conditions for the system are x(0) = (5, 5)7. Itis possible to show that this
nonlinear system, for such initial conditions, is unstable (see, please Fig.
15).

All the simulations are done in MATLAB, with the Euler discretization
method, and an integration step equal to 0.001 [s]. In order to show the
efficiency of the algorithm, the following values for the sampled control
are considered h = 0.1 [s], h = 0.2 [s], h = 0.3 [s], and h = 0.5 [s]. The
solution for the LMIs is found by means of SDPT3 solver, among YALMIP,
while the MPC is implemented using the nlmpc MATLAB toolbox.

The controller gains are obtained looking for the solutions of the LMIs
given in Lemma 6, for each value of h, with y =1 x 102 and « = 1 x 10%.
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For illustrative purposes, numerical results are provided for the case h =
0.2 [s], which are:

P = diag(0.1778,0.1211,0.2446,0.2565),
Qo = diag(0.0059,0.0019,0.0086,0.0074),
(

Q1 = diag(—0.0630, —0.0642,—0.0871,—0.0772),
Q, = diag(—0.0862, —0.0769, —0.0602, —0.0621),
Ro = (4.0175,4.1258,3.9378,3.8402)103,

Ry = diag(0.0894,0.0737,0.0431,0.0541),

R, = diag(0.2254,0.1771,0.1173,0.0891),

Ko = (—0.206,—1.5403, —0.2802, —3.0885),

Ky = (0.0004,0,—0.1880, —0.0082),

K, = (0.0938,0.0069,0.0015,0.0016),

S1 = (0.0102,0.0678,0.0216,0.1717).

Then, it is possible to verify that the condition (38b) is fulfilled. For the
MPC, it is considered W =1, H=1x 103, M =1x 10~%, and N = 10.

The initial conditions for the IP are set in 2 (0) = (3.2,3.2,6.8,6.9)".
For comparison purposes, the simulation results for the case when the
MPC is active during all the control task have been added. The system
trajectories, the IP (35) trajectories, and the corresponding state constraints
are depicted in Fig. 16, for h = 0.2. Note that both the IP and the system
trajectories never transgress the system constraints despite the external
perturbations. On the other hand, Fig. 17 shows that the trajectories of
the system are inside of the potytope X, all the time and despite to the
external perturbations, for each value of h. Meanwhile, when only the
MPC is applied, it can be seen that, under the same initial conditions,
the system trajectories converge toward a region farther from the origin.
Additionally, Fig. 18 depicts the behavior of the control signals that never
transgress the input constraints. While for the case in which only the MPC
is applied, the control signal remains saturated most of the time during the
control task.

In order to illustrate, through simulations, that the computational bur-
den is relaxed in our control algorithm, with respect to a classic MPC,
then, it is sufficient to determine the time required to simulate the pro-
posed switched scheme and the scheme when the MPC is active all the
time. Considering that the simulations have been done in MATLAB with
the Euler discretization method, sampling-time equal to 0.001 [s], simula-
tion time equal to 10 [s], while the MPC has been implemented using the
nlmpc toolbox in MATLAB, the proposed switching scheme takes around
5 seconds to perform the simulation, while the scheme when the MPC is
active all the time takes more than 14 seconds to perform the same simu-
lation for the same initial conditions.



4.5 REMARKS

Figure 16: System trajectories and state constraints for h = 0.2

4.5 REMARKS

This chapter proposed the design of a robust sampled-time controller
for stabilizing continuous-time nonlinear systems, considering state and
input constraints, and external perturbations. The proposed strategy is
based on two essential components: an IP-based state—feedback controller
and an MPC approach, which deals with the state and input constraints.
The IP-based state-feedback controller is designed such that a safe set
was provided, where the state constraints are not violated. Such a safe set
characterizes the region where the MPC is activated, guaranteeing the ful-
fillment of the state and input constraints. The proposed switched control
strategy ensures the ISpS of the considered nonlinear systems with re-
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Figure 17: Phase portrait
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Figure 18: Control signals

spect to external perturbations, by means of a constructive method based
on LMIs without using the system states.

46 PROOF OF THE RESULTS

Proof of Lemma 6: Define the error between the IP (34) and (35) as ex =
zix — Zx. Then, considering the state—feedback control (37), the closed-loop
system dynamics is given as

zxr1 = Aozi + Arzl + Az + 510k + @k
—i—@S]@—@Koek —@K] ez —ﬁKze[, (45)
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where flo = Aoy + BKo, Ay = GA1 + BKy, A> = GA, + BKy, and S; =

IJr@S].

Let us propose the following candidate Lyapunov function

V(zy) = z, Pz,

(46)

with a diagonal matrix P = 0 € R?™*2" and the extended vectors | =

T +T
(z 2y o2y

oL o0, @) T and AT = (n

crement of the candidate Lyapunov function is

T T ,+T
/ek/ek ’

V(zie1) = Vize) =1 In+1 ' TH —z Pz,

with £ = QTPQ, where Q = (Ap, A1, 42,51, I, BS7), and

X% X ok X X o X O

X% X o X X * O O

X X% X * X *x O O O

X X X X *x O O O O

X X X XX O O O O O

X X X o O O o O O

— Ay "PBK,
— A, TPBK,
— A, PBK,
—$,PBK,
—PBK,
—KIB' PBS;
KB ' PBK,
*
*
— Ao PBK;
—A, TPBK,
— A, PBK;
—S1PBK;
—PBK,
—K{B ' PBS;
2k] B PBK;
K{ BPBK;

*

— Ay PBK,
—A; TPBK,
— A, PBK,
—S1PBK;
_PBK,
—K]B' PBS;
2k} B PBK,
KB PBK,
KJ BPBK;

e;T)T. Then, the in-

(47)

(48)

Let us add and subtract the following terms vy, @, Yo' P, 8y Rodk,
z] Qozx, 77 " Q1z), 2z ' Qazy, 22) Riz), 22] Razy, 227 TR3z,, with sym-
metric matrices Ry, Qo, Q1, Q2 € R?™*2" and diagonal matrices Ry, Rz,
R3 € R?™*21 o the right-hand side of (47), i.e.,

V(zip1) = Vizi) =n"Zm+7 TA+veL ox +v0 ' @

T +TA ot TAy— o &T
_ZkQOZk_Zk Q]Zk —Zy Qsz —+ 04 Rodxk

— 2z Rizf — 2z Rozy — 227 TR3z,  (49)
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where
AJPAG—P+ Qo AJPA;+Ry AJPAL+R:2
* AJPAT+Q1 A{PA;+R;3
5= * * ./‘I;—Pflz + Q2
* * *
* * *
* * *
A PSq AP 13 PBS;
A{PS; AP 1] PBS;
A; PS; 1] P 1] PBS,
S/PSi—Ro S{P S{PBS,
* P—vI PBS;
x x  STB'PBS; —vI

Note that, it is possible to represent the matrix X; in the following form
L1 =1+, Py, with

—P+Qo R Ry 0 0 0
* Q1 Rs3 0 0 0
Py = * * Q2 0 0 0 ,
* * x —yRy O 0
* * % * —yl 0
* * ok * *  —yl

d)zz(PfLo PA, PA, PS; P PBS; )

We look for the conditions providing £1 < 0. Then, applying Schur’s
complement £; < 0 is equivalent to

—P+Qo Ry Ry O 0 0 flgP
* Qi R3 0 0 0 A{P
* * Q2 0 0 1] P
1= * * * —Ry O o SJp =0.
* * % * =yl 0 P
* *  * * BP —yI ST@P
* * ok * * * —P
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Pre- and post-multiplying £, by T = diag(P~',P~!,P~1,Pp~1,p~1 p71),
it is obtained that £3 = TZ,T is given as

—P 1+ P7TQoP~" P 'RyP!T PIR,P!

* P=1Q:P~1 P IR3P!
* * P~1Q,P!
3= * * *

* * *

* * *

* * *
0 0 0 PAy+PKIB'
0 0 0 PTAIST4+P KB’
0 0 0 PlAIGT+P'KIB

P TRPT 0 0 P14pP 1SR . (50)

* —I 0 p!
* * —yI P”ST@T
* * * —p-—!

Considering the following change of variables X; = P~1, Qo =P~ 1QoP~ ',
Qi =P 'QiP™", Q2 = PTQaP™", Ry = P'RoP™!, Ry = PR P,
Ry =P TR:P7, R3 =P "R3P 1, Yo =P TKJ, Y1 =P 'K{, Y2 =P 'K],
and Y3 = P*1S1T, 23 = 0 is equivalent to (38a). Hence, if X3 < 0; then
> < 0 and it follows that

V(zie1) — Vizi) <A TA+Y@n @k +YP ' @ + 5y Rodi
—z{ Qozk — 2z ' Qizf —z T Qazy

— 2z, Rz} — 2z Raz. — 22 "R3z.. (51)

In order to obtain an upper bound of (51), first note that o> < @2y
and |[@]> < 2ne2,.. Then, is needed to obtain an upper bound @max-
With this aim in mind, first, consider that

lg(z(s)) — g(z)Il < Lllz(s) — zill, (52)

holds for L = 2max{|[A4]], [[A2[]}. It is possible to put (33) now in terms
of g(Zx) adding and subtracting the term fg efo(h=5)dsg(2, ) in the right-
hand side of (32). Then, considering (33), in terms of g(2y), and (52), it
follows that

t

||Z(t)_zk||<7\(tzl(tk)/uk)+]—J et )lliz(s) — zillds,  (53)
t
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with
t
At z(ty), wi) = [leto(t—t) I||||Zk||+J et =T Bl[|[u(t)l|dT

tx

t
+j e oI5 (1) | d

te

t
+j et g2 (0)lldr. (54)
t

Thus, applying Lemma 2 to (53), it is obtained that

ll2(t) — zill < A(t, z(tk), wi)

t
+J Als, z(t), w0 lo(t, s)ds = W(t, zi we),  (55)
t

with p(t,s) = elslleo=Dlldr 1t is worth mentioning that (55) represents
the error between the continuous trajectory of the IP (32), and the discrete—
time version (35).

