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ABSTRACT

This thesis concerns the development of robust nonlinear control design for complex systems
including nonholonomic systems and large-scale systems using sliding mode control (SMC)
techniques under the assumption that all system state variables are accessible for design. The

main developments in this thesis include:

e The concept of generalised regular form and design of a novel sliding function. The
mathematical definition of generalised regular form is proposed for the first time. It is an
extension of the classical regular form, which makes SMC applicable to a wider class of
nonlinear systems. A novel sliding function design, which is based on the global implicit

function theorem, is proposed to guarantee unique sliding mode dynamics.

e The development of decentralised SMC for large-scale interconnected systems. For
systems with uncertain interconnections which possess the superposition property, a de-
centralised control scheme is presented to counteract the effect of the uncertainty by using
bounds on uncertainties and interconnections. The bounds used in the design are nonlinear
functions instead of constant, linear or polynomial functions. The design strategy has
also been expanded to a fully nonlinear case for interconnected systems in the generalised

regular form.

e Robust decentralised SMC for a class of nonlinear systems with uncertainties in input
distribution. A system with uncertainties in input distribution is full of challenges. A novel
method is proposed to deal with such uncertainties for a class of nonlinear interconnected
systems. The designed decentralised SMC enhances the robustness of the controlled

systems.

This thesis also provides case studies of three applications for the proposed approaches.
The existence of the generalised regular form is verified in the trajectory tracking control of a
wheeled mobile robot (WMR) system. Both simulations and experiments on the WMR are given
to demonstrate the validity and effectiveness of the generalised regular form-based SMC design.
A continuous stirred tank reactor (CSTR) system and a longitudinal vehicle-following system
are used to test the proposed decentralised SMC schemes. An expanded vehicle-following
system with both longitudinal and lateral controllers has been developed to demonstrate the

robust control design for system with uncertainties in input distribution.
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CHAPTER. 1

INTRODUCTION

Automatic control theory can be traced back to the Industrial Revolution with the invention of
improved engines and automatic control systems to regulate them. In the mid 18th century, the
stability of a feedback control system was then analysed with mathematics for the first time.
During the World Wars, the control systems were rapidly developed as the development of
control theory has become a matter of survival [3]. Based on a simple input-output description of
the plant, the system in classical control theory is usually expressed as a transfer function which
simply describes the relationship between the single input and the single output. Without the
knowledge of the interior structure of the plant, only limited control behaviour of the closed-loop
system can be observed at that time. To solve the control problems of a more complex plant, the
study of the modern control theory commenced in the 1960s and turned back to the differential
equation techniques of the late 18th century. Based on the relative rich knowledge of the interior
structure of the system plant, the modern control theory provides a richer description of the
plant dynamics, and the system has become increasingly sophisticated since then. In this thesis,
a study focus on the robust control problems for the complex systems has been carried out with

a detailed background.
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1.1. Background and Motivation

Complex systems appear almost in every field of contemporary science and are inevitably
associated with a variety of natural and social phenomena. With our intensive and infinite desire
to study and control such systems, complexity has become a crucial issue for the modern control
theory and practical engineering, and the system performance is getting higher and higher
while the demands of various functions are increasing. As a consequence, the corresponding
control schemes of a complex system inevitably tend to be increasingly sophisticated. This
issue has motivated an enormous number of advanced control techniques to ensure that the
desired performance of the systems meets satisfactory. It is becoming increasingly obvious that

"well-organisational complexity" is the way of the future [4].

Although there may be many characteristics in a particular complex system, it has already
been stated in [5] that to look for an overarching theory which contains all essential properties
of complex systems is rather impractical or at least unlikely to be developed anytime soon.
However, it is still valuable and useful to abstract the common features of such systems for
the development of modern control theory [5]. Moreover, in fact, numerous theoretical and
practical results have been developed over the past few decades. It has been shown that the
complexity of a control system is highly dependent on the controlled plant and environment.
Higher requirements often result in more complexity of a controlled system [4]. Among all
the properties for common complex systems, the following three are studied and focused in
this thesis: nonlinearity [6, 7], dimensionality, information structure constraints and uncertainty

[S, 4].

e Nonlinearity. It has been found that linear dynamical systems are limited to describe
many commonly observed phenomena accurately. At certain circumstances, nearly all
systems more or less exhibit nonlinearity. Although the linear control theory is well
developed, the analysis and design of a nonlinear system are very complex. Therefore,
more advanced control techniques are required for such systems, such as linearization
technique, so that the system can be transferred to a linear system and thus linear control
theory can be applied. However, for some complex systems, linearization may not be
available due to some phenomena of the systems, e.g. finite time escape, multiple isolated

equilibria, limit cycles, harmonic oscillation, chaos or multiple modes of behaviour [8].

CHAPTER 1. INTRODUCTION
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Furthermore, systems such as chaotic systems [9], nonholonomic mechanical systems
[10] also have inherent constraints or nonlinearity which greatly increase the system
complexity. Therefore, nonlinearity inevitably increases the system complexity, especially

when the linearization technique is not available.

e Dimensionality. Technically, large memory and fast computing unit are inevitably re-

quired by a system with high order, i.e. the so-called large-scale system (e.g. see [11]).
The inherent computational complexity makes a centralised structure very difficult to be
applied. Furthermore, some systems may be physically distributed in space, the reliability
of the system is inevitably dependent on the communication network. Thus robustness
and reliability problems, e.g. network failure, in such systems may seriously affect or
even devastate the system stability with centralised structure. To overcome these technical
problems, a large-scale system is inevitably partitioned into many simple systems with
local decision makers (DMs) to manage them. To guaranteed the overall system perfor-
mance, a lot of advanced control architecture is developed. However, such techniques
inevitably result in the extra complexity of the controlled system. Thus dimensionality is

a very challenging problem for control of complex systems.

Information structure constraints. Due to the computational and network problems
related to dimensionality, the DMs in a large-scale system is often designed with informa-
tion structure constraints [5]. Technology like distributed parallel computing with highly
reliable low-cost multiprocessor architectures can be used for fast control action in re-
sponse to local inputs and perturbations in such systems [4]. Therefore, the decentralised
information constraints, in which DMs in each partitioned system can only access local
information, have drawn much attention during the past few decades. Due to the lack of
information, instability caused by the interaction of the overlapped dynamics become the

main problems of such systems.

Uncertainty. Although classical control methods, i.e. frequency domain methods, and
state feedback approach in modern control theory have been developed for the fundamental
task of stabilising the system maturely, systems may not have the expected performance in
most practical implementation. For a practical system, it is usually very difficult or even
impossible to build a mathematical model to describe the system accurately. Moreover,

some systems may experience unknown disturbances, worsening the performance or

CHAPTER 1. INTRODUCTION
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even causing system instability. The incomplete identification of the system and external
disturbances leads to one of the crucial topics of modern control theory, i.e. robust
control theory, which is to ensure that the control performance of the practical system
remains satisfactory in the presence of uncertainties. Since these uncertainties frequently
exist in real world, robust control synthesis is relatively essential to maintain the desired
performance, which inevitably increases the complexity of the analyse and design of a

complex system furthermore.

Robust control theory has become an important subject of research during recent decades.
Techniques such as adaptive control [12, 13], variable structure control (VSC) [14, 15] etc.
have been developed to improve the robustness of dynamical systems in the presence of heavy
uncertainties. By classifying the differences in structure, uncertainties that can be included
in the input channel is said to be matched uncertainty [16, 17], and the rest is referred to
mismatched uncertainty [18, 2]. Regarding the resources of the uncertainties, they can be
separated into external disturbances, or exogenous disturbances, and internal uncertainty, or
equivalent modelling uncertainty. The difference between the external disturbance and internal
uncertainty is that the former perturbation does not vary with the system variables, i.e. states,
input signals or output. If external disturbances are the only uncertainties in the system, then a
disturbance observer based control, e.g. see [19, 20], can be applied to estimate the disturbance
so that a proper feedback control can be designed with the extra information to achieve better
performance. However, it has been pointed out in [20] that if the system experience both
external and modelling uncertainty, the disturbance observer will be difficult to be applied since
an accurate relative model is required in such approaches. Furthermore, due to the non-vanishing
properties of the external disturbance, the design with this approach can only achieve ultimate
boundedness stability or only part of the system can achieve asymptotical stability in theory

[21, 20].

As a typical VSC, SMC has been recognised as a robust approach in dealing with nonlinear
systems with matched uncertainties. With discontinuous control law, the SMC drives the system
state trajectory onto a predefined surface in the state space and keeps the system state on the
manifold. By choosing a suitable surface, the system will eventually converge to the desired
equilibrium point as the time tends to infinity. While the system is on the sliding manifold, it

behaves as a reduced order system compared with the original plant. Once the system is on

CHAPTER 1. INTRODUCTION
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the manifold, the reduced-order system is independent of the control signal. The invariance
property has motivated research with an extensive literature for framework establishing robust
SMC for various linear and nonlinear control systems [22, 23, 24, 25]. Methods proposed
by Niu in [26] and [27] show the strong robustness of SMC for systems with uncertainties
in input distribution. Moreover, it has been demonstrated that sliding mode approach can be
applied to control systems with mismatched uncertainties, see for example [28, 19, 29, 30].
Although the so-called "chattering" problem may affect the control performance in the practical
implementation, techniques like boundary layer [31], fuzzy sliding mode [9] and high order

SMC [18] can be applied to relieve the problems.