Then, the step forward error between the IP (34) and (35) is given as

l1zic1 = 21l = (Mol + LISIDIzx — 2kl + ol + [[]]. (56)

Considering (55), it is possible to obtain an upper bound for (56), i.e.,

(Mol + LSINNzK — 2icll + [Nl + @]l < At 2 (), wi)

+J Als, 2(t), wolle ) [o(t, s)ds.

tx

Taking into account that [|@«|[ + [[@ll < (1 +V2n)@max. Hence, is possi-
ble to accomplish that

Pmax < (14+V21) 7 (W(tis 1, 210, wic) — (Mol + LISz — 24l (57)

Thus, since Ag is Hurwitz; one can take into account that ||eo (t—t)|| <
Ee V(%) with v = [Re{Amax{Ao}}l and & > 0, for all t € [ty, tiy1); thus,
(54) with t =ty 1 can be upper bounded as

Altir1, z(ti), wie) < Ellzicl 4 (12l + kg [[|Bl[max
+llg(z(t))I + okl = Ac,  (58)
with Umax = [[umax|| and kg = Ev—1(1 —e VM. Then, taking into ac-
count that f:““ lefto(tri=m)||dr < Ev~1(1 — e~ V") and considering (58),

W(tk41, 2k, uk) is upper bounded as W(ti41,zx, uk) < ke, Ac = W, with
ke, = 1+ eXtkg. Therefore, (57) can be upper bounded as follows

Pmax < (1+V2n) 7" [(ke, & — Aol = LUSI + A1l + A2 1D llzxcl
+ (key — [Moll = LISIDNZKI + ke, ke ([|Bllttmax +I8kID].  (59)
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Considering (59), the term @2,y can be upper bounded as follows

P <A1+ V) [(Ke, & — Aol — LUSI + A1+ [A21) 2|z /12
+ (ke, — Aol — LUSINZ N2 I* + KE, (1Bl Ty +HISKII*)],  (60)
with ke, = ke kg. Note that, from (29), it can be obtained that [|x|| <
ik JllIbl =T = /Ky A (b TH). Recalling that z, = Lk,xk]T, then ||zi|| <

\/ZkXAr;;X{bTb} = (. Moreover, after some algebraic manipulations, it

is possible to prove that 1" 'n, withf4 = (n7, e[,ezT, e, T and (48) is

upper bounded as
11T < 2[Cer +c28 + [IBxlles + llxlica + [[@llese, (61)

with c1, ¢z, ¢3, ¢4, and c5 given as in (412)—-(41d). where K = |[Ko||+[|K1 |+
IK2[|. By definition, [lex|| < & =W, and, ||kl < @max = @ with

We = [ke, (£+ 1) + ke (411 + [M21D1C + ke [IBl max + Amas “{Ro}l,
@c = (ce +¢7) T+ c5(|[Bltmax + Amas {Ro},

with cg, ¢7, and cg given as in (41e)=(41g). Then, according to (61) and
taking into account that 6[ Ro6k < AmaxdRo}II0k|I? holds, it follows that

V(zii1) — Vizk) € —z4 Qozk — 27 ' Qizyl —z ' Qazp
— 2z Ryz) — 2z Raz — 22 TR3z "
+ AmaxdRoHISkI1Z + qulIdxll + g2, (62)

with q7 and q; given as in (40a) and (40b). Thus, if Q = Qo +min{Q7, Q2}+
2min{Rq, Rz} = P is satisfied, and since, by definition z] +TRyzx > 0 and
(—z, “)TRyzi = 0, ZkTRg,Zk = 0, for any dlagonal matrices Ry, Ry and
R3; then it follows that V(zx41) — V(zk) < —az, T Pzic + AmaxiRoHI0k]I? +
q11l5k]l + q2. Note that pre— and post-multiplying Q by P~!, Q = «P is
equivalent to (38b). Therefore, the system (45) is ISpS, with respect to dy.
Moreover, we have that ||6x|| < 2/|D|Wmax = ox. Then, the increment of
the candidate Lyapunov function is negative definite outside the invariant
convergence set
R ={z. € R?™: ZIsz <o le), (63)

with ¢ = ?\maX{Ro}gi + q10k + q2. Remark that the error (55) is taken into
account in the LMI (38a), i.e., the error between the continuous trajectory
of the IP (32), and its discrete-time version (34). Finally, if the matrix
inequality (39) is satisfied, then the set % belongs to the polytope (29).
Moreover, if the IP (35) is initialized as 2o = (XOT, Yg)T, since Assumptions
3 and 4 hold; then, the trajectories of the system (28) will also fulfill the
state constraints, i.e., x € 2. This concludes the proof. [ |

Proof of Theorem 2: Note that the proof is based on a classical result
for MPC [37]. Recall that the controller is composed of an IP-based state—
feedback controller and the MPC law, which will deal with state and input
constraints. Thus, the following can be established:
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First, note that the IP (35) generates an estimation 2y such that the
relation x(t) < x(t) < x(t) is satisfied. Then, consider the control iy
and note that, for some t > 0, if the initial conditions 2, (0) € Z C
X x X; then, the control (36) equals to (37). According to (63) and
Assumption 5, 2(t) € Z and i € %, for all t > 0, and the origin of
the system dynamics (35) is ISpS, with respect to 0y due to the result
of Lemma 6.

Now, let 21 (0) ¢ # and recall that Problem 1 is assumed to be fea-
sible. Then, applying the control (44), for t € [0,T), one has that
21(t) € X x X, and u(t) € %, on this time interval. Note that X
is a neighborhood of the origin, and the cost function is given by
VN, with positive definite matrices W, H, and M, and it is mini-
mized inside X x X. Using these arguments, due to Assumption 4
and (w1, Wixy1] € wy, wi] hold, and since Zy(ti +T) € X x X
provided that the control Ty in (44) is applied and [z (t;),Z" (t;)] C
2T (ti1 +T),Z" (ti_1 +T)], for all i > 1, there is a finite time in-
stant t > T such that (z' (t),z' (t))T € Z%; and then, the control law
(36) switches from the control signal uy computed by the MPC to
the state—feedback control law iy, which provides that the system
trajectories are ISpS with respect to 8.

As a result of the previous statements, the system constraints are
satisfied.

This concludes the proof. [



A SAMPLED ROBUST CONTROL FOR UNCERTAIN
NONLINEAR SYSTEMS

This chapter presents a sampled robust controller for a certain class of uncertain
nonlinear systems with state, input, and communication constraints affected by
external perturbations. The proposed controller comprises the design of an ape-
riodic control law based on an event—triggered controller and a periodic control
law based on a constant sampled state—feedback controller. The proposed strat-
egy ensures the ISS of the tracking error dynamics with respect to the external
perturbations.

5.1 INTRODUCTION

As mentioned above real dynamical systems can be represented by non-
linear models. It is well-known that the real systems have to operate in
confined spaces and have energy limitations, i.e., they must deal with state
and input constraints (see, e.g., [52], [53] and [54]). Moreover, in most cases,
the dynamical systems are managed through a digital platform, and then
there is limited bandwidth, so it is necessary to restrict the frequency of
control input updates to save communication resources. A well-known
technique to deal with this problem is the event-triggered control (see,
e.g., [55], [56], and [57]). Its main characteristic is that the control actions
are updated only when certain well-defined events occur, resulting in an
aperiodic sampling time [58].

Regarding the control design for constrained systems, for instance, in
[59], an MPC algorithm is proposed for trajectory tracking of constrained
linear systems. The algorithm ensures constraint satisfaction and asymp-
totic convergence of the tracking error. However, this algorithm only con-
siders linear systems and it does not take into account communication
constraints or external perturbations. Concerning the control design for
nonlinear systems under communications constraints (e.g., when the digi-
tal platform of the system imposes limitations on the control update time);
for instance, in [60], an event—triggered adaptive control algorithm is pro-
posed for a class of uncertain nonlinear systems. This algorithm guaran-
tees that all closed-loop signals are globally bounded, and the tracking er-
ror exponentially converges to a compact set. However, the previous work
does not take into account state or input constraints, and only the unper-
turbed case is considered. In [61], an event-triggered MPC is proposed
for nonlinear continuous-time systems with additive bounded perturba-
tions. The trajectory of the systems converges to a given set. In [62], an
event-triggered MPC is proposed for continuous-time nonlinear systems
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subject to bounded perturbations. The proposed algorithm consists of the
triggering mechanism and the dual-mode approach. The state trajectory
converge to a robust invariant set. However, in [61] and [62] the minimum
sampling time is not considered. In [63], a robust self-triggered MPC
with an adaptive prediction horizon scheme is proposed for constrained
nonlinear discrete-time systems with external perturbations. This algo-
rithm ensures that the system trajectories inside a defined set are ISS with
respect to the external perturbations. The proposed algorithm only con-
siders discrete-time systems. In the previous works, high computational
power was needed due to the nature of the MPC implementation, i.e., solv-
ing a finite time horizon optimization problem on-line. Additionally, most
of the previous works do not take into account the communication con-
straints, i.e., the limited amount of communication resources.

In this chapter, motivated by the above-mentioned issues, i.e., meaning-
ful external perturbations, system and communications constraints, and
constraint complexity, a robust sampled control strategy is proposed to
solve the stabilization problem in nonlinear systems with communication,
state, and input constraints. The proposed control scheme is composed of
an aperiodic sampled controller and a periodic sampled controller. Then,
the proposed control approach contributes with the following features:

1) The aperiodic sampled controller is based on a state—feedback event—
triggered controller designed through the AEM and the BLF, taking
into account the state and input constraints.

2) The characterization of a safe set, where the state constraints are
not transgressed, is provided, as well as a switching set defining the
region where each control part is active.

3) The periodic sampled control part is based on a state—feedback con-
troller designed using a Lyapunov-Krasovskii function approach,
this part of the controller takes into account the minimum sampling
interval.

4) The proposed approach ensures the ISS properties of the system tra-
jectory with respect to external perturbations.

5) The synthesis of the controller is constructive since it is based on
LMIs.

5.2 PROBLEM STATEMENT

Consider the following class of nonlinear system

x(t) = f(x(t)) +Bu(t) + Dw(t), t > 0, (64a)
u(t) = ulty), Vt € [ti, tks1), (64b)

where x(t) € R™ is the state, f : R™ — R™ is a locally Lipschitz function,
w : Ry — R is the perturbation term, u(t) € RP is the control input,



5.3 ROBUST CONTROL DESIGN

which is applied at each time ty, for all k € N. The sampling instants ty
monotonously increasing, so that limy_,., tx = +o00, and h(t) = ty 11 —
tx > hmin, Where hpyin > 0 is the minimum sampling interval, and to = 0.
Note, that hyin is the minimum sampling interval allowed by the digital
platform of the system and the sampling instants ti will be determined
by the proposed sampled controller. The matrices B and D are known of
suitable dimensions. It is considered that u € % := {u € RP|— Umax; <
W < Umax;, Vj = 1,p}, with 0 < Umax; 1S the maximum value for each
control signal.

Moreover, the solutions of the system (64a) must be constrained inside
the polytope

X :={x € R"bx < 1%}, (65)
where b = (by,...,by, )" € R**" It is assumed that the origin belongs
to the interior of the set X.

The aim of this chapter is to design a sampled controller for a nonlinear
system affected by external perturbations and taking into account some
communication constraints, i.e., a minimum sampling time hpyn in which
the control signal can be sent to the system; state and input constraints,
ie,x(t) e X C R™and u(t) €  C RP, for all t > to, for some given sets
X and % .

Before proceeding, the following assumption is imposed on the system

(64a).

Assumption 6 There exist a know Metzler matrix Ay € R™*™ and know ma-
trices A; € R™*™, j = 1,N for some N € Z such that the following relations
are satisfied

N
f(x) = [ Ao+ D o)A | x, (66a)
j=1

N
D ox) =1, a(x) € (0,1),j=T,N. (66b)
j=1

5.3 ROBUST CONTROL DESIGN

According to Assumption 7, the system (64a) has the following repre-
sentation

N
x(t) = | Ao+ ) o5(x)A; | x(t) + Bu(t) + Dw(t). (67)
j=1

The proposed controller takes the following form:

u(t)_{ a(t), if x(t) ¢ &(P),

= (68)
at), if x(t) € &(P),

where i is an event-triggered controller, 1t is a constant sampled state—
feedback controller, and the ellipsoid &' (P), which is defined further on, is
the switching and invariant set for system (67).
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5.3.1  Linear Control Design

The following assumption is imposed on the system (67):
Assumption 7 The pair (Ao, B) is controllable.

Since the event-triggered control law is based on a linear state-feedback
controller, then the following non-sampled control law is proposed first

(t) = o(uo(t)), (69)

with up(t) = Kx(t), where K € RP*™ is a feedback gain, such that the
state and input constraints are not transgressed.

The following lemma provides a safe set &(R), the switching set &(P),
and a way to design K.

Lemma 7 Let Assumption 7 be satisfied and the control (69) be applied to the
system (67), i.e., u(t) = Ti(t). Suppose that there exist a positive—definite matrix
X1 = X{ € R™™, matrices Y € RP*™, Z = (Z{,Z;) € RP*", M €
R™™, A = diag(01,082), with 81,82 > 0, Qw € R™™ such that Amax(Qw) =
0.5W32,.y, and a constant y > 0, such that the following set of LMIs

X11 BA—YT4+ZT X1D

x1=] = —2A 0 =<0, (70a)
* * —YQw
x11 =He(X1Ay}+BY+Y BT + M, Ay = Ao + Amaxls,
T
o= XA ) 200212 (70b)
Z; ﬁ%
M yX
X3 = ( Y ) -0, (70¢)
X1 vYXz2
X2 < Xy, (7o0d)
)(4j = B]TX]B]' < ], ] 21,74, (706)

is feasible for given constants XY, |[Wllee < Wmax, and Amax = Z}L o*IA;]l,
where o* = argmaxuer o4 ol|A;ll, and T C R™ the set of all convex weight
vectors & = (oq,...,ocm)—r) € R™ such that (66) holds. If x(0) € &(R), with
R =X;", and K = YR, then the ellipsoid & (P), with P = X5 ', is asymptotically
attractive while & (R) is invariant for the system (67).

5.3.2 Event-Triggered Controller

Due to the communication restrictions, it is necessary to implement the
controller (69) in a sampled way, i.e.,

A(t) = o(uo(te)), Vt € [te, tir), k € N. (71)

The following lemma provides a way to implement the event-triggered
controller.
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Lemma 8 Let the control (71) be applied to the system (67), i.e., u(t) = U(t),
with the controller parameters designed according to Lemma 7, ie.,, K = YR.
Suppose that there exist positivedefinite matrices P, = P] € R™™, P3 =
P e R™™, Ry =R} e R™™™, and §; =S8 € R™™, such that the following
LMI

®11 ©12 ©13 P,D
3

=T ~
O — * @22 P3 BK P, D < 0’ (72)
* * @33 0
* * * —y2l

O = He{f)qu,} + g] + ZeizK‘hminfﬁ ,
®12 =R— ]5;— + f’3A¢, 03 = eizK]hmi“fh + ]SS—BK,
©22 = —2P5 +hiy Ry, @33 = —e X1 Mmin(Ry 4 §y),

is feasible for K and R given as in Lemma 7, some y2 > 0, k1 > 0, and hpin > 0.
Thus, if the event—triggered control law is designed as

o(uo(t)), t =tipr, if Wt uo(ti)) > pWI(t, uo(t))
& h(t) > hmin,
w(t) = ¢ o(ug(ty)), if W(t,up(tx)) > pW(t, uo(t)) (73)
& h(t) < Nmin,
or W(t, up(ti)) < pW(t, up(t)),

for all t € [ty, txr1), where p > 0, W(t,uo) = Se(t)x " (t)RBo(uo), Se(t) =
1/(1 —=xT (t)Rx(t)), and e(0) € &(R) — &(Ry), with Rg = ¢~ '13 and

1
£ = He(AOJrAmaXI)hminH)\méx(R) +hmin€1€2, (74)
where
1
e1 = K| Amax(R) + V2[ID[Wmax, (75)
€2 = sup ||e(Ao+AmaxI)(hm1rSJ||, (76)
0<s<hmin

then, the ellipsoid &(P), with P given as in Lemma 7, is asymptotically attrac-
tive while &(R) is invariant for the system (67) provided that

Yzwrznax < 2k. (77)

The following algorithm provides a way to implement the event-triggered
controller.
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Algorithm 5.1:

Input: hpin;

Output: T(t);

or: h(t) =t— ty;

022 k=0;

o3 if W(t, uo(ti)) > pWI(t, uo(t)) A h(t) = hmin;
og | T(t) =o(uo(t));

05: k=k+1;

o6: else

or | wlt) = oluo(t));
08: end

Note that the control (69) ensures that the tracking error converges
asymptotically to &(P). Once in this region, the control law commutes
to a constant sampled controller, which takes into account a maximum
sampling time. In the following section, a way to design this controller is
proposed.

5.3.3 Constant Sampled Controller

Let us consider the state—feedback control law
U(t) = Kox(ty), Vt € [ti, tig1), k€N, (78)

with h(t) = tx;1 — tx = h, with some h > hpi, > 0. The following lemma
provides a way to design K.

Lemma 9 Let the control (78) be applied to the system (67), i.e., u(t) = G(t).
Suppose that there exist some positive—definite matrices Py = P{ € R™*", P, =
P, € R™™ Ry =R € R™™™, S =ST € R™™, and Y € RP*™, such that
the following LMI

Y11 P12 Pz D

* eBY €D

* x P33 0 a
* * *  —y3l

P11 =P, A} + Ay P2+ 2625 — e 2R2nRy,
P12 = P1 — Py + €Ay P2, P13 = e 22 Ry + BY,
P22 = —2ePy +R2Ry, P33 = —e 2%2N(R; 4 8),

holds for some €,k2,v3 > 0, h > hmin > 0, and K is designed as K; = YP,,
then the system (67) is ISS, with respect to d, and x(t) € &(P.), with P =
2k2v3W2 P, ' P1P5 1. Moreover, if

X5 <P, (80)

holds for some wWmax > 0, and X, given as in Lemma 7, then &(P.) C &(P).
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The following algorithm provides a way to implement the constant
sampled controller and to obtain h through the bisection method, where
hmax > 0 is an auxiliary tuning variable.

Algorithm 5.2:

Input: ¢ << 1, himin, hmax > Nmin, X2;
Output: h, K3, Py, P2, Ry, S, Pg;

o: hp = (hmin + hmax)/z}

o2: while hy > 2ehpmin;

03 | ho = (Nmin + "max)/2;
04: h = hy;

o5 | if W1 <O0OAX;! < Pg;
06: ‘ Rmax = hv;

o7: else

o8 | | M = hy;

09: end

10: end

12 h=hyg.

Note that (80) is used to verify that the convergence region, given when
the control (78) is applied, is completely contained in &(P). If this condi-
tion is not fulfilled, the parameter y3 can be modified to recalculate K;
such that the &(P.) contained in &(P). Finally, considering the results of
Lemmas 7 and 9, the main result is presented.

Theorem 3 Let the control (68) be applied to the system (67), with (73) and (78),
where, the controller parameters are designed according to Lemma 7, Lemma 8,
and Lemma 9, respectively. If e(0) € &(R) — &(Rs), then the system (67) is ISS
with respect to w.

The proof of the previous results are postponed to section 5.6.

To better illustrate the algorithm presented in this chapter, a block dia-
gram of the closed-loop dynamics, considering the system (64a) and the
controller (68), is presented in Fig. 19.

5.4 SIMULATION RESULTS

Consider the following nonlinear system

X1(t) = —x1(t) + (1 +x7 (1) )x2(t) +w(t),
X2(t) = (2x7(t) — 1)x2(t) +u(t) + w(t),
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Nonlinear System
u®x(t) = f(x(®) + Bu(t) + Dw(t)

u(t) = u(ty), Vt € [ty, tis1)

~ ) e e e |
u(t) SWL,tC,hmg Aperiodic Sampled Controller
condition (68)

a(t) x(®) U (t) a(uo(t))] Event — triggered |
condition (73) |,

s
)
=
]
=
=
(95
Q
S
=
)
)
Q
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S
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Figure 19: Closed-loop diagram

with w(t) = 0.2sin (3t) + 0.2, thus, w(t) = 0, W(t) = 0.4, and wpax = 0.4.
This system satisfies Assumptions 3 and 4. The matrices Ay and A; can be
obtained by the convex polythopic method [51], as follows

ae [TV Y A (02 A0 2)
0 -1 20 2 0
A (O 2 a0 2
20 2 0

Let us consider that upm. = 2, x1 € (—2,2) and x» € (—1,1), and hence
by = (1/2,0)7, by = —by, bz = (0,1)7, and by = —b3. The initial con-
ditions for the system are x(0) = (—1.2, 045)T. To compute the control
gains for the aperiodic control law, let us apply the statements of Lemma
7. Consider 0 = 0.4486 and vy = 0.2, then the following feasible solution is
obtained:

o (02502 00152\ (05004 0.0304
0.0152 1.2304 |’ 0.0304 2.4607 |’

K = ( —0.1394 —1.2693 )

Therefore it can be verified that that the LMI (72) is satisfied, hence, the
event-triggered control can be applied.

To compute the control gains for the periodic control law, let us apply
the statements of Lemma 9. Taking into account hyin = 0.1[s], y2 = 0.2,
€ = 0.5, then, the following feasible solution is obtained:

p 5.3448 —0.0281 p 3.8978 0.5874
1= y P2 = s
—0.0281 3.8928 0.5874 3.4911

Ky = ( —2.5322 —3.8710 ),ﬁ =0.2.
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Additionally, it is given that ¢ = 0.0592 and thus Ry = 16.8910I3. The
system trajectories are depicted in Fig. 20, which shows that they converge
to a region close to the origin despite the external perturbations and never
transgress the state constraints. The control signal is depicted in Fig. 21.
Observe that the control signals remain inside the linear region. The ellip-
soids &(R), &(P), &(P.), and (&(R) — &(Rs)), are depicted in Fig. 22. It
can be seen that the system trajectories in (&' (R) — &(Rs)), remain inside
&(R), then converge to &(P), and finally remain inside &(P.).