Motivated by the existing problems in practical systems, this thesis studied the issue of the
SMC for complex systems. Specifically, comprehensive analysis of the robustness of SMC is
provided for complex nonlinear systems, particularly nonholonomic systems and large-scale
interconnected systems. Moreover, some significant control problems for complex nonlinear
systems involving both matched and mismatched uncertainties/interconnections are addressed
based on the SMC design. Furthermore, large-scale interconnected systems with uncertainties
in input distribution are also discussed, and robust decentralised control strategy against such
uncertainties along with matched and mismatched interconnections is also developed with

applications.

1.2. Contributions and Thesis Organisation

This thesis contributes to the knowledge and research not only for robust decentralised
control but also extend the SMC for a wider class of nonlinear systems. The approaches
established in this thesis have been applied to several practical systems through case studies
which includes tracking control for wheeled mobile robot (WMR) system, automated highway

systems etc. The contribution of this thesis can be summarised as follows:

e Mathematical definition of generalised regular form and a novel sliding function design.
The concept of generalised regular form is proposed for the first time. It is an extension of
the classical regular form, which makes the traditional regular form-based SMC applicable

to a wider class of nonlinear systems. A novel nonlinear sliding function design based on

CHAPTER 1. INTRODUCTION
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global implicit function theorem is proposed so that the solution to the sliding function,
i.e. the governed sliding surface, does uniquely exist.

e The development of decentralised SMC for large-scale interconnected systems. For
systems with uncertain interconnections which possess the superposition property, a
decentralised control scheme is presented to counteract the effect of the uncertainty by
using the bounds of uncertainties and interconnections. The bounds used in the design
are nonlinear functions instead of constant, linear or polynomial function. The design
strategy has also been expanded to a fully nonlinear case for interconnected system in the
generalised regular form.

e Robust decentralised SMC for a class of nonlinear systems with uncertainties in input
distribution. A system with uncertainties in input distribution is full of challenges. A novel
method is proposed to deal with such uncertainties for a class of nonlinear interconnected
systems. The designed decentralised SMC enhances the robustness of the controlled

systems.

The rest of this thesis is structured as follows:

Chapter 2 gives some mathematical preliminaries required for the following chapters. Partic-
ularly, the necessary definitions and main results of Lyapunov stability theory and Frobenius

theorem required for the following chapters are provided in this chapter.

Chapter 3 gives basic concept and fundamental knowledge needed to help readers to understand
this thesis. Basic knowledge of state feedback and SMC are discussed. Notably, the existence
of regular form for a nonlinear system is discussed based on the Frobenius theorem, which
will be further investigated in the next two chapters. Following the mathematical definition of
nonholonomic with two examples, a literature survey and fundamental concept related to large-
scale systems are discussed in details with three practical examples. Specifically, two common
decomposition techniques and two networked-based system structure are briefly introduced. It

gives a detailed literature review of robust decentralised control before concluding this chapter.

Chapter 4 studies the trajectory tracking control problem of a WMR system. The review of
the trajectory tracking control of WMRs is discussed, and a robust SMC design for trajectory
tracking control of a WMR system is given with both simulation and experiments verification.

The nonlinear sliding mode controller can track the time-based trajectory within reasonable

CHAPTER 1. INTRODUCTION
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time in a local domain. The simulation and experiment results show that the regular form-based
SMC design is capable of working properly on systems that do not even have a regular form,

which is of interest to be further investigated.

Chapter 5 presents a generalised regular form-based SMC for nonlinear systems. In this chapter,
mathematical definition of generalised regular form is proposed for the first time. The proposed
form includes the classical regular form as a special case and expands the regular form-based
design approach to a wider class of nonlinear systems. The corresponding SMC design with a
novel sliding function design based on global implicit function theorem is then developed. The
obtained results are verified on the trajectory tracking control of a two-WMR system developed
in Chapter 4 with matched and mismatched uncertainties. Both simulation and experiment

results show that the proposed approach is effective.

Chapter 6 focuses on the control problems of large-scale interconnected systems in a decen-
tralised manner. A decentralised control strategy based on sliding mode techniques is proposed
for a class of interconnected systems. The considered system has both linear and nonlinear
parts with both matched uncertainties in the isolated subsystems and mismatched uncertainties
associated with the interconnections. Sliding mode controllers for each subsystem are designed
in a decentralised manner by only employing local information. Case studies including a CSTR
system and an automated highway system (AHS) are carried with simulation to demonstrate the

effectiveness of the approach.

Chapter 7 develops a decentralised SMC design for fully nonlinear interconnected systems in
the generalised regular form. The considered isolated subsystem and the interconnection are
fully nonlinear. The considered system is in the generalised regular form, which makes this
approach applicable to a broader class of nonlinear systems. A numerical example is then given

to demonstrate the design process.

Chapter 8 investigates the problem of uncertainties in input distribution caused by modelling
errors and uncertainties. By addressing the problems, a decentralised SMC for a class of large-
scale nonlinear systems with nonlinear uncertainties in input distribution is then presented. By
utilising the bounds of the uncertainties, the system is stabilised asymptotically in the presence
of both matched uncertainties and mismatched uncertain interconnections under some mild

conditions. The developed results are applied to a vehicle-following system in automated

CHAPTER 1. INTRODUCTION
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highway systems with both longitudinal and lateral controllers. The simulation results show that

the developed results are effective.

Finally, Chapter 9 presents a summary of the main conclusions in this thesis. Discussion

for the potential future work is also provided in this chapter.

CHAPTER 1. INTRODUCTION



CHAPTER. 2

MATHEMATICAL PRELIMINARIES

In this chapter, some fundamental mathematical definitions and lemmas are given to clearly
outline the mathematical terms that will be recurringly used in the following chapters. To be
specific, definitions and lemmas related to Lyapunov stability theory are given in Section 2.1,
and Section 2.2 presents definitions and results related to the Frobenius Theorem. In Section 2.3,

some other useful definitions and theorems, such as the mean-value theorem, are introduced.

2.1. Lyapunov Stability

Throughout the development of entire system theory, stability theory plays a significant
role in analysis and design of a system. In this thesis, the stability of equilibrium points, which
is usually characterised in the sense of Lyapunov named after a Russian mathematician and
engineer who laid the foundation of the entire theory [8], is recurringly discussed. Therefore,

some main results of stability of equilibrium points are provided in this section.
Consider an autonomous system
i = f() @.1)

9
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where x € D C R",and f : D — R™ is a locally Lipschitz map.

Definition 2.1 (Stability and Asymptotically Stability [8]). A equilibrium point z = 0 of

system (2.1) is said to be

e stable if, for each € > 0, there exits § = (e, tg) > 0 such that

laetto)ll < 6= llz(®)] <& Vt>to>0 2.2)

e unstable if it is not stable.

e uniformly stable if, for each € > 0, there exits 0 = J(¢) > 0, independent of ¢, such that
(2.2) is satisfied.

e asymptotically stable if it is stable and there is a positive constant ¢ = ¢() such that

x(t) = 0ast — oo, forall ||z(to)]| < c.

Then, without loss of generality, consider a linear autonomous system
T = Ax (2.3)
where z € R™.

Lemma 2.1 (Stability of Linear System [8]). An equilibrium point xo = 0 of system (2.3) is
said to be stable if and only if all eigenvalues \; of A satisfy Re); < 0 and for every eigenvalue
with Re\; = 0 and algebraic multiplicity q; > 0, rank(A — N\;I) = n — q;. The equilibrium

point is said to be asymptotically stable if and only if all eigenvalues of A satisfy Re; < 0.

Definition 2.2 (Hurwitz and Lyapunov Equation [8]). A matrix A of system (2.3) is said
to be Hurwitz if and only if for any given positive definite symmetric matrix () there exists a

positive definite symmetric matrix P satisfies
PA+A"P=-Q 24

Moreover, if A is Hurwitz, then P is the unique solution of (2.4), and equation (2.4) is called

the Lyapunov equation.

For nonlinear systems, the following theorem is usually used to determine the stability of

the systems.
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Lemma 2.2 (Lyapunov Stability Theorem [8]). Let x = 0 be an equilibrium point for system
(2.1) and D C R™ be a domain containing x = 0. Let V : D — R be a continuously

differentiable function such that

V(©0)=0 and V(z)>0 in D-{0} (2.5)

V() <0 in D (2.6)

Then, x = 0 is stable. Moreover, if
V(z) <0 in D-{0} (2.7)

then x = 0 is asymptotically stable.

For a non-autonomous system
= f(t,7) 2.8)

where x € D C R"™ where D contains the origin x = 0 and f : R™ x D — R™ is piecewise

continuous in ¢ and locally Lipschitsz in x on R™ x D.

Definition 2.3 (Class K functions [8]). A continuous function « : [0,a) — [0, 00) is said to
belong to class K if it is strictly increasing and «(0) = 0. It is said to belong to class Ko, if

a = oo and a(r) — asr — oo

Definition 2.4 (Class L functions [8]). A continuous function 3 : [0, a) X [0,00) — [0, 00)
is said to belong to class ICL if, for each fixed s, the mapping ((r, s) belongs to class K with
respect to r and, for each fixed r, the mapping (3(r, s) is increasing with respective to s and

B(t,s) — oo as s — 0.

Lemma 2.3 (Expanded Lyapunov Asymptotically Stability Theorem [8]). Let x = 0 be
an equilibrium point of system (2.8) and D C R" be a domain containing x = 0. Let

V :[0,00) x D — R be a continuously differentiable function such that

Wi(z) < V(t,x) < Wa(x) (2.9)
ov oV
9t + %f(t,l“) < —Ws(x) (2.10)

YVt > 0 and Vx € D, where W;(z) for i = 1,2, 3 are continuous positive definite functions

on D. Then, x = 0 is uniformly asymptotically stable. Moreover, if r and c are chosen such
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that B, = {||z]| < v} C D and ¢ < min|, =, Wi(z), then every trajectory starting in
{z € B,|Wa(x) < ¢} satisfies

lz@N < B(ll=(o)ll, ¢ —to), V=10 >0

for some class KL function (. Finally, if D = R"™ and W1 (x) is radially unbounded, then

x = 0 is globally uniformly asymptotically stable.

It is straightforward to see that Lemma 2.3 expands the original Lyapunov stability theory

to time-varying cases.

Lemma 2.4 (Converse Lyapunov Function [8]). Let x = 0 be an equilibrium point for the
nonlinear system

T = f(t,x)
where f : [0,00) x D — R™ is continuously differentiable, D = {x € R"|||z| < r}, and the
Jacobian matrix [0 f /Ox] is bounded on D, uniformly in t. Let k, A and ro be positive constants
with ro < r/k. Let Dy = {x € R"|||z|| < ro}. Assume that the trajectories of the system

satisfy
lz(®)]| < klla(to)|e A1), Va(to) € Dy, VE>to >0

Then, there exits a function V' : [0,00) x Dy — R such that

a((fz]]) < V(t,z) < az(||z]])

ov oV

N + 87xf(t,a:) < —ag(lz[)

ov
|52 < catta) e

where a;(-) fori = 1,2, 3, 4 are class K functions defined on |0, ro|. If the system is autonomous,

V' can be chosen independent of t.

From Lemma 2.4, it can be seen that if a system is controllable, then a Lyapunov function

always exits.

2.2. Frobenius Theorem

The Frobenius theorem is used for the discussion of existence of regular form for nonlinear

systems. The necessary definitions that required for the theorem is provided as follows.
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Definition 2.5 (Nonsingular and Singular Distribution [32]). A distribution A on a manifold

N is said to be nonsingular if there exits an integer d such that
dimA(p) =d (2.12)
for all p € N, or singular otherwise.

Definition 2.6 (Complete Integrable [32]). A non-singular d-dimensional distribution A,
defined on an open set U of R", is said to be complete integrable if, for each point 2° € U
there exists a neighborhood U*° of z°, and n — d real-valued smooth functions A1, ..., \,_g, all
defined on U°, such that

o\ OAn—d
span{%,..., B } =

At(z) (2.13)

on U°, where A (z) is an annihilator of A(z) that is a set of convectors which annihilates all

vectors in A(z).

Definition 2.7 (Lie Brocket [32]). Let f, g be two smooth vector fields on U C R", define a
product [f, g] with the rule

.91(8) = 92 7(a) — £ g(w)

Va € U. The product [f, g] is said to be the Lie Bracket of the two vector fields f and g.

Definition 2.8 (Involutive [32]). A distribution A is said to be involutive if the Lie bracket

[T1, T2] of any pair of vector fields 7; and 72 belonging to A is a vector field which belongs to
A, ie. if

T1 € A,TQ ISANES [7’1,7’2} e A

Then the Frobenius theorem is ready to be presented.

Lemma 2.5 (Frobenius Theorem [32]). A nonsingular distribution is completely integrable if

and only if it is involutive.

2.3. Others

For mapping f : A — B and g : C — D, define the composition g o f with the map

gof:fY(BNnC)—D
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defined by g o f(&) = g(f(&)) forevery £ € f~'(B N C). Define function r; : R? — R by
ri(z) = z;

where x = col(z1,z2,...,74) € R% Leta = (aq,...,a4) be a d-tuple of non-negative

integers, then define
o] =2 o

and
oo Hlal
ore  orft... ory?

If « = (0,...,0), then let
aa
Ira (f)=1
Definition 2.9 (Class C* function[33]). Let D C R% be open, and let f : D — R. for k a non
negative integer, if the partial derivatives 0% f /Or® exist and are continuous on D for [a] < k.
f is said to be differentiable of class C* on D (or simply that f is C*), In particular, f is C if
f is continuous. If f : D — R", then f is said to be differentiable of class C* if each of the

component function f; = r; o f is C¥. f is said to be C* if it is C* for all k > 0.

Consider a system

&= f(z,u) r€eR", ueR™ (2.14)

where the vector field f : R™ — R™is C!. Given a point zy € R", and a C' feedback control
law

u=u(x) (2.15)

so that the system is locally asymptotically stable at the equilibrium point xy. Without loss of

generality, assume that o = 0.

Lemma 2.6 (Brockett’s necessary condition [34]). A necessary condition for the existence
of a class C! feedback law (2.15) rendering xy € R™ locally asymptotically stability for the
closed-loop system (2.14) is that for all ||y|| is sufficiently small, the vector field f : R™ — R"™
defined by

f(@) = f(a,u) =y,

where f is defined in (2.14), has an equilibrium point.
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Lemma 2.7. Assume that X = X (t) € R" and Z = Z(t) € R"™ are continuous int € R,

and T(X) € R™ " is a functional matrix with
Z=T(X)X (2.16)
in X € R" Then lim;_,oo X(t) — 0 iflimy_yo0 Z(t) — 0 when T'(X) is nonsingular and
bounded in X € R™.
Proof. since T'(X) is nonsingular, it is straightforward to see that
X1 = 1T X0 Z| < IT~H(X)l 2]l (2.17)

Since T'(X) is bounded, there exists a positive constant M/ such that

TN < M (2.18)

Then
X1 < ITH XN 21 < M| 2] (2.19)
Hence the conclusion follows. ]

Lemma 2.8 (Global Implicit Function Theorem [35]). Assume that f : RP X R™ — R™ is
a continuous mapping and it is continuously differentiable with respect to the variable £ € R™.

If there exists a constant d > 0 such that

Gl - 2l

forany (z,€) € RP x R"™ where [ ] denotes the ij th entry of the Jacobian matrix [0 f | O€]

d, i=1,...,m. (2.20)

and p = n — m, then there exists an unique mapping g : RP —— R™ such that f(z,g(z))=0.
Moreover, this mapping g(-) is continuous. Furthermore, if f(-) is a class C' function, then g(-)

is a class C* function.

If = and y are distinct points in R", then the line segment L(x,y) joining = and y is
L(z,y) ={zlz=0z+ (1 -0)y, 0<0<1}

Lemma 2.9 (Mean-value Theorem [8]). Assume that f : R" — R is continuously differen-
tiable at each point x of an open set D C R"™. Let x and y be two points of D such that the line

segment L(x,y) C D. Then there exists a point z of L(x,y) such that

of

fly) — f(z) = %!mz(y —z)
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CHAPTER. 3

FUNDAMENTAL KNOWLEDGE

AND BASIC CONCEPT

Chapter 1 has briefly introduced the background and motivation of this research, which includes
the challenges of designing control for complex systems. To establish a basic understanding of
this work, necessary background knowledge and basic concepts related to this thesis are to be
discussed in detail in this chapter. To be specific, basic knowledge of state feedback and related
basic definitions are given in Section 3.1. The literature in the area of SMC is then reviewed
in Section 3.2. Notably, the regular form-based SMC is introduced in Section 3.2.3, and the
existence of such form for a nonlinear system is discussed based on the Frobenius theorem in
Section 3.2.4. Section 3.3 presents mathematical definitions of nonholonomic systems in details.
In Section 3.4, a literature survey and basic knowledge related to large-scale systems are given
in details. Notably, the typical system structures used for large-scale systems are investigated
and commented in 3.4.2. Before concluding this chapter in Section 3.6, examples of complex
systems with modelling of two nonholonomic systems and three large-scale systems are given

in Section 3.5.

16
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3.1. State Space and Feedback Control

Feedback control is one of the most rigorously studied topics during the last few decades,
and it has become the basic mechanism for regulation of equilibrium or homeostasis for
systems such as mechanical, electrical systems etc. By utilizing mathematical insight, the
appropriate feedback control law is designed to use the difference between the actual values of
system variables and their desired values to determine the control signals. Thus the system is
always making a certain correction to the desired equilibrium with the closed-loop controllers.
Meanwhile, it is a common problem that the practical systems may not remain satisfactory
due to the incomplete identification and external disturbances. Therefore, the effect of these
uncertainties should be carefully taken into account in the control design process to guarantee

that the system can still be adequately controlled in the worst scenario.

As the main concept of modern control theory, state-space refers to a set of coupled
first-order differential equations with a set of internal variables. A minimum set of variables
which can fully describe the system and its response to any given set of inputs are called state
variables. Then the set of outputs can be represented by a set of algebraic equations which
describes the relationship between the state variables and the physical output variables. The

diagram of an n-the order system with m inputs and p outputs is shown in Fig.3.1.

Input vector u Output vector y
u, ————» —® ),
State-Space
I with I

state variables

um —> {xl,‘XZ,.“’xn} > yp

Figure 3.1: Over view of system plant in modern control theory

To be specific, a dynamical control system shown in Fig.3.1 usually can be described by a
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set of differential equations:

&1 =fi(t , u)
By = fo(t, 1)

= : 3.1
En =falt, 7, )

where £ := d¢/dt, and 2(t) € R" denotes the state vector as a set of state variables with
z(t) = col(xy(t), xa(t), ..., zn(t)). u € R™ and t € R denote input/control vector and
time respectively. Function f;(¢, x, u) describe the dynamics of the state variable z; for i =
1,2,...,n. With the time-varying n-dimensional vector x(¢), an n-dimensional state-space is

thus described by the set of differential equations (3.1).