P O = DA O N

Figure 21: Control signals

5.5 REMARKS

In this chapter, a robust controller to stabilize continuous—time nonlin-
ear system is designed. The proposed control scheme comprises an aperi-
odic sampled controller and a periodic sampled controller. The proposed
aperiodic sampled controller is based on a state—feedback event-triggered
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1.5 \ \ \

x1

Figure 22: Phase portrait

controller designed through the AEM and the BLF, taking into account
the state and input constraints. The characterization of a safe set, where
the state constraints are not transgressed, is provided, as well as a switch-
ing set that defines the region where each part of the control is active.
The periodic sampled control part is based on a state—feedback controller,
which takes into account the minimum sampling interval. The proposed
approach ensures the ISS properties of the system trajectories with respect
to external perturbations.

5.6 PROOF OF THE RESULTS

Proof of Lemma 7: Consider the function ¢(up(t)) = o(up(t)) —uo(t),
thus the closed-loop dynamics, considering the system (67) and the con-
troller (69), i.e., u(t) = o(up(t)), is given as

x(t) = (Ag + A+ BK)x(t) + Bd(up(t)) + Dw(t), (81)

where A = ZJ"; oj(p1)Aj. Let us take into account the following BLF
candidate V(t) = In(1/(1 —x" (t)Rx(t))), where 0 < R = RT € R™*" is
a matrix that parametrizes the ellipsoid &(R) containing the initial condi-
tions. Then, the time—-derivative of V, along the trajectories of system (81),
is given by

V(t) = 2Se(t)x " (t)R [(Ag + A + BK)x(t) + Bdb(uo(t)) + Dw(t)], (82)

where S¢(t) = 1/(1—x" (t)Rx(t)). Introducing the extended vectorn ' (t) :=
(eT(t),dT(t),w'(t))T, the time—derivative of V can be rewritten as fol-
lows

He{Ax} RB D
V(t) = Se(tn ' (t) " 0o o [n),

* * 0
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where A, = R(Ag+ A + BK). Considering that Al < Amax, adding and
subtracting the term yS. (t)w ' (t)Q.nw(t), with Q,, such thatw T (t)Q,w(t) <
1, 1.e., Amax(Qw) = O.SWIZHaX, then V can be upper bounded by

He{f\k} RB D
V(t) < Se(t) | y+n' (1) * 0 0 n(t) |,
* *  —yYQw

where Ay = R(Ap + AmaxIn + BK). According to Lemma 3, with & = Kx,
B =Kx— Gox, and Gy € RP*™, the inequality ¢ TA™" [¢ + (K—Go)x] <0
is satisfied, where A~! = diag(é]_],éf ), with 61,82 > 0. In order to en-
sure that Gox(t) belongs to the set %, noting that x T (t)Rx(t) < 1, it is suffi-
cient that ||Gox(t) ||2 < ﬁisz (t)Rx(t), for i = 1,2, holds. Using the Schur’s
complement, the previous inequality can be written as in LMI (70b), with
Z =R 'G. Adding and subtracting the term vSe(t)x T (t)Px(t), then V
can be upper bounded as follows

V(t) < ySe(t)[1 —x " (t)Px(t)] + Se(tn ' (t)In(t),

with
He{Ay}+vP RB—A"'KL D
Z - * —ZA_1 O 7
* * —YQw

with Kg = K— Go. Pre and post-multiplying £ by T = diag(R™', A, 1), it
follows that Z; = TZT =< 0 is equivalent to x; < 0, with the change of vari-
ablesX; =R ', X, =P~ 1, Y=KR!,and Z =R Gy, and introducing an
additional variable M € R™*™ with constraints M > YR~ PR, applying
the Schur’s complement, one obtains the LMI (70c).

Hence, if x1 < 0, then V(t) < ySe(t)[1 —x " (t)Px(t)]. Note that, for all
x " (t)Px(t) > 1 and x " (t)Rx(t) < 1, V(x(t)) < 0; thus, any solution of sys-
tem (81), staring in &(R), remains in &(R) and converges asymptotically
to &(P), which implies that &'(R) is invariant. Therefore, if P > R, i.e., the
LMI (70d), holds then &(P) is completely contained into &'(R). To ensure
that &(R) is completely contained in the state—constrained set (65), it is
sufficient that condition (70e) is satisfied. This concludes the proof. |

Proof of Lemma 8: Based on the proof of Lemma 7, it is established that
V(t) = 2Se(t)x " (1)R [(Ag + A)x(t) + Bo(uoe(t)) + Dw(t)].

It has been shown that V is a BLF, then it is decreasing. Therefore, the
following event-triggered condition is introduced

V(x(t), uo(tk)) < pV(x(t),uo(t)), (83)

with some p > 0 whose satisfaction guarantees that V(t, e) keeps its decay
property. Note that (83) is equivalent to the following inequality

W(t, uo(tk)) < pW(t, uo(t)). (84)
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Let us analyze the two scenarios provided by the condition (84), i.e.,
when the control input needs to be updated and when it needs to remain
constant. For the first scenario, i.e., when the condition (84) is no longer
satisfied, i.e., W(t, ug(tx)) > pW(t, up(t)), this indicates that W(t, uo(ty))
decreases slower than the rate pW(t, up(t)). This implies that the control
input needs to be updated to ensure that W(t,up(tx)) decreases again
with rate pW(t, ug(t)).

For the second scenario, there are two cases to analyze. For the first case,
if W(x(t),uo(tx)) < pW(x(t), up(t)), i.e., i(t) = t(tk), forall t € [ty, tx1),
the control signal remains constant. Since the minimum sampling time
is considered, an additional condition must be imposed on the event-
triggered structure to allow the control signal to be updated. Then, it
is necessary to show that the trajectories will not violate the state con-
straints for the case when (84) does not hold and h(t) < hpp, i.e., when
the control input will remain constant until h(t) = hpin. Since Lemma
7 already provides convergence conditions when the saturated control is
used, it is required to analyze the case when the control is constant out
of the saturated zone, i.e., in the linear zone uy(ti) = Ke(tx). The case
when the control passes from the saturated zone to the non-saturated one,
while h(t) < hmin, can be treated similarly, and this case is omitted for
brevity. Thus, let us take into account the closed-loop dynamics, consid-
ering the system (67) and the controller (71), i.e., ti(t) = up(ty), for all
te [tk,tk+1 ), k€ N:

x(t) = (Ag + A)x(t) + BKx(ty) + Dw(t), (85)

where K is given as in Lemma 7 and h(t) = hpin, i.e., the worst case
for which the constraints are not transgressed. The solution of system (85),
taking into account that x ' (ti)Rx(t) < 1, satisfies |[x(t)|| < ¢, with ¢ given
in (74), for all t € [ty,tx.1]. Then, the set &(Rs) is defined, with Ry =
¢~ 113, as a threshold set. Note that the set &(Rs) considers a threshold
region inside to &(R) that ensures the states do not violate the constraints,
even when the control input is constant until h(t) = hpin. Now, based on
[64], let us consider the following Lyapunov-Krasovskii functional

Va(t) = x| (£)Rx(t) + Jt e2 1= T ()8, x(s)ds

t—hmin

0 t
+ hmmJ J e2<1 (=5 T (5)Ry%(s)dsd6, (86)
7hmi.n t+0

where k; > 0,0 < R; = ET eR™™™ 0<§, = S]T € R™ ™, and R is given
as in Lemma 7. Note that for this analysis the values of K and R are fixed.
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The time-derivative of V5, along the trajectories of system (85), and using
the descriptor method, satisfies

Vo () +2k1 Vo (t) —yvaw T (H)w(t) < 2x T (1)Rx(t) + 2k1x " ()Rx(t)
+hi X (OR1%(1) +x T (1)S1x(t) —y2w T (H)w(t)
X261 min [ (£) — x(t — Mimin)] T Ry [x(t) = X(t — hunin)]
e 2K Mmin[x T (£ — hpin ) S1x(t — Ninin)]
+2w T ()P +xT (t)P31[(Ao + A)x(t)
+ Dw(t) + BKx(t — hpin) — x(t)].  (87)

Then, following the same procedure as in [64], the LMI (72) is obtained
to ensure that V,(t) + 2k1 V2 (t) —y2w ! (t)w(t) < 0. Based on Proposition
4.3 in [64], since x ' (t)Rx(t) < V,, the system (85) is ISS with respect
to d, and this implies the asyrnptotic convergence of e to the ellipsoid
&(Re), with Re = 2k1v5 "w2 R. Thus, it is necessary to ensure that the
convergence region &(R.) is completely contained in &(R), then R < R,
i.e., the condition (77) must be fulfilled. Thus, if h(t) < hpyin the control
signal can remain constant until h(t) = hpin, and the system trajectories
remain in &(R) if e(0) € &(R) — &(Rs).

Therefore, it is established that @i(t) = o(ug(t)), at the instant when the
condition W1 (x(t), up(tx)) > pWa(x(t),up(t)) and h(t) > hmin, ie., the
control input is updated, while it remains constant if W7 (x(t), up(tx)) <
pW2(x(t),up(t)), ie., (t) = t(ty), for all t € [ty, ti11). Finally, due to
the nature of the event-triggered control, the same switching behaviour
occurs until the trajectories of the system (67) asymptotically converge to
the ellipsoid &(P). This concludes the proof. |

Proof of Lemma 9: The closed-loop system dynamics, taking into account
(67) and (78), i.e., u(t) = 10(t), is given as

x(t) = (Ap + A)x(t) + BKox(ty) + Dw(t), (88)

with t € [ty, ti41). Let us propose, based on [64], the following Lyapunov-
Krasovskii functional

0 ot
+HJ ) J e 217U T (s)Ryx(s)dsdo, (89)
—hJt+e
where k; > 0, 0 < P; = PT e R, 0 < Ry = RT € R™*"™ and
0 < S =3S8"T € R"™. Then, the time-derivative of V3, along the trajec-
tories of system (88), is given in a similar way as in (87). Following the
same procedure as in [64], the LMI (79) is obtained in order to ensure that
V3(t) +2k2V3(t) —y3w ' (t)w(t) < 0. Based on Proposition 4.3 in [64], the
system (88) is ISS with respect to d, and this implies the asymptotic con-
vergence of x to the ellipsoid &'(P.), with P, = 2K2y3wglgxl51 . Finally, since

61



62

A SAMPLED ROBUST CONTROL FOR UNCERTAIN NONLINEAR SYSTEMS

the control (78) is only active inside the set &'(P), it is necessary to ensure
that the convergence region &(P.) is completely contained in &(P). With
this aim, P < P, i.e., the LMI (80) must be fulfilled. This concludes the
proof. [
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REGULATION PROBLEM IN A CONSTRAINED OMR

This chapter proposes a solution to the requlation problem for a three—wheeled
OMR with input saturation, state constraints, parameter uncertainties, and ex-
ternal perturbations. The proposed control algorithm, designed as in Chapter 3,
consists of a nominal and a robust part, both independently designed using an
ISMC approach. The proposed scheme guarantees asymptotic convergence to zero
of the regulation error coping with the system constraints and perturbations.