The relationship between the outputs and the states can be described by an algebraic

equation as

Al :hl (tv x)
Y2 :h’Q(tv CC)
P= (3.2)
Yp :hp(tv x)
where y1(t),y2(t), . . ., yp(t) are the system outputs. Define the output vector
y(t) := col(y1(t),y2(t), - - -, yp(t)) € RP
and function vectors
f() = COl(fl(')v f2(')7 cee 7fn())
h(-) :=col(h1(-), ha(-), ..., hp(-))
then equation (3.1)-(3.2) can be rewritten in vector form as:
T =f(t,z,u) (3.3)
y =h(t,x) (3.4)

A system in the form of (3.3) with m, p = 1 is called single-input single-output (SISO) system

and system with m, p > 1 are called multi-input and multi-output (MIMO) system.
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For the illustrating purposes, consider the following linear system:

i =Ax + Bu 3.5)

y=Cz 3.6)

where A € R"*", B € R™ ™ and C € RP*™ are constant matrix, (A4, B) is controllable and
(A, C) is observable. Additionally, since a time delay for an input u will result in the same
time delay on the output y in system (3.5), system (3.5) is called a time-invariant system [8].
A time-variant system is a system that is not time invariant. The vector block diagram for the

linear system (3.5) is shown in Fig.3.2.

ult) = ++ * 1 e (1)

Figure 3.2: Diagram block of system (3.5)-(3.6)

The state feedback control refers to the control design that utilize all the state information
for the controller u = u(z). For instance, for system (3.5), by using the control law © = — Kz,

the corresponding closed-loop system is
t=(A—-BK)x (3.7)

where K is a constant matrix. Then the problem of the state feedback control is to find a suitable
constant feedback gain matrix K such that (A — BK) is Hurwitz. The block diagram of a state

feedback controller can be seen in Fig.3.3.

Sometime, the state information may not be accessible by the sensors. In this case, the
controller can only access a subset of the state information, i.e. the output y. Controller in the
form of u = u(y) that only uses output information is known as static output feedback control.
For instance, by using output feedback control law in the form u = — Ky for system (3.3)-(3.4),

the corresponding closed-loop system is

i = (A— BK.O)x (3.8)
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r—>Q1>B—>Q—>I » C —»

K |«

Figure 3.3: Diagram block of state feedback control for system (3.5)

where K, is a constant matrix. Then the problem of output feedback is to find a constant

feedback gain matrix K such that (A — BK.C) is Hurwitz.

r u X J' X Y

—»Q_—»B—»Q—»
L

K |-

?

Figure 3.4: Diagram block of static output feedback control for system (3.5)-(3.6)

As mentioned in a survey paper published by V. L. Syrmos et al. in 1997 [36], various
methods have been proposed to find a feedback gain K stabilising the single-input-single-output
systems by using output feedback, such as the Youla parameterization method, inverse linear-
quadratic approach, covariance assignability by output feedback, output structural constraint
approach and coupled linear matrix inequality formulation, more detail information can be
found in [36]. However, it is pointed out in [36] that all the proposed methods cannot be easily
expanded to a multi-input-multi-output case. In terms of the pole placement problem, it is shown
that if B and C' have full rank and the system is minimal, max(m,p) poles can be assignable
with output feedback gain K in Davison [37, 38, 39]. The necessary and sufficient conditions
of existence of gain K. is

m+p<n+1

which was obtained by Davison et al. in [39], and Kimura in 1975 and 1978 [40, 41]. More
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interesting results can also be found in [36]. However, due to the inefficiently testable necessary
and sufficient conditions for the existence of a static output feedback, the static output feedback
problems still remain as an open problem as they are just transformed into another unsolved
problem or numerical searching problems without strictly proved guarantee of convergence

[36].

An alternative method for the limited information problem is to use a dynamical system
to estimate the state and then design a feedback controller with the estimated state Z. Such a
dynamical system is called observer, and the feedback controller with the designed dynamics is
called observer-based control, which is also known as dynamic output feedback control. For

instance, for the linear system (3.3)-(3.4), define an observer in the form
= (A+LC)i+ Bu— Ly (3.9)

where L is a designed constant matrix such that the eigenvalues of A + LC' have negative real
parts. Then by defining the error between the state and the estimated system withe = x — Z,

the dynamic equation of the error system is
ée=(A+LC)e (3.10)

With the Judicious choice for the poles of (A + LC'), the error e(t) will converge to zero as
t tends to infinity from any initial condition and thus Z(t) will converge to z(t) [16]. Then a

feedback controller can be designed with the estimated state Z:(t).

Apparently, either static output feedback control or dynamic output feedback control will
increase the system complexity due to the limited system information. It may even be much
more challenging to guarantee the performance of the practical implementation due to the
presence of uncertainties. Without loss of generality, consider the linear system (3.5) in the

presence of uncertainties as
&= Az + B(u+ ¢(t,z)) +¥(t, x) (3.11)

where ¢(-) € R™ and ¢(-) € R™ are unknown function vectors which represent the uncertain-
ties. Uncertainties in the input channel, e.g. ¢(-), are often referred as matched uncertainty, and
the rest, e.g. 1(-), is called mismatched uncertainties. It is clear to see that both closed-loop
system (3.7) and (3.8) will be significantly affected by the uncertainties. The convergence of

observer (3.9) may not be guaranteed in this case as well. Therefore, it is of great importance to
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design a robust feedback control. Among all these feedback methods mentioned above, state

feedback control is mainly considered in this thesis.

3.2. Sliding Mode Control

SMC is a particular type of VSC which was firstly developed by Russian researchers
Emelyanov and Barbashin in the early 1960s. After the book by Itkis [42] and the survey paper
by Utkin in [1] were published, the design ideas were spread outside the Russia. With the devel-
opment of modern control theory, the study of the nonlinear system in state space commenced
in 1970 and MIMO systems are widely considered for more complex tasks since then [2]. This
trend has dramatically promoted the development of sliding mode controllers, motivating the
application of SMC in many practical systems [17]. In such systems, rules are determined so
that the variety of structures can be switched in real time to perform specific system objectives,
whereas applying a single structure for the system might be unstable. Based on the introduction
of a "custom-designed" function, SMC has become one of the most significant control strategies

because of its reduced-order dynamics and strong robustness [43, 16, 17].

Consider a simple double integrator
{=u (3.12)

Then by choosing z; = £ and z9 = f with = col(x1,z2), a simple linear system can be

written as

i = g+ | |u (3.13)

Select a switching function, which refers to a custom designed function that describe the dividing
of the system plant in VSC theory, with o(x) = cx1 + x2, and apply a discontinuous feedback

control law with

—cxo —p, o >0;
w= 270 (3.14)
—cxa+p, o<O0,
for all p > 0. The time response and the response of the phase-plane of the closed-loop system

are shown in Fig.3.5 and Fig.3.6 respectively. From the response in phase portrait, it is clear
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Time response of state variables
T T T

State

Time(s)

Figure 3.5: Time response of the state variables of system (3.13) with control (3.14)

Phase Portrait

+ =
oX +X, 0 N

s Y

Figure 3.6: Phase portrait of system (3.13) with control (3.14)
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that the system (3.13) with control law (3.14) exhibits an ideal sliding motion. From (3.13), it is
straightforward to verify that when the sliding motion takes place, the system performance only

depends on the constant parameter ¢ in the switching function o (z) = cz1 + 2.

From the phase portrait in Fig.3.6, it is clear that the system has two phase exhibiting

differences response, which can be defined as the sliding mode and the reaching phase [17].

o Sliding Mode refers to the motion when the system trajectory moves along the sliding
surface which is often defined by designing a switching function. When the system is
restricted to the predefined surface, the order of the system is reduced. The reduced-order

dynamics are called sliding mode dynamics.

e Reaching Phase refers to the motion before sliding motion occurs, starting from the
initial point. To ensure the reachability, a VSC, which drives the system trajectory to the

sliding surface and maintain the sliding motion, should be designed.

3.2.1. Existence of Sliding Mode

The existence of a sliding mode can be seen as a generalised stability problem which
requires stability of the state trajectory to the sliding surface governed by the pre-defined
switching function at least in a neighbourhood of {z|s = 0}. Therefore, the system state is

required to approach the region of attraction of the sliding surface at least asymptotically [42, 1].

Without loss of generality, consider the following system
= f(t,x)+ g(t,z)u (3.15)

where x € R",u € R™, f(t,z) € R™and g(¢t,z) € R™ ™. Define the discontinuous feedback

control is given by

>
U= (3.16)
<
and the sliding surface
o(x) =col(oy(x),02(x),...,om(x)) =0 (3.17)

which is a (n — m)-dimensional manifold.
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Definition 3.1 (Sliding mode domain [1]). A domain S in the manifold o(x) = 0 is said to be
a sliding mode domain if for each ¢ > 0, a § > 0 exists such that any motion starting in the
n-dimensional e-vicinity of S may leave the n-dimensional e-vicinity of S only through the

n-dimensional e-vicinity of the boundaries of S (Fig. 3.7)

Figure 3.7: Sliding mode domain adapted from [1]

Lemma 3.1 (Existence of a sliding mode [1]). For the (n — m)-dimensional domain S to be
the sliding mode domain, it is sufficient that in some n-dimensional domain ), S C (, there

exits a continuously differential function V (t, x, o), satisfying the following condition:

1). 'V is positive definite with respect to o and for any x € S and t

inf V=h, sup V==H, (3.18)
lloll=p lloll=p

where h, # 0if p > 0, and h, and H, depend only on p.

2). Time derivative of V for (3.15) has negative supremum on small enough spheres ||o|| = p

with removed points on the discontinuity surfaces where this derivative does not exist.
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The domain S is the set of = for which the origin in subspace (o1, 09,...,0,), i.e.

o(x) = 0, is an asymptotically stable equilibrium point for the dynamic system
0 0
&= 8—Zf(t, )+ 8—29(15, z)u (3.19)

where o (z) is defined in (3.17) and f(-), g(+) and u are defined in (3.15) and (3.16). Since there
is no method to generate Lyapunov function for arbitrary nonlinear system, there is no standard

method to find the Lyapunov function V' for system (3.19).

For the system (3.13) as an example, since it is a single input time-invariant system, a

Lyapunov function can be chosen as
L o
V(t,z,0) = 5 (x) (3.20)

which is globally positive definite with respect to o. Therefore, by choosing a suitable control
such that

V(t,z,0) =06 <0 (3.21)

in the considered domain, the state trajectory of system (3.13) can reach the pre-defined sliding
surface and maintain a sliding motion for all subsequent time. By expanding the inequality to
system (3.15) on sliding surface o(x) = 0, an inequality for the n-dimensional case is obtained
as

V(t,x,0) =0"(z)o(x) <0 (3.22)

The inequality (3.22) is known as the reachability condition which ensures that the sliding

manifold is reached asymptotically [16].

However, condition (3.22) can only guarantee that the system is driven to the sliding surface
asymptotically. Therefore, condition (3.22) is often replaced by another reachability condition
in the form

V(t,z,0) = 0" (x)o(x) < —nllo(z)]] (3.23)

which is known as n-reachability condition [1, 16]. In this case, it is guaranteed that the system
will reach the sliding surface in finite time so that system (3.3) is asymptotically stable. The

reaching gain 7 is then computed with feedback in the SMC design in many application [1].
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3.2.2. Existence of Unique Solution and Equivalent Control

It is straightforward to see that the control defined in (3.16) is discontinuous, which
results in a discontinuous righthand side of equation (3.15). Therefore, classical solution to
the discontinuous system (3.15) may not exist. In this case, as pointed out in [44, 16], one
of the conceptually straightforward solutions is the method of Filippov in [45, 46], which is
the "average" of the solutions obtained from the approaching the point of discontinuity from

different directions. Written for convenience as
&= F(t,x) (3.24)

where F': RT x R™ — R™ is discontinuous with respect to the state vector x € R™. Let x( be
a point of discontinuity on the surface S, and F_(t, z¢) and F' (¢, zp) represents the limits of
F(t,x) as the point x is approached from the opposite sides of the tangent plane to S at x, it

has been shown in [45, 46] that the state trajectories of (3.24) are the solutions of the equation
t=(1-a)F +aF"=F, 0<a<l (3.25)

where F, is the obtained velocity vector of the state trajectory when the system is on the sliding

surface. The concept can be conceptually illustrated in Fig. 3.8.

Figure 3.8: Illustration of the Filippov method

Based on that, the so-called equivalent control is proposed in [1], which is the solution to

o(x) =0, o(x)=0 (3.26)
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By differentiating o (x) with respect to ¢ along the trajectory of (3.15), it yields
0 0
d@)zégizéggﬁﬂﬂ+g@xM):O (3.27)
Suppose there exists a solution u to the equation (3.27) with

U = Ueq(t, x) (3.28)

which is the equivalent control of system (3.15) on sliding surface (o(x) = 0) [2]. Then the

sliding mode dynamics governing the sliding motion can be obtained by

= f(t,x)+ g(t, x)ueq(t, x))

(3.29)
s(z)= 0
For illustrate purpose, for a linear system described by
& = Ax + Bu (3.30)

when the sliding motion takes place with a predefined sliding function s(z) = Sz, it follows

from $(x) = 0 that the corresponding equivalent control is given by (see [16, 2])
Ueg = —(SB) 1S Az (3.31)

where the matrix S is chosen so that S B has full rank, which implies the equivalent control is

unique. Then, the corresponding sliding motion can be described by

i= Az — B(SB)"'SAx
s(z)= 0

(3.32)

Since the equivalent control (3.28) is derived from the case that ideal sliding motion occurs,
it is not the actual control signals that applied to the system but the action necessary to maintain
an ideal sliding motion on S [16]. The actual control signal often contains compensator that

drives the system towards the sliding surface.

3.2.3. regular form-based Approach

Regular form is another method to analyze the sliding mode dynamics. For illustrating

purpose, reconsider the linear system (3.5)

= Az + Bu

CHAPTER 3. FUNDAMENTAL KNOWLEDGE AND BASIC CONCEPT



3.2. SLIDING MODE CONTROL 29

Since the dimension of the input m is often less than the dimension of the system n, i.e. m < n,

and by assumption rank(B) = m, there always exists an invertible matrix 7,, € R"™*" such that
T.B=B = (3.33)

where By € R™*™. Then a transformation z = T,x can be constructed that can transfer the

system (3.5) into two parts with the form

2 =Anz + Ajaz (3.34)

39 =Ag121 + Agazo + Bou (3.35)

where 21 € R™ ™ and 2o € R™, and

Ay A

A=T, ATt |
A21 A22

It is clear that system (3.34) is independent to the control input. System (3.34)-(3.35) is
referred as the regular form, equation (3.34) describes the null space dynamics and equation

(3.35) describes the range space dynamics [16].

Lemma 3.2 (see [16]). The matrix pair ([111, fllg) is controllable if and only if the pair (A, B)

is controllable.

Define a linear sliding function as
0(z2)=8S2=Cz + 2 (3.36)
where the design parameter C' € R™*("~™) is a constant matrix.
When the sliding motion takes place
z0=—-Cz 3.37)
The sliding mode of system (3.34)-(3.35) is then derived as
2= (A1 — A120)z (3.38)

which is a reduced-order system when compared with the original system (3.5). From Lemma
3.2, it can be seen that C' can be chosen such that (12111 — 121120) is Hurwitz if (A, B) is

controllable. Thus the sliding mode is asymptotically stable.
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Invariant Properties

Suppose the system (3.34)-(3.35) are experiencing uncertainties. Then rewrite the system

(3.34)-(3.35) as

21 =Anz + Araze + U1 (t, 21, 22) (3.39)

2o =Ao121 + Agoza + Bou+ a(t, 21, 22) (3.40)

where 11 (-) € R~ and 15(-) € R™ . Then the corresponding sliding mode of system
(3.39)-(3.40) with sliding function (3.36) can be described by

Z1 = Aeqzl + ¢1(t, 21, —CZQ) 3.41)

where Aeq = An — [112(] . From (3.41), it is straightforward to see that during sliding phase,
the dynamics of the sliding mode (3.41) is independent to the disturbance 15 (-) in system (3.40),
which is the so-called insensitivity property. In this case, the system completely insensitive to
matched uncertainties/external disturbances [16, 17, 18]. For the mismatched uncertainties 1 (-),
it has been demonstrated that the sliding mode approach can be applied to control systems with

mismatched uncertainties under some proper conditions , see for example [47, 28, 19, 29, 30].

Control Design

After designing a suitable sliding surface, it is naturally important to ensure that the system
can reach the designed sliding surface and maintain on it thereafter. Several methods for the
reachability problem are available in [1, 16]. Among them, a common structure of control is
applied with

U = Ueq + Up (3.42)

where
Ueqg = —(SB) 'S Az
is the equivalent control to maintain an ideal sliding motion, and w,, is a discontinuous term so
that
5(2) =52 = SAz 4+ SB(ueq + un)

=SBu,, = Bouy, (3.43)
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By choosing

implies that

for o(z) # 0, thus the n-reachability condition is satisfied which guarantee the finite-time

reachability. The controller (3.42) is called unit vector controller.

Define
1 £€>0
sign(§) =9 0 £=0 (3.44)
-1 ¢£€<0

replacing the term %, it is clear that sign(x) is discontinuous, resulting in infinite number
of switches in finite time when the system is around the designed sliding surfaces/manifolds
[17]. To get an ideal sliding mode, it is assumed that the switch of the term sign(z) can be
infinitely fast, which is obviously impossible in the practical system due to the delay caused
by the physical limitation or any un-modelled dynamics. This phenomenon is known as the

chattering problem in practical implementation as shown in Fig. 3.9.

T

S Chattering

Figure 3.9: Chattering effect

Unexpected dynamics caused by the non-ideal switch may produce chattering which greatly
affects the performance for many practical systems. For this reason, many efforts have been

used to address the chattering problem. For example, define

_ ¢
el +e

sgn(§) (3.45)
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where € € R is a small constant. Equation (3.45) is then a boundary layer which approximates
the discontinuities of equation (3.44) and can be applied to reduce the chattering [31, 48]
although the robustness of the systems is mildly reduced due to the approximation. High-order
sliding mode techniques recently have been recognised as an effective approach regarding the
chattering attenuation if the time derivative of the plant control is considered as the actual control
variable [49, 50]. The continuous approximation appears to be much simpler, but the robustness

of the systems are degraded at the mean time.

3.2.4. Existence of Regular Form for a Nonlinear Systems

It has been shown in Sec. 3.2.3 that the regular form for a controllable linear system (3.5)
always exists if B has full rank. However, it may become a bit difficult when considering the

nonlinear system.