6.1 INTRODUCTION

Mobile robots have emerged as a solution to perform a wide range of
tasks in different fields due to their versatility, such as security, industrial
supervision, military reconnaissance, etc. (see e.g., [65] and [66]). Within
mobile robots, the OMRs have the particularity of moving in any direc-
tion without changing their orientation. Motivated by this, the algorithm
presented in Chapter 3 is applied to an OMR in order to demonstrate its
effectiveness in real applications.

6.2 PROBLEM STATEMENT

Consider the dynamic model of a three-wheeled OMR [67]
ME(t) 4+ C(&(1))&(1) + DE() = o(T(t)) +w(t), (90)

where £7 = (x,y,0) € R3 is the configuration variable, where x(t) and
y(t) represent the planar position of the OMR, while 6(t) represents the
orientation angle, w1 = (11,72,73) € R3 is the vector of generalized forces,
which are limited by the saturation function o, wl = (wi,wa,w3) € R3is
the vector of external perturbations, and the matrices are given as

M = My + (I 4+ Jr2)EET, C(E() = %(12 + Tmr2)6(1)B,

0O 1 0
2 ( Kakp T
D=r( ==tk JEELB=| -1 0 0 |,
a
Vi1
2 2
E:_f O ] —L 7
V3o
—— —— —L
2 2

where M, = diag(m; +3mz, my + 3my,3myL2 4+ 1; + 313), my is the mass
of the body, m; is the mass of each wheel, I is the inertia of the body, I,
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is the inertia of the wheels over the shaft of the motor, I3 is the inertia of
the wheels perpendicular to the shaft of the motor, L is the distance from
the center of the robot to the center of the wheels, |, is the inertia of the
shaft of the motors, ky, is the back electromotive force constant, k, is the
torque constant, R, is the armature resistance, k, is the viscous friction of
the motor, and . is the gear ratio.

The model (90) has the following state space representation

d ( () ) _ ( &) ) (o12)
dt \ £(t) f(E(t)) + glt(t) + w(t))
Ye(t) = Ce(ET(1),ET (1) T, (91b)

where

f(E(t) = —M T (C(4(t) + D)&(t)
3az

—FM;‘ —a;M; () 0
. 3a .
= | eMy'e)  —3M] 0 E(v),
3%a3,,
0 0 M
100000
Cc=] 010000 [,
001000

and g = diag(M]_],M2_1,M§1), with My = My = my + 3ms + 3a; /212,
Ms = 3mul? + 17 + 313 + Ba1L2) /72, a1 = Iy + Jmr2, a2 = (2/72)(12 +
Jmr2), and a3 = m2t[(kakp/Ra) + kyl.

Due to the three-wheeled OMR has state constraints, it is assumed that
the solutions of the system (91) are constrained inside a set of allowed val-
ues. It is possible to define this set through the following set of polytopes

Pz ={z; € R*b z; <12, j=1,3}, (92)

where ZIT = (x,%x) € R?, ZZT =(y,y) € R?, and Z; =(0,0) € R2.

Then, the problem is to regulate the output of the system (91), to some
desired value, despite the presence of parameter uncertainties and external
perturbations, and considering state constraints and input saturation.

63 ROBUST CONTROL DESIGN

Note that the dynamics (90) is nonlinear due to term C(&)E. Taking into
account this term as external perturbation and due to the structure of the
matrix g the control signals are decoupled, and hence, the system (91) can
be rewritten as follows for j = 1,3

ij (t) = (Aj + A)' )Z]' (t) + B]’Tj (t) + D,w(t), (93a)
ycj(t) = szj (t)/ (93b)
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where y.; is the output to be regulated and the matrices are defined as

follows
PV b ( 0 ) =12
i: 3(13 —1 7 i= -1 /1: 7%
0 5.2 Mj M7

0 1 0
Az = ( o _3L:2a3M3,1 )'B3_<M31 )
c.=(10), D= (o0 1)T,

with Wi (t) = —aaM; Y8 (t) + w1 (t), Wa(t) = aa M5 '%0(t) +wy(t), W3 (t) =
w3 (t) as the external perturbations for each subsystem, A; = diag(0, 1)A;38;,
with 81 € R as a percentage of the parameter uncertainties. Despite A; is
an unknown matrix, it is assumed that it does not destroy the structural
properties of the system.

Since the control signals are decoupled; then, it is possible to indepen-
dently design a controller for each of the subsystems in the form (93).

Assumption 8 The unknown input w is bounded, i.e., W € W :={W € L :
IWlloo < W}, with W a positive known constant; and the unknown matrix A is
norm bounded, i.e., ||Al| < 8, with § a positive known constant.

Considering the nature of the mechanical system and taking into ac-
count the input saturation, it can be verified that system (9o0) is bounded-
input bounded-state. Thus, the nonlinear part of W; remains bounded.

Define the regulation error e := r —y. and the following variable

t t
Xp 1= J (r—yc(T))dTr = J e(t)dT,
0 0
where r € R is a desired reference. Then, the following extended system

is introduced

z(t) = (A + A)z(t) + B(o(t(t)) +w(t)) + Fr, (94)

T . .
where z := (ZT,xr) € R3 is the extended state and the system matrices

have the following structure

()22 (0)

Note that due to the structure of A and B, the pair (A + A, B) is stabiliz-
able. Due to (92), the solutions of the system (94) are constrained inside
the polytope

P={zeR3}b/z<13 1 =Tk} (95)

It is possible to approximate the state—constrained set (95) by an ellip-

soidal set completely contained in it [31], i.e., £(R) :={z € R3|zTRz < 1} is
contained in P, if b/ R"'b; < 1, fori =T, k.
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Now with the system in the form given in (12), it is possible to follow
the methodology given in Chapter 3 subsection 3.3, to design the controller
for each subsystem (93).

Note that although algorithm proposed in Chapter 3 is for regulation
tasks, i.e., constant references, it is possible to track sufficiently smooth
time—varying references due to the ISMC, which is able to compensate for
the time—varying effect of the desired trajectory.

64 SIMULATION RESULTS

Let us consider the dynamics (93) with the parameters given in Table 1.

Table 1: Parameters of the OMR

Value Units Value Units
my | 1.99 kg I, | 6.08x1072 | kgm?
my | 0.29 kg I, | 324x107% | kgm?

0.05 m I3 469 x 1074 kg m?
L 0.1 m Jm | 5.70x 1077 kg m?
ka | 0.0134 | Nm/A | kp | 0.0133 x 1073 | Vs/rad
kv | 0.0001 | Nms/rad | Rq 1.9 Q
Te 64 -

It can be verified that system (93) satisfies Assumption 8, for j = 1,3.
The external perturbations are taken as wq(t) = 14 sin (2t), w(t) = 1—
cos (3t), w3(t) = 2+sin(t). The initial conditions are z;(0) = (1,0)7,
z2(0) = (1,007, z3(0) = (2.2,0)T, and x+,(0) = x+,(0) = x4(0) = 0. In
order to show the feasibility of the proposed algorithm for a tracking task
of a sufficiently smooth time—varying trajectory, the desired references are
selected as

r1(t) = 0.3[1 — (1 + tanh(wt — ¢)) + (1 + tanh(wt — 3¢))
— (1 +tanh(wt—6d))],
r2(t) =73(t) = 0.3[1 — (1 + tanh(wt — 2¢)) + (1 + tanh(wt —4¢))],

with w = 20 and ¢ = 200. For simulation purposes, let us consider that
x,y € [-1.8,1.8] [m], x,y € [-3,3] [m/s], and 6 € [-3m, 37| [rad/s]. Note
that the orientation of the OMR does not have constraints; however, it is
known that © € (—m,7) [rad]. Given the previous statements, the state
constraints are b; = (10/18,0,0)T, b, = —by, b3 = (0,1/3,0) ", and b4 =
—b3, for the systems z; and z,, while, bs = (1/7,0,0)", bg = —bs, b7y =
(0,1/3m,0)T, bg = —b7 for system z3.

To compute the control gains, it is possible to solve the LMIs of lemma
5 for the j systems in the form (93). Note that systems z; and z, are
equal; thus, it is possible to design a single control gains for both systems.



Considering oy = 60, 11, = T1,, = 314.0362, fixing T11,,, = T2I,.. =
= T21,, = 125.6145; then, the following feasible

188.4217, thus T,
solution is obtained:

64 SIMULATION RESULTS

3.9072  0.6700 —4.4833
Ri =Ry = 0.6700  0.2432 —0.6121
—4.4833 —0.6121 6.5782
72234 15115 —7.9554
P1 =Py = 1.5115  0.5529 —1.3753
—7.9554 —1.3753 10.9782

Ki =K = ((—158.9036 —1.2005 1434761 ),
Y1 =7v2 =100, &1 = b, = 0.0067.
While for system z3, considering oz =1, 13, = 48.8526, fixing 131, =

19.5410, thus t31,,, = 29.3115; then, the following feasible solution is ob-
tained:

0.6677  0.0477 —0.8342
R3 = 0.0477  0.0153 —0.0455 |,
—0.8342 —0.0455 1.3672
1.0837  0.1031 —1.3235
P3 = 0.1031  0.0350 —0.0960 |,

—1.3235 —0.0960 2.1143

Kz = ( —18.9529 —0.2783 16.6608 ),
v3 =100, 63 = 0.0079.

Due to the similarity between subsystems z; and Z;, only the results
for systems Z; and Z3 are presented. The system trajectories and the cor-
responding ellipsoids are depicted by Figs. 23-24, for the system z; and
z3, respectively. Note that for each system, the trajectories begin in el-
lipsoid &(R), remains in it, and converges to the ellipsoid & (P), despite
the presence of external perturbations and the parameter uncertainties.
The linear control T, the nonlinear control Ty, the control signal and the
saturation constraints are depicted by Figs. 25-26, for system z; and Zz3,
respectively. Note that for the z;, both, the linear and the nonlinear con-
trol parts remains in the non-saturated zone all the time. While, in Fig.
26 it is observed that the linear control part gets saturated for an instant
of time. Notice that for each system the control signal T remains in the
non-saturated zone.

The system trajectories in the plane x —y, and the state trajectory for
x, Yy, and 0, with their desired reference, are depicted in Figs. 27, 28, 29,
and 30, respectively, where shown that the trajectories of the system track
the desired reference despite the presence of external perturbations and
parameter uncertainties.
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Figure 23: State trajectories, ellipsoids, and state constraints for x
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Figure 25: Control signals T11, T11 and 17 for system x
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6.5 REMARKS

This chapter presents the results obtained from applying the algorithm
presented in Chapter 3 to solve the regulation problem for a three-wheeled
OMR with input saturation, state constraints, parameter uncertainties, and
external perturbations. Note that the results presented are for the case in
which a time-varying trajectory is considered. It can be seen in the simula-
tion results that the asymptotic convergence to zero of the regulation error
is ensured coping with the system constraints and perturbations.
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TRAJECTORY TRACKING PROBLEM IN A
CONSTRAINED UMR

This chapter presents a robust control strategy for the trajectory tracking prob-
lem in constrained and perturbed UMRs. The proposed control algorithm, de-
signed as in Chapter 3, consists of a nominal and a robust part, both independently
designed using an ISMC approach. The proposed scheme guarantees asymptotic
convergence to zero of the tracking error coping with the system constraints and
perturbations. Some experimental results, using the QBot2 unicycle mobile robot,
validate the effectiveness of the proposed robust control strategy.

7.1 INTRODUCTION

The UMRs have been widely studied due to their ability to move freely
from one point to another and the wide variety of possible real-world ap-
plications. In addition, it is well-known that such UMRs must deal with
state and input constraints, i.e., they have to move in restricted workspaces
and have energy limitations (see, e.g., [52], [68], and [69]). Also, the UMRs
can be affected by external perturbations, e.g., the skidding and slipping
of wheels, and corrupt control signals, which could modify their behavior
and stability. Therefore, in order to better deal with the trajectory tracking
control problem, it is necessary to consider all these factors in the control
design. Motivated by this, an adaptation of the algorithm presented in
Chapter 3 is applied to solve the trajectory tracking problem in an UMR.
Some experimental results, using the QBot2 by Quanser, validate the effec-
tiveness of the proposed robust control strategy.

7.2 PROBLEM STATEMENT

Consider the perturbed kinematic model of an UMR (see, Fig. 31):

0(t) =1+ di(t)w(t), (96a)
x(t) = [T+ d2(t)lc(0(t))v(1), (96b)
y(t) = [1+da(t)]s(O(t))v(t), (96¢)

where x(t) € R and y(t) € R denote the midpoint between the wheels
and 0(t) € R represents the orientation angle of the UMR. The terms v(t)
and w(t) contain the linear and angular velocities of the UMR, and repre-
sent the control inputs. The terms d; and d, represent some time—varying
perturbations, which are multiplicative to the inputs and that may come
from unmodeled kinematics phenomena proportional to the control in-
puts, such as slipping of the wheels. It is assumed that such time—varying
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perturbations d;(t) are unknown but bounded, i.e., =1 < di(t) < dmax < 1,
forallt > 0 and i = 1,2, with a known positive constant dmax.

X+Yy

Figure 31: Schematic Diagram of the Perturbed UMR

The aim of this chapter is to solve the trajectory tracking problem for
the UMR compensating some multiplicative perturbations and reaching
the desired trajectory taking into account some state and input constraints,
ie, x(t) € X = Xmin, Xmax] C R, y(t) €Y= [yminfymax] CR,v(t) e V=
[~Vmax, Vmax] € R and w(t) € W = [—Wmax, Wmax) C R, for all t > 0, for
some given sets X, Y, V, and W.

7.3 TRACKING ERROR DYNAMICS

Let us define the tracking errors as follows

e1(t) =0q4(t) —0(t), (97a)
e2(t) = c(0(t))(xalt) —x(t)) +s(0(t))(yalt) —y(t)), (97b)
e3(t) = c(0(t))(yalt) —y(t)) —s(0(t)) (xalt) —x(t)), (97¢)

where x4, Y4, and 04 come from a reference kinematic model for the UMR,
ie.,

0alt) = walt), (98a)
Xa(t) =c(04(t))val(t), (98b)
Yalt) =s(0q(t))valt), (98¢)

where vgq and w4 are the linear and angular reference velocities, respec-
tively. These are assumed continuous and bounded by some positive con-
stants vy, Vq and Wy, ie., 0 < v4 < vq(t) < Vg, and ||wglleo < @Wq, and
such thatvq(t) € Vand wq(t) € W, for all t > 0. Moreover, the trajectories
of the reference model also hold the state constraints, i.e., xq(t) € X and
yqa(t) €Y, forallt > 0.

Therefore, the tracking error dynamics can be calculated as

é1(t) = —w(t)di (t) + i (t), (992)
é2(t) = 1+ di(tw(t)es(t) —vda(t) +12(t), (99b)
e3(t) =—[1+di (D]w(t)ez(t) +valt)s(er (t), (99¢)
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with the virtual control inputs 7 and T, satisfying

T1(t)
T2(t)

wqa(t) —w(t), (100a)
va(t)e(er(t)) —v(t). (100b)

Note that the tracking error dynamics (99) can be rewritten as follows
[70]:
é(t) = A(p1)e(t) + Blr(t) + F(p2)d(t)], (101)

where e = (61,62, 63)T S ]R3, T= (T1,T2)T € IRZ, d= (d],dz)T S R? and

0 0 0
Alpr) = 0 0 0+di(tw(t) |-
vascler) —[1+dy(Bw(®) 0
1 0 0
B=| o0 1 ,F(Pz)=<_w(t) >
0 —v(t)
00

with p1 = (vgsc(er),[1 +di(t)]w)T € R? and p2 = (v,w)" € R? as the
unknown and known scheduling parameters, respectively. It is clear that
system (101) is in an LPV form and the input and state constraint sets are
given now as follows:

E={e € R>: (e1,eze3) € Rx [-xy,xy] x [-xy,xyl},  (102)
U={teR?: (11,72) € [-71,T1] x [-72, 2]}, (103)

where Xy = (Xmax — Xmin) + (ymax - ymin)/ T] = Wq + Wmax and T, = Vg +
Vmax- Moreover, note that there always exist a Metzler matrix Ay € R3%3,
and some matrices A; € R3*3, for j = 1,4, such that the following equa-
tions

4
A(p]) :AO+ZOC)(Q] )A], (104a)
j=1
4
Z“J’(m) =1, aj(p1) €1[0,1], (104b)
j=1

hold for the system (101). Thus, system (101) can be expressed as follows

4

e(t) = Ao+ Y- ogl1)A;|e(t) + Ble(t) + Flpm)att). (o)
=1

Therefore, the problem now is to design a robust control law T such that
the trajectories of the system (101) converge to zero despite the perturba-
tions d taking into account the state and input constraints (102) and (103),
ie,e(t)e Eand t(t) € U, forall t > 0.

Thus, the idea is to design a controller as in (14), i.e.,

T(t) = o(uo(t)) +ur(t). (106)
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7.4 ROBUST CONTROL DESIGN

Following a similar procedure as presented in the section 3.3, the robust
control is designed as is shown in the following sections.

7.4.1  Integral Sliding—Mode Control Design

Let us define the following sliding variable

t
s(e(t) = Gle(t) (0] ~ G | [Aaelp) +Buolplldp,  (107)
0
where G € R?*3 is such that det(GB) # 0. The optimal way to design
Gis G=BT or G = (B'B)"'B'. Note that the dynamics of the sliding
variable satisfies

4
§ = GBlur +F(p2)dl + G ) a;(p1)Aje. (108)
j=1

Then, the ISMC uy is proposed as

(GB)Ts

ur(t) = —C(e(t))m,

(109)
with some positive gain ((e) > 0, for all e € €. The following lemma
provides the conditions to ensure the finite-time convergence of the sliding
variable to zero fulfilling the input constraint.

Lemma 10 Let the ISMC (109), with G = BT, be applied to the system (108),
for a given Upmax > 0. If the gain ((e) is selected as

C(e) = K+ Fmax + Amaxllell, (110)

4

with Fmax - d—max max(\)max, wmax)/ Amax - Zj:] “;HA)' ||/ where

4
*
o =ar maxZoc- A;
smax ool
]:

with T C R* being the set of all convex weight vectors « = («1,...,a4) " € R?
such that (104) holds, and some x > 0 such that

0<k < Ul max — Fmax - AmaxemaX/ (111)

with emax < V412 —1—2@2, is satisfied for a given Upmax > O; then, s = 0 is
UFTS.

Therefore, the robust controller u; will deal with the perturbations F(p2)d
and part of the term Z?:1 o (p1)Aje, satisfying the input constraint [[ug|| <
Urmax- Note that the term F(p2)d is completely compensated from the be-
ginning since it is matched with the control u;. However, only the pro-
jection of the term Z;‘:] o (p1)Aje into the matched space of B could be
compensated by uj.
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Remark 7 It is possible to fix Wy, max, such that [ur,| < ur, max, according to the
upper bound of the perturbations, e.g., U1, max < 1.1(Fimax + Aimax€max), Where
Fimax 1 the norm of the i—th element of F(p2)d and Aimax = Z;‘:] oc;‘IIAijII,
with Ay as the i~th row of the matrix Aj, i = 1,2. Then, to assign the rest of the
control effort to ugp,, i.e., Uo;, max < Ti — 1.1(Fimax + Aimax€max), With UWo, max

such that [uo,| < Wo, max-

7.4.2  Linear Control Design

In order to deal with the linear control design, the following assumption
is imposed.

Assumption 9 The pair (Ao, B) is stabilizable.

Once in the sliding-mode, it follows that s = 0; and thus, based on the
equivalent control method, the dynamics on the sliding surface is given by

4
e = |:AO+FZOC)‘(p])A)':|e+BUO, (112)
j=1
where I' = (I3 —BG). Then, the linear part of the control, ie., uo, is
proposed as follows
up(t) = Ke(t), (113)

where K € R?*3 is a feedback gain, which can be designed considering the
state constraints (102) and the input saturation, by means of the attractive
ellipsoid method and the BLF approach.

The following lemma provides the safe set &'(R) and a way to design K.