Consider the nonlinear time-invariant system
&= f(z)+ g(x)u (3.46)

wherez € D C R™and u € R™. f(-) € R"™ and g(x) € R"*™. Then suppose a transforma-

tion z = T'(x) with diffeomorphism 7" : R™ — R" exists, define
T(x) = col(T1(x), Ta(x)) (3.47)
where T (z) € R"™" and T»(x) € R™ such that

oT 0
(79(:6) = (3.48)
€ GQ(Z)

Then the nonlinear system (3.46) will be transferred into the regular form

4 =F(2) (3.49)

2o =F5(2) + Ga(2)u (3.50)

where z = col(z1, z2). Then it is straightforward to see that the existence of the regular form for
nonlinear system (3.46) is equivalent to the existence of the solution to the partial differential
equation

o,
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where 77 (x) is defined in (3.47). Let g(z) = (g1(x), g2(x), . .., gm(x)) wWhere g;(z) € R™ is

vector field, and define

G = span{gi, (), g2(x), ..., gm(x)} (3.52)

which is a distribution spanned by g1 (z), g2(x), . . ., gm(z). It can be concluded from Definition
2.6 that the existence of solution to the partial differential equation (3.51) relies on the completely
integrability of the distribution G. Then from Lemma 2.5, it can be verified that the regular
form for nonlinear system (3.46) exists if the distribution G defined in (3.52) is nonsingular and

involutive.

3.3. Nonholonomic Systems

Suppose a mechanical or electrical system described by
q=f(t,q,u) (3.53)
where ¢ € () € R" is an n-dimensional vector of generalised coordinates with

q=-col(q1,q2,---,qn)

Generally, the considered space () is in an n-dimensional smooth manifold, locally diffeomorphic
to the Euclidean space R". The generalised velocity at a generic point of a trajectory ¢(t) C Q

is described by its tangent vector ¢ with
¢ = col(q1, 42, - -, Gn)
The geometric constraints may exist to be imposed on the mechanical system (3.53) with
hi(q) =0 1=1,2,...,k (3.54)

which restrict the possible motions of system (3.53) to an (n — k)-dimensional submanifold. For
the velocity-dependent constraints which involve generalised coordinates ¢ and their derivatives,

e.g. first-order kinematic constraints with the form

ai(q,q) =0 1=1,2,...,k (3.55)
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In most cases, the kinematic constraints (3.55) are Praffian constraints [51], which can be
described by
al(q)g=0 1=1,2,...,k (3.56)

If the kinematic constraints are integrable, there may exist k£ functions h; such that

Ohi(q) :
T =1,2,... 57
34 i@ =12k (3.57)

Substitute (3.57) into (3.56) yields

hi
aa((f)qzo i=1,2,... .k
q

which implies

where ¢; fort = 1,2, ..., k are some constants. In this case, the kinematic constraints are also

geometric constraints.

Definition 3.2 (Nonholonomic Constraints and Nonholonomic Systems [51]). A set of con-
straints in the form (3.54) or a set of Pfaffian constants (3.56) that is integrable is called
holonomic constraints. Otherwise, it is called nonholonomic constraints. Systems with nonholo-

nomic constraints are said to be nonholonomic systems.

Although a nonholonomic system has also been proved to be controllable, the regulation of
a nonholonomic system is full of challenges. Specifically, for a drift-less nonholonomic system

in the form

i=> gtx)u (3.58)
i=1

where ¢'(-) € R™ is smooth enough, then from the Brockett’s necessary condition (??) in
Lemma 2.6, it is straightforward to see that the existence of a continuous time-invariant feedback
control law for system (3.58) can be guaranteed if and only if the numbers of inputs m equal
to the number of states n. Since the dimension of the inputs is usually less than the dimension
of states, it is straightforward that continuous time-invariant feedback control laws cannot
achieve regulation control for a drift-less nonholonomic system, which makes the regulation
tasks very challenging. To overcome that, the earlier efforts were mostly made on discontinuous

time-invariant control law design and time-varying control design [52].
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In [53], it is possible to stabilise the nonholonomic systems by designing an appropriate
time-varying control law. Based on that, various expansion work for time-varying control laws
arise[52]. The fundamental idea of the time-varying control law is to transfer the nonholonomic
system into linear time-varying via time-varying coordinate transformation. Another kind of
time-varying control laws for the nonholonomic systems is based on the use of homogeneous
system coordinates [54]. Although the system in this method has a reasonable convergence rate,

it cannot achieve global point stabilisation of nonholonomic systems.

To apply discontinues feedback control law is another alternative to avoid Brockett’s
necessary conditions. Therefore, various discontinues feedback control law has been developed
for the nonholonomic systems, e.g. see o process based approach [55], feedback linearization
[56], invariant manifold technique [57]. As a typical form of discontinuous nonlinear control,
VSC systems has its advantage when dealing with discontinuous systems. In [58], a VSC system
was applied on a nonholonomic system with feedback linearization techniques for the regulation
tasks, and the proposed method has effective simulation results. As the flexible configuration
may result in various systems behaviour, the VSC control for regulation of nonholonomic

systems is still an active area.

3.4. Large-Scale System

As discussed in Chapter 1, large-scale system is often known as a class of system with
plenty of states. The main difficulties have been reported in several works in [59, 5, 4, 7, 2],
i.e. dimensionality, information structure constraints, uncertainty and delays. These difficulties
motivate the development of the theory of large-scale systems. Several general methodologies
have been and are being elaborated, which can usually be concluded into the following three

groups: decomposition [4], architectures [60], robustness and model simplification [59].

e Decomposition concerns the dimensionality problems of the large-scale systems. By
decomposing the system into a collection of subsystems, the analysis and synthesis
tasks of a large-scale system are greatly simplified. It has been demonstrated in [4]
that decomposition may not only reduce computational complexity but also weaken the

interaction effects. Subsystems obtained from the overlapping decomposition may not
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even have the problems of interconnections.

e Architectures concerns the information structure inherent to the given problem. Because
of the wide range of the problems considered and the desired goals to be achieved in
a large-scale system, the control structures are various with different focuses, and thus
resulting in different merits and limitations. In this thesis, a completely decentralised
structure is considered since the reliability of such structure does not depend on the
network performance. Besides, the developed decentralised control can be expanded to a

quasi-decentralised scheme (e.g. see [61]) to improve the stability and robustness.

e Robustness concerns the ability to maintain desired performance in the presence of
uncertainties including modelling error or interaction between subsystems, the so-called
interconnection, on the bases of the stability analysis. It is essential for systems with
disjoint decomposition as the interconnection may substantially affect the system stability
in such systems. Model simplification mainly focuses on model reduction methods and

approximations to reduce the complexity of the large-scale system [5].

3.4.1. Decomposition Techniques

Apparently, it is less complicated to analyse the robustness and stability of subsystems
rather than the overall system when the dimension of the systems is intensively large, e.g. aircraft
and satellite formations [62, 63], or the system is physically composed of several subsystems
distributed in space, e.g. multi-machine power system [11]. Meanwhile, with the development
of technology such as embedded computing, parallel processing, communication network, it
has become increasingly economical and reliable to decompose a system into many simples
systems with overlapping dynamics [4]. Therefore, decomposition plays a significant role
in the control design phase for large-scale systems. In fact, some large-scale systems, e.g.
multi-machine power systems [64, 65, 66], automated highway systems [67], already have
natural spatial decompositions, i.e. the subsystems are physically defined according to their
different locations/distributions, and thus the interconnections between each subsystem may
have their physical significance. However, there are still many systems in reality where it is hard
to find appropriate weak couplings [68]. For the system without natural spatial decompositions,
the decomposition technique may be a suitable solution. Moreover, a proper decomposition

may not only simplify the system but also weaken the interaction effects to improve the system
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performance furthermore [4]. There are several decomposition techniques available, and the two
typical type of decomposition techniques will be briefly introduced in the following subsection,

i.e. disjoint decomposition and overlapping decomposition.
Disjoint decomposition

As been pointed out in [59], a system is often decomposed from conceptual or numerical
reasons. The conceptual reason is mainly due to the physical separation of the subsystems. For
instance, in automated highway systems [67], each vehicle can be a separate subsystem. On the
other hand, a universal control technique for large-scale systems is required for the numerical
reasons [59]. A typical disjoint decomposition is the so-called nested epsilon decomposition
[5, 4]. Except for the system, the disjoint decomposition techniques can also be used to

decompose the interconnection [4].

For illustrate purposes, rewrite the linear system (3.5) as
& = Ax + Bu

Definition 3.3 (Epsilon decomposition [5]). Matrix A of system (3.5) is said to have an epsilon

decomposition if there exits a permutation matrix P such that
PTAP = Ap + €Ac (3.59)

where Ap = diagAy, Ao, ..., Ay is a block-diagonal, € is a small positive number and all the

elements of A are smaller than one in magnitude.

Moreover, by increasing the threshold of e, the system can be furthered decomposed, which

is also known as the nested epsilon decomposition.