Lemma 11 Let Assumption 9 be satisfied, and the control (113) be applied to the
system (112), for a given o, > 0. Suppose that there exist a positive—definite
matrix X = X]T € R3%3, some matrices Y € R2%3,Z = (Z]T,ZZT)T € R%2%3,
§ = diag(d1,62), with 81,82 > 0 and some constant y > 0, such that the
following set of LMIs

P BS-YT4+ZT  yX
X1 =1 x —25 0 =<0, (114a)
* * —vX2
P = (Ao + TAmax) X1 + X1 (Ag +Amax ") +BY + YTBT,

Xy  zZ]
X2 = ) >0, (114b)
Zl 0. max
x3 =b! X <1, form=T1,4, (114€)

by =(0,xy ',0)7, bp=—by, b3 =(0,0,xy '), by = —b3,

is feasible for some constant Xy, Wo, max = 0, and Z; € R 3, withi = 1,2, as
the i—th row of the matrix Z. If |le(0)|| € &(R) and K is designed as K = YR,
with R = X{'; then, the trajectories of the system (112) converge asymptotically
to zero.
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The proof of Lemma 11 follows the same methodology of the proof of
Lemma 5 presented in Chapter 3.

Finally, considering the results of Lemmas 10 and 11, the main result is
presented in the following theorem.

Theorem 4 Let Assumption 9 be satisfied, and the control (106), with uy =
—((e)(GB) "s||(GB) Ts||~" and wo = Ke, be applied to the system (105), for a
given umax > 0. If [|z(0)|] € &(R), K is computed as in Lemma 11, i.e., K = YR,
and ( is designed as in (110), i.e., ((e) = K + Fmax + Amaxllell, for some k > 0,
such that

K+ w + Fmax + Amaxemax < uIi_ max < Timax - uoi maxs (115)

for i =1,2, then, the trajectories of the system (105) converge asymptotically to
zero.

Note that, due to its structure, the LMIs proposed in the previous results
can be solved simultaneously through the use of a specialized toolbox, e.g,
the SDPT3 solver in MATLAB®.

Remark 8 Since uy is selected as in (109), a discontinuous control signal is
obtained. In order to avoid high—frequency control signals, it is possible to approx-
imate (109) as

(GB)Ts
I(GB) Tsl| + ¢

where the tuning parameter € > 0 is a small constant.

up(t) = —C(e(t)) (116)

7.5 EXPERIMENTAL RESULTS

The proposed robust strategy is applied to the QBot2 manufactured by
Quanser (see Fig. 32). The QBot2 operates with a control station with
the real-time control software QUARC®. This software creates a direct
interface with MATLAB®/Simulink® and provides a sampling time equal
to 0.001 [s]. The QBot2 position and orientation is measured and tracked
using internal sensors of the robot. Both wheels have encoders that gather
information about the wheel rotation and estimate the changes in position
over time. Using this information, the total displacement and orientation
angle can be calculated through the UMR kinematics. Note that for the
implementation of the proposed controller, the approximation presented
in Remark 8 is considered.

In order to show the effectiveness of the proposed controller two dif-
ferent trajectories are considered in the experiments: a sine and a lemnis-
cate curve. For both trajectories the perturbations are taken as d;(t) =
0.0Tcos (t) +0.01 and d,(t) = 0.02sin (t) + 0.01, thus dmax = 0.8. The
perturbations are generated by means of software.
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Figure 32: QBot2 by Quanser

Considering the real maximum values of the UMR for the velocities w
and v, i.e., Wmax = 3 and vmax = 0.7, the following matrices are obtained

00 0
Ao=10 0 0 |, (1172)
100
0O 0 0 0O 0 0
Al = 0 0 54 |, A2=| 0o 0 54|, (117b)
54 54 0 54 —54 0
0O 0 0 0 0 0
As=| 0 0 54 |,As= 0 0 54 |. (1170)
54 54 0 54 —54 0

Therefore, it is possible to compute the following: Fimax = Wmaxdmax =
2-4/ FZmax - Vmaxdmax - 0-56/ A] max — Z?:] “;HAHH - O/ and AZmax -
Z?ﬁ oc]?kllAzj Il = 0.216. Note that, with the above-mentioned Ay, Assump-
tion 9 is satisfied.

7.5.1 Lemniscate Curve Tracking

The desired trajectory is given by

XdaJda —YaXa
wa(t) = ~425 %4
XaTYa

va(t) = /%3 + 193,

xq(t) = cos(wot),

/4

Ya(t) = sin(2wot),

t

0a(t) = | walridr,
0

and wy = 0.15. The initial conditions for the kinematics are xo = 1.4 [m],

Yo = 0 [m] and 6y = 0 [rad], and the state and input constraints sets are

givenas X = [-1.5,1.5],Y =[-1.5,1.5], V =[-0.7,0.7], and W = [-3, 3].
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To compute the control gains, let us apply the statements of Theorem 4.
Consider 861 = 1.6374, 6, = 1.2089, v = 0.3, Xy = 6, Kk = 0.5, T1 max = 4.1663,
Tomax = 1.1472, and fixing Uy, max = 2.64, U0, max = 1.5263, U1, max = 0.831,
and g, max = 0.3162, then, the following feasible solution is obtained:

031 0.00 0.12 0.47 0.00 0.19
R=1 000 038 000 [, P=1] 000 045 0.00 |,
0.12 0.00 0.30 0.19 0.00 0.41

K — —0.9988 —0.0015 —1.1312
0.0043 —0.6173 0.0056 |

The system trajectories are depicted in Figs. 33—34, which show that the
system trajectories converge to the desired reference despite the external
perturbations. Note that the state trajectories, x and y, never transgress
the state constraints. On the other hand, the control signals w and v are
depicted in Fig. 35. Observe that both control signals, w and v, remain
inside the linear region. In Fig. 40, it can be seen that the trajectories of
the tracking error are in the ellipsoid &'(R), and then, converge to ellipsoid
&(P), and to the origin. Finally, in Fig. 37, it is observed that the norm
of the errors converges to a region close to the origin. Table 2 presents
the RMS of the tracking errors to better illustrate the performance of the
controller. It can be observed that the mean value is close to zero, thus, the
controller performs well despite the presence of perturbations.

T

T X R T

1,

Figure 33: System Trajectories (Lemniscate Curve)
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Figure 36: Tracking Error and Ellipsoids (Lemniscate Curve)
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Figure 37: Tracking Error Norm, where ex = xq —x and ey =yq —y (Lemniscate
Curve)

Table 2: Performance indexes (Lemniscate Curve)

max min mean
€opms (degl | 91.6962 | 8.6574 x 1074 | 3.7128
exyrms M) | 0.4000 | 3.0932 x 107° | 0.0263

7.5.2  Sine Curve Tracking

The desired trajectory is given by

XdaJda —YaXa
wa(t) = ~425 %4
XaTYa

va(t) = /%5 + 13,

xa(t) = wot,

7

Ud(t) = sin (Zwot)/

t
0a(t) = | walridr,
0
and wp = 0.15. Be aware that, in this experiment, no restrictions are con-
sidered for the state x. Note that this type of task can simulate the mobile
robot moving along a hallway. The initial conditions for the kinematics
are xo = 0.5 [m], yo = 0.75 [m] and 0y = 0 [rad], and the state and input
constraints sets are givenas Y = [—1,1], V = [-0.7,0.7], and W = [-3, 3]. To
compute the control gains, let us apply the statements of Theorem 4. Con-
sidering &1 = 0.8679, 8, = 0.6184, y = 0.3, Xy = 3, Kk = 0.5, T1 max = 3.4000,
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Tomax = 0.9236, and fixing U, max = 2.64, U0, max = 0.76, U1, max = 0.831,
and up, max = 0.0926, the following feasible solution is obtained:

0.54 0.00 0.21 0.80 0.00 0.33
R=1 0.00 070 0.00 |,P=1] 000 0.80 0.00 |,
0.21 0.00 0.51 0.33 0.00 0.70

K — —1.0128 —0.0026 —1.1459
0.0074 —0.6554  0.0101 .

The system trajectories are depicted in Fig. 38, which show that the
state trajectories converge to the desired reference despite the presence of
external perturbations. Note that the state trajectories y never transgress
the state constraints. On the other hand, the control signals w and v are
depicted in Fig. 39. Observe that w remains inside the linear region, while
the control signal v gets saturated for some instance of time, and then,
remains in the linear region. In Fig. 40, it can be seen that the trajectories
of the tracking error are always inside &'(P), which is completely contained
in &£(R). Finally, in Fig. 41, it is observed that the norm of the errors
converges to a region close to the origin. Table 3 presents the RMS of
the tracking errors to better illustrate the performance of the controller. It
can be observed that the mean value is close to zero, thus, the controller
performs well despite the presence of perturbations.

[m]

[rad]

0 5 10 1 2 2 30 H A
Time s

Figure 38: System Trajectories (Sine Curve)
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Figure 40: Tracking Error and Ellipsoids (Sine Curve)
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Figure 41: Tracking Error Norm, where ex = xq —x and ey =yq —y (Sine Curve)
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Table 3: Performance indexes (Sine Curve)

max min mean
€opms ldegl | 63.4322 | 2.1622 x 107> | 2.7158
exyrms M | 0.5000 | 7.4721e x 108 | 0.0245

7.6 REMARKS

This chapter presents the results obtained from applying the algorithm
presented in Chapter 3 to solve the trajectory tracking problem in the UMR
with state and input constraints, affected by external perturbations. Note
that due to the use of the tracking error dynamic is possible to apply the
proposed algorithm to the trajectory tracking problem in the UMR. It can
be seen in the experimental results that the asymptotic convergence to
zero of the tracking error is ensured coping with the system constraints

and perturbations.
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TRAJECTORY TRACKING PROBLEM IN A UMR WITH
COMMUNICATION CONSTRAINTS

This chapter presents a sampled robust controller for the trajectory tracking
problem in UMRs with state, input, and communication constraints affected by
external perturbations, e.g., the wheel slipping. The proposed controller, designed
as in Chapter 5, comprises the design of an aperiodic control law based on an
event—triggered controller and a periodic control law based on a constant sampled
state—feedback controller. The proposed strateqy ensures the ISS of the tracking
error dynamics with respect to the multiplicative external perturbations.

8.1 INTRODUCTION

UMRs have been widely studied due to their capability of moving freely
in the workspace and the wide variety of possible real-world applications.
However, as real systems, it is well-known that UMRs have to operate in
confined spaces and have energy limitations, i.e., they must deal with state
and input constraints. Moreover, in most cases, the UMRs are managed
through a digital platform, and then there is limited bandwidth, so it is
necessary to restrict the frequency of control input updates to save com-
munication resources. A well-known technique to deal with this problem
is the event-triggered control. Its main characteristic is that the control ac-
tions are updated only when certain well-defined events occur, resulting
in an aperiodic sampling time [58]. Motivated by this, the algorithm pre-
sented in Chapter 5 is applied to an UMR to solve the trajectory tracking
problem. Some experimental results, using the QBot2 by Quanser, validate
the effectiveness of the proposed robust control strategy.