Definition 3.4 (Nested epsilon decomposition [4]). A matrix A is said to have a K-fold
epsilon decomposition of there are K > 0 positive numbers €1 > €2 >, ..., > €x such that, by

permutations of rows and columns, the matrix A can be represented as
A=Ag+e A+ +exAg (3.60)

where flo is a block diagonal matrix and /11, /12, cey A i are all partitioned matrices with
compatible blocks, such that each nonzero block appears in one and only one matrix A; for

1=1,2,..., K, and none of the elements of any A; is larger than one in magnitude.
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The choice threshold, i.e. eor €; > €2 >, ..., > €x in nested epsilon decomposition, will
significantly affect the strength of interconnections. Appropriate choice of the thresholds in
the algorithm may preserve the weak coupling properties of the system, thus maintaining the
stability of the overall system. Therefore, the control design for disjoint systems decomposed by
nested epsilon decomposition mainly focus on the attenuation of interactions and uncertainties
[69, 70,71, 72,73, 74]. The advantage of using ¢ decomposition is that it can represent not only
the linear interactions but also nonlinear interactions and the uncertainty of the subsystem itself

[4].
Overlapping decomposition

In some practical systems, the subsystems often share a common part. For the sake
of conceptual or computational reasons, an alternative approach arises by using overlapping
information sets [4], i.e. overlapping decomposition. It has been demonstrated in [4] that the
interconnection after the decomposed will be a part of the subsystem and some subsystems may
not even have an interconnection at all. The fundamental idea of the overlapping decomposition
is to numerically expand the original system into a larger dimensional system which has weaker
interconnection among subsystems, and then find the solution of the expanded system that can
also stabilized the original system. This method has been rigorously developed into a general
mathematical framework, i.e. the so-called inclusion principle [59, 4]. To rigorously formulate

the inclusion principle, consider two dynamic system S and S

S: ©=Az+ Bu 3.61)

S: &= A%+ Bu (3.62)
where z € D C R™ and & € D C R™ are state of system S and S respectively. u € R™ is the

input of both systems.

Definition 3.5. System S is said to includes system S, or equivalently, a system S is said to
be included by system S if there exists an ordered pair of matrix (U, V) with U € R™ ™ and
V € R™" such that UV = I,,, and for any initial state 29 € D of S and any fixed input u(),
we have

x(t;xo,u) = UZ(t; Vg, u), Vt>0 (3.63)
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After expanding the system into a larger dimensional system without interconnections that
includes the original system, a local feedback controller can be designed for each subsystem on
the expanded system plant. Although the inclusion principle is expandable to nonlinear systems,
constraints may be too strict for practical systems [4]. Since the expansion and contraction
operation must be performed with a non-square transformation function, the existence of such
transformation function, which is an essential part of the decomposition, may be too difficult
to be found for the nonlinear systems. Moreover, since the expanded system has to include
the original system, the system complexity is inevitably increased due to the expansion and
contraction. Therefore, due to the strict constraints required for the nonlinear system and the
increased complexity during the decomposition, the overlapping method is not considered in

this thesis.

3.4.2. Architecture

In order to simplify the analysis, consider a large-scale system
&= F(t,z,u) (3.64)

where 2 € RN, u € R™ and F(-) € RY are the state, input and vector function respectively.
Suppose a proper decomposition process exists, (e.g. see Section 3.4.1), thereby the overall
system can be separated into a set of subsystems connected through interconnection, which is
described by

&; = fi(t,xi,wi) + Hi(t,z), i=1,2,...,N (3.65)

where z; € R™ and u; € R™: denote the state and input signal of ith subsystem. H;(-) denote

the interconnection coming from the other subsystems. System
.7')@' = fl (t, Ti, ul) (366)

is called the ith isolated subsystem of system (3.65). In such systems, although each isolated
subsystem may exhibit desired performance, the unexpected dynamics caused by the intercon-
nection may greatly affect or even devastate the stability of the whole system plant. Consider

the form of system (3.65) in
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where ¢;(-) denote the matched uncertainties. Then system
i = fi(t, w) + gi(t, wi)us (3.68)

is called the ith nominal isolated subsystem of system (3.67)

As part of the overall system, each subsystem is controlled by its local actuator u;. In the
following subsections, four typical architecture, i.e. centralised structure, hierarchical structure,

distributed structure and decentralised structure, will be briefly introduced.

Centralised Structure

x, | Regulator |u, |Subsystem (1, x)
— R, S,
ul(t,x) X
| Regulator | [Subsystem | ("%
 —— gulator ubsystem
Central 7% R, S, :
Coordinator| * ' :
Xy H (t,x)
Regulator | “v_ | Subsystem ['%:
Dy 9; N g
uy(t,x) N N Xy
Interconnection

Figure 3.10: Centralised system structure

For a relative small-scale system, a system structure shown in Fig. 3.10, in which the
control u; utilises all the state information to stabilise the overall system, is the so-called

centralised structure. The local controller with centralised structure is often in the form

With a complete graph of the system plant, a centralised strategy might provide better control
performance than a complete decentralised control strategy since the central coordinator has

much more information than a local DM to deal with the interactions. Therefore, centralised
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system structure is ubiquitous in most small-scale systems. However, as the system nowadays
has become increasingly complicated, the system inevitably requires computing units with much
larger memory and much faster computation capability. The extensive amount of information
fed into the coordinator and the massive computing tasks may make the centralised scheme
difficult or even impossible to be implemented [59]. Furthermore, the scale of the system,
such as intelligent transportation infrastructures [67, 75, 76], may keep increasing with extra

functionality required or new subsystems joining in, which will eventually become a problem.

Hierarchical Structure

Figure 3.11: Two level hierarchical structure

_x, | Regulator [ #_| Subsystem
.. — R l S
XX Decision| 4, ! 1
<— Maker
' L <«——| Regulator | # | Subsystem
uzr R2 82
Coordinateor
:xi Regulator |¥v=i| Subsystem
Xy~ - - R w S
~, |Decision| “- N1 N1
»| Maker
X
DA Afx"; Regulator | ¥~ | Subsystem
MNV RN SN
Interconnection

Many industrial, economic or sociological systems possess a hierarchical structure [60].
The research about hierarchical structure started in the 1960s and attracted increasing attention
since then [77, 78, 79]. More work can be found in various application, such as augmenting
bulk system [80], power system [81, 82, 83, 84], energy management system [85]. The highest
layer of the hierarchy corresponds to a system with slow dynamics, The system then can be
controlled by looking at its long-term behaviour, and its calculated control inputs must be

efficiently provided by subsystems located at the lower level of the hierarchy, characterised by
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faster dynamic. An example of a three-layer structure is shown in Fig. 3.11. As we can see in
the Fig. 3.11, the increasing levels that the system structure has inevitably result in increasing
complexity of the overall system. The increasing complexity of the structure, as a consequence,
limits the implementation of this kind of system structure. Nowadays, hierarchical structures
are developed with optimisation techniques for applications to improve the performance as a
compromise [77]. Similar optimisation design based on decentralised control in hierarchical

structures can also be found in [86, 87, 60].

Distributed Structure

Regulator [u, (7, x)|Subsystem
R — > s

1 1

Regulator [1(7.¥)|Subsystem

2

Regulator |, (7, x)|Subsystem
R S

N N

Network Interconnection

Figure 3.12: Distributed structure

In distributed control structure, it is assumed that some information can be transmitted
among those local regulators through a network so that regulators in each subsystem can have
some knowledge on the behaviour of the others [88, 60]. This system structure is widely used
in power grid regulation [89], intelligent transportation system [76]. Since a subsystem may
not need all the information of the system plant, Therefore, the information that is transmitted
from the local regulators is usually feed in a given subset of the others, which is also known as
partially connected [60]. However, the delay of the network is still an essential problem for the

distributed control system. Furthermore, the network failure may greatly degrade the control
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performance of a local regulator or even devastate the stability of the subsystem.

Decentralized Structure

Regulator [« (7,x,) [Subsystem
R ' S

1 1

Regulator |%2(7 %)) Subsystem

R, S,
Regulator |#x(7.xy)|Subsystem
RN SN

Interconnection

Figure 3.13: Decentralised system structure

In a decentralised control system shown in Fig. 3.13, the local controllers of each subsystem

for system (3.64) are often in the form
U; = Uy (t, xz) (370)

in which only local state information x; is used for the local controller in ¢th subsystem. Since
the controller is based only on local information, the reliability of system performance only
depends on the control performance of the local controllers. This system structure is also
economical since the network for information transmitting is not required and thus the cost
of the implementation and complexity of the overall system is reduced. However, due to the
lack of information from the other subsystems, maintaining desired control performance in the
presence of unknown interconnection usually is full of challenges. Furthermore, disturbances,
modelling errors and parameter variation also widely exist in most practical systems. Specifically,

uncertainties experienced by one subsystem not only affect its performance but usually affect
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the other subsystems’ performance as well due to the interactions among subsystems. As a
consequence, the uncertainties existing in each subsystem may greatly affect the overall system
performance or even completely devastate the stability of entire systems. To overcome such a
problem, a bordered block-diagonal form for the gain matrix is proposed in [90] and extended
in [91]. As been pointed out in [91], such structure can significantly improve the decentralised
stabilisation of large-scale system at the expense of only minimal communication overhead.
Following this, a homotopic method based decentralised dynamic control with interconnected
descriptor system is proposed in [92]. Adaptive control technique is a powerful tool to estimate
the bounds of the uncertainties, which make it very useful for the decentralised control design. As
discussed in [93], the adaptive technique based decentralised control strategy was first proposed
in [94]. Later in [95], an adaptive algorithm is developed for SISO system with strong nonlinear
interactions. Adaptive strategies for uncertain interconnections was further developed in [96, 97].
With the knowledge of the bounds on uncertainties, many robust control designs have been
carried out to improve the robustness of the decentralised control systems. In [22, 23, 24, 25],
only matched uncertainties are considered, and bounds on the matched uncertainties are assumed
to be linear or polynomial. In terms of mismatched uncertainties, in order to achieve asymptotic
stability, some limitations on the uncertainties are unavoidable. Mismatched uncertainties have
been considered in [28, 98] where centralised dynamical feedback controllers are designed
which need more resources to exchange information between subsystems. A class of constraints
called integral quadratic constraints is imposed on the considered systems to limit the structure
of the original systems [98]. In some cases, adaptive techniques are applied to estimate an
upper bound on the mismatched uncertainty to counteract its effect [99]. This approach may
be powerful when the uncertainty satisfies a linear growth condition. In [100], although the
uncertainties are assumed to be functions, the system needs to be transformed into a special
triangular structure. All the literature which considers mismatched uncertainties mentioned
above inevitably requires extra resources and increases the system complexity. This problem

may make such approaches unattractive from the viewpoint of implementation.