8.2 PROBLEM STATEMENT

Consider the perturbed kinematic model of a UMR given as in (96), i.e.,

0(t) = [14d1(t)]w(t),

x(t) = [1+ d2(t)lc(0(t))v(t),

y(t) = 1+ da(t)ls(0(t))v(t),

u(t) = (w(t),v(t) " =ulty), ¥t € [ty tis1),

where u(t) represents the sampled control inputs, which are applied at
each time ty, for all k € N; the terms v(t) and w(t) contain the linear and
angular velocities of the UMR. The sampling instants ty are monotonously
increasing, so that limy_, tx = 400, and h(t) := txy1 — tx > hpin, Where
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Rmin > 0 is the minimum sampling interval; and to = 0. It is assumed
that the time-varying perturbations d;(t) are unknown but bounded, i.e.,
—dmax < di(t) < dmax < 1, for i = 1,2, with a known dmnax > 0. The
constraint d;(t) > —1 ensures that the perturbations do not cause a change
of sign in the control inputs.

The aim of this chapter is to solve the trajectory-tracking problem for
the UMR affected by multiplicative perturbations and taking into account
communication constraints, i.e., a minimum sampling time hp,, in which
the control signal can be sent to the UMR; state and input constraints, i.e.,
x(t) € X :== XminyXmax) € R, y(t) € Y = [Ymin,Ymax) C R, v(t) € V :=
[~Vmax, Vmax] C R, and w(t) € W := [~Wmax, Wmax] C R, for all t > to, for
some given sets X, Y, V, and W.

Following the same procedure as in subsection 7.3, and considering that
F; € R?*2, for j = 1,4, are such that

4
Flp2) = o(p2)Fy, j=T1,4 (118)
j=1

4
o(p2) =1, aj(p2) € [0,1], (118b)
j=1

the following tracking error dynamics is obtained

4 4
e(t) = [Ao +) o5(p )A]} e(t)+B {T(t) +) o (pz)Fjd(t)] . (119)

j=1 j=1

Therefore, the problem now is to design a robust sampled control law
T such that the trajectories of the system (119) converge to zero, despite
the perturbations d, taking into account the communication constraint, i.e.,
h(t) > hmin, and the state and input constraints, i.e., e(t) € € and t(t) € U,
forallt > 0.
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The proposed controller takes the following form:

(120)

T(t):{ (1), if e(t) € &(P),
(1), if e(t) € &(P),

where T is an event-triggered controller designed according to Lemma
8, i.e., T = o(10(t)). On the other hand, T is a constant sampled state—
teedback controller designed according to Lemma o, i.e., T = Kye(ty), Vt €
[tk, tk+1), k € IN, and the ellipsoid &(P) is the switching and invariant set
for system (119).

In order to apply the statements given in Lemmas 8 and 9, it is necessary
to take into account that ||[F(p2)|| < Fmax With Frax = dmax max(Vimax, Wmax)-
Then, it is consider that D = BF.,, b1 = (0,x5',0)T, b, = —by, b3 =
(0, O/W_] )T/ and by = —b3, with XY = (Xmax — Xmin) + (Ymax — Ymin), and
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Amax = Z;‘:] oc*||Ajll, where o* = arg maxqer Z?:] ol|A;ll, and T C R*
the set of all convex weight vectors « = («7,..., as) T € R?* such that (104)
and (118) holds.
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The proposed robust strategy is applied to the QBot2 manufactured by
Quanser (see Fig. 32). The desired trajectory is given by

xa(t)jalt) —yal(t)Xa(t)
%2 (t) + 93 (t) ’

va =\/X3(t) +U(t),

xd(t) = cos(wot),

wq(t) =

[t

yal(t) = sin(2wot),

t
0a(t) = | walridr,
0

with wy = 0.15, thus, wgq = 1.1663, vq4 = 0.1392, and v4 = 0.4472. The
initial conditions are xo = 0.5[m], yo = —1.4[m], and 6y = O[rad], thus,
e1(0) = 1.5708, e»(0) = 0.2, and e3(0) = 1.4. The state and input con-
straints sets are givenas X = [-1.5,1.5],Y = [-1.5,1.5], V= [-0.7,0.7], W =
[—3, 3], and thus, Xy = 6, T1 = 4.1663, and T, = 1.4472. Note that e(0) € &
and t(0) € U. The perturbations are taken as d;(t) = 0.01cos (t) 4 0.01
and d;(t) = 0.02sin (t) + 0.01, thus dmax = 0.03. These perturbations are
added by means of software. Note that the UMR platform has intrinsic
perturbations such as noise in the measurements. The matrices Ag and A;
can be obtained as in (117). Therefore, it is obtained that F.x = 1.65 and
Amax = 0.5261.

To compute the control gains for the aperiodic control law, let us apply
the statements of Lemma 7. Consider &; = 1.5039, 6, = 1.2501, vy = 0.2,
T1max = 4.1663, and T2 max = 1.1472, then the following feasible solution is
obtained:

0.33 0.00 0.14 0.62 —-0.01 0.27
R=1 000 037 000 |,P=] —0.01 066 —0.01 |,
0.14 0.00 0.32 0.27  —0.01 0.56

«_ [ 16165 0.0069 12105
0.0080 —0.9458 0.0022 /|

Therefore it can be verified that the LMI (72) is satisfied, hence, the
event-triggered control can be applied.

91



92

TRAJECTORY TRACKING PROBLEM IN A UMR WITH COMMUNICATION CONSTRAINTS

To compute the control gains for the periodic control law, let us apply
the statements of Lemma 9. Taking into account hpyin = 0.001[s], y2 = 0.2,
€ = 0.5, then, the following feasible solution is obtained:

057 —-0.01 —-0.23 0.61 0.00 —0.19
Pi=| —0.01 075 —0.01 |, P2= 0.00 078 —0.01 [,
—0.23 —0.01 0.81 —-0.19 —-0.01 0.77

K, = —2.0962 0.0110 —0.7544 A0,
0.0211  —1.9829 0.0094

Additionally, it is given that ¢ = 0.1401 and thus Ry = 7.135215. The
system trajectories are depicted in Figs. 42—43, which shows that they
converge to a close region of the desired reference despite the external
perturbations. Note that the trajectories x and y never transgress the state
constraints. The control signals w and v are depicted in Fig. 44. Observe
that both control signals, w and v, get saturated in some instants and then
remain inside the linear region. The projection of the ellipsoids &'(R), &(P),
&(P¢), and (&(R) — &(Rs)), in the plane e;—e3 are depicted in Fig. 45. It
can be seen that the trajectories of the tracking error start in (&'(R) — & (Rs)),
remain inside &(R), then converge to &' (P), and finally remain inside & (P.).
The projection at the coordinate e; is not shown since e; does not have
constraints. Finally, in Fig. 46, it is observed that the norm of the errors
converges to a region close to the origin. Table 4 presents the RMS of the
tracking errors to better illustrate the performance of the controller. It can
be observed that the mean value is close to zero, thus, that the controller
performs well despite the presence of perturbations. Also, it is evident
that in the case when communication constraints are considered, aiming
to minimize bandwidth usage results in a larger tracking error, as can be
seen in table 4 compared to the results presented in table 2. Nevertheless,
this is expected since in this case the sampling interval is 200 times greater
than when the full bandwidth is used, i.e., the sampling time used is 0.2
[s], compared to 0.001 [s] when the full bandwidth is employed.

8.5 REMARKS

This chapter presents the results obtained from applying the algorithm
presented in Chapter 5 to solve the trajectory tracking problem in the UMR
with state, input, and communication constraints, affected by external per-
turbations. The proposed approach ensures the ISS properties of the trajec-
tory tracking error dynamics with respect to external perturbations. Some
experimental results, using the QBot2 by Quanser, validate the effective-
ness of the proposed robust control strategy, considering the sampling
time given by the platform.



8.5 REMARKS

2 \ \ \ \
T :'.'..P:.(«?Zd.a.yd).::.(??:.@/.)..‘..(jvo;yo),
17 H
— 05
£
0.9}
1.9}
_2 | | | | | | |
2 Ay 05 0 05 1 12
Xlul
Figure 42: System Trajectories
5 w ‘
47 N,
3,
§2’:
=1
01
-1r A= —6,--0
-20 5 10 15 20 25 30 35 40 45 50 55 60
Time [s]
Figure 43: System Trajectories
4.5 T T I
— 3
215
-3
4.5
1 .
05
o~
H 0
-0.5
_1 | | | | | | | | |

Figure 44: Control Signals

93



94 TRAJECTORY TRACKING PROBLEM IN A UMR WITH COMMUNICATION CONSTRAINTS

Figure 45: Tracking Error and Ellipsoids
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Figure 46: Tracking Error Norm, where ex =xq —xand ey =yq —y

Table 4: Performance indexes

max min mean
€opms (degl | 90.8425 0.0061 11.7743
exyrms M) | 1.5900 | 6.0274e x 107° | 0.1272




CONCLUSIONS

In this thesis, new robust control strategies were developed for stabi-
lizing some classes of disturbed dynamical systems, taking into account
state, input, and communication constraints, using a wide variety of tools,
e.g., the use of the AEM, BLF, ISMC, IP, MPC, and event-triggered control.

The particular contributions of this thesis can be summarized as follows:

1)

3)

The design of a robust control strategy to regulate the output of a
particular class of uncertain linear systems, with input saturation
and state constraints.

Proposed Solution:

¢ A robust output-regulation control composed of a linear and
nonlinear part. The linear control part deals with the input
saturation, the state constraints and the parameter uncertainties,
while the nonlinear part deal with the external perturbations.

* The proposed scheme guarantees asymptotic convergence to
zero of the output regulation error coping with the system con-
straints and perturbations.

¢ Simulation and experimental results are presented.

Academic results: [4], [5], [6], [7], [8], and [9].

The design of a robust control strategy to stabilize a particular class
of uncertain nonlinear systems, taking into account state and input
constraints, and external perturbations.

Proposed Solution:

¢ A discrete-time interval predictor-based state-feedback controller
and an MPC approach.

¢ The proposed scheme guarantees local ISpS of the constrained
nonlinear systems with respect to external perturbations.

¢ Simulation results are presented.

Academic results: [10], [11], [12], and [13].

The design of a sampled robust control strategy to stabilize a partic-
ular class of uncertain nonlinear systems, taking into account state,
input, and communication constraints, and external perturbations.
Proposed Solution:

¢ A sampled control strategy composed of an aperiodic and a
periodic sampled controller. The aperiodic control part takes
into account the state and input constraints, while the periodic
control part takes into account the minimum sampling time.
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¢ The proposed approach ensures the ISS properties of the trajec-
tory tracking error dynamics with respect to external perturba-
tions.

¢ Simulation and experimental results are presented.

Academic results: [14], [15], and [16].
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