As a typical form of discontinuous nonlinear control, VSC has its advantage when dealing
with nonlinear uncertain systems. In [101], a decentralised VSC, which is one of the earliest work
applying VSC on decentralised structure, is proposed for interconnected systems. Following

that, many researchers worked on the decentralised control based on one particular VSC,
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i.e. SMC as mentioned in Section 3.2, owing to its strong robustness and order reduction
[16, 44, 102, 17, 103]. For this reason, the problem of robust decentralised SMC design has
received much attention, and many results have been obtained during the past 2 decades owing
to its strong robustness against matched uncertainties [104, 17] and order reduction for nonlinear

systems, e.g. see [105, 47, 11, 71, 99, 106, 107], and the trend is still growing.

It appears that the state variables of each subsystem are also not fully available in some
practical applications. An observer-based controller is an option if the subsystem is observable,
but the established observers for each subsystem will also increase the complexity of overall
systems and needs more computational resources. To avoid the unnecessary cost while keeping
strong robustness, robust decentralised control using only output information has been developed
rapidly during the past decades [108, 109, 110, 69]. Besides, some SMC schemes by using
output feedback have been proposed for large-scale systems [111], and the reachability condition
for large-scale systems are well studied [112] and expanded by Hsu, K. C. in [113]. After that,
Yan et al. in [105] proposed a decentralised sliding control for a class of nonlinear large-scale
interconnected systems with both mismatched uncertainties and mismatched interconnections.
The bounds of uncertainties are more general for comparing with the earlier work in [111]. Later,
the conservatism is reduced in [47], where the assumptions on the uncertainties are inevitably

strong due to the lack of the state information.

Nevertheless, in contrast to the case of networked control, decentralised control can only
use local information, and thus the uncertainties within the interconnections may not be well
rejected, even if they are matched. Designing a decentralised control scheme to reject the effect
of uncertainties in the interconnection terms is still challenging. To overcome the disadvantages
of the decentralised control, and to avoid the complexity and lack of flexibility when compared
with traditional centralised control and hierarchical control, quasi-decentralised control strategies
with cross communication capability between subsystems are provided with an appropriate
compromise. Similar to the distributed control, quasi-decentralised also utilise the network for
the data transmission between subsystems. However, the central part of the system structure
is decentralised, i.e. most signals used for the local regulators are collected and processed
locally, which can be expanded from a developed decentralised control strategy. Regarding the
interconnections, minimum signals from other subsystems through the network are collected

to adequately account for the interactions between subsystems and minimise propagation of
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disturbances and process influence from one unit to another [61, 114]. Therefore, decentralised
SMC is mainly considered in this thesis since it can be easily expanded to a quasi-decentralised
strategy without scarifying the reliability of the decentralised control if extra information is

available.

3.5. Practical Examples of Complex Systems

3.5.1. Nonholonomic Systems

To illustrate the nonholonomic systems and nonholonomic constraints, two examples of

nonholonomic systems, i.e. unicycle and bicycle (see [115]), are given as follows.

Unicycle

m
y Kl/\"

L

Figure 3.14: Model of a Unicycle

Suppose a unicycle shown in Fig.3.14 with coordinates ¢ = (z,y, #), assume that the

wheel cannot slip laterally, which result in nonholonomic constraint
Zsinf —gycosh =0 3.71)
Rewrite the constraints in the form of Pfaffian
A(q)g =0 (3.72)

where

A(q) = | sinf —cosb O] (3.73)
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By expressing all the feasible motion of unicycle as a linear combination of vector fields S(q)

cosf 0
S(@) =] sinf 0
0 1

which spans the null space of matrix A(q), the so-called kinematic model can be obtained as
gd=S(qu (3.74)

where u = col(v,w), and v and w are the linear velocity and the steering velocity of the unicycle

respectively.

Bicycle

Figure 3.15: Model of Bicycle

For a bicycle shown in Fig.3.15 with coordinates ¢ = cos(z, y, 0, ¢), assume that the wheel

cannot slip laterally, which result in Pfaffian nonholonomic constraints
Alg)g =0 (3.75)

where
sin 0 —cos 0 0 0
Aq) = (3.76)
sin(f + ¢) —cos(@+ ¢) —lcos¢p O
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By expressing all the feasible motion of bicycle as a linear combination of vector fields S(q)

cosf

0
sinf 0
%tanqb 0

1

0

which spans the null space of matrix A(q), the so-called kinematic model can be obtained as
¢ =S5(qu (3.77)

where u = col(v,w), and v and w are the linear velocity of the bicycle and the steering rate of

the front wheel respectively.

3.5.2. Large-Scale Systems

Large-scale systems widely exist in the real world, in this section, the model of large-
scale system, such as power systems [11], continuously stirred tank reactor system [114] and

automated highway system [116], are to be provided.

Power Systems

Generator i Generator j

9 .

8 X
|

Xri

=00
||

Infinite Busbar

Reference
Generator 0

Figure 3.16: Over view of multi-machine power systems with an infinite busbar [2]

Nowadays, electricity plays a crucial role in our daily lives. Apparently, with the increasing

complexity of power distribution systems and demands of users, it has become increasingly
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important to develop the automation of some tasks such as generation, transmission, distribution
etc. Among these tasks, a multi-machine power system with N synchronous generators as
shown in Fig.3.16 is a typical large-scale interconnected system. The interconnection between
each local generators through a transmission network greatly increases the system complexity

[59].

The mechanical equation of the generator is described by

5 =w; (3.78)

D; w
2H wi + TI%(PW-O — P.;) (3.79)

Gy = —

where J; represent the power angle of the i-th generator and w; denote the relative speed with
respect to the synchronous machine speed wg. D;, H;, Ppio and P,.; denote the damping

constant, inertia constant, mechanical input power and electrical power respectively.

The electrical dynamics of the generator are described by

By = o (By, — By) (3.80
dot
with the electrical equations
Ep =Kug; (3.81)
Eqi =E,; — (zai — ;) La; (3.82)
P.; Z E},E};Bij sin(6; — 6;) (3.83)
N
Qei = — Z E(/]iE(IJjBZ'j COS((Si - 5]) (384)
Z B;j sin(d; — 0;) (3.85)
Iy = Z Bij cos(8; — 6;) (3.86)
Eyi =xqily; (3.87)
Vi =/ (Bl = 2l lai)? + (@i )? (3.88)

where Q¢;, E’ and T}, denote the reactive power, the transient EMF in the quadrature axis and

direct axis transient short circuit time constant respectively. x4; and z/,, represent the reactance
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and transient reactance in direct axis respectively, and I4; and I ; represent current in direct axis
and quadrature axis respectively. K.; and B;; denote the gain of the excitation amplifier and the
i-th row and j-th column element of nodal susceptance matrix at internal nodes respectively.
uy; is the input signal of the i-th generator. This model has been widely used for the research of

multi-machine power system, e.g. see [117, 118, 119].

Continuously Stirred Tank Reactor

For illustrating purposes, a continuously stirred tank reactor system with three reactors is

shown in Fig.3.17. The output of local subsystem CSTR 3 is passed through a separator that

Recycle F,, T3, Cas

Local subsystem 1 Local subsystem 2 Local subsystem 3

Figure 3.17: Schematic diagram of the CSTR system

recycles unreacted products back to the subsystem CSTR 1. The reactant species are consumed
in each reactor by three parallel, irreversible exothermic reactions. Due to the non-isothermal
nature of the reactions, a jacket is used to remove/provide heat to each reactor. A plant model
based on material and energy balance is described as follows (see [114] for full details):

3

% —}E(TP —-T1) + Q(Tr —-T1)+ ; _pAcfiRi(CAth)

pgjfl (3.89)
d3:1 :12)(0%1 —Ca1) + ‘}Z(CAr —Cu) — ZZ?);Ri(CAla Th) (3.90)
% zl‘if(TQO —Ty)+ Q(Tl ~Ty)
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3

—AH; Q2
R;(Cpo, T 3.91
+; oo RiCan o) + 2 (3.91)
3
- :72(@,2 — Cag) + VQ(CAI — Cyo) — ; Ri(Cag, Ts) (3.92)
dTs  F9, o F,
ar —73(T3 —T3) + Vg(TQ — 1)
3
—AH; Q3
R;(Cys, T 3.93
+ZZ; PCp (Caz, T5) + pcpVa ( )
3
—8(00, — 22 — - (Cas, T 94
o Vi (Cas — Cas) + V3(CA2 Ca3) ;R (Cas, T3) (3.94)

where T;, C4;, @j and V; denote the temperature, the reactant concentration, the rate of heat,

and the volume of the 7th reactor, respectively. The terms

—E;

RZ(CAjaj—‘j) :kiOeRTj CAj7 1=1,2,3

represent the reaction rate of the ith reaction. Fi0 denotes the flow rate of a fresh feed stream
associated with the ith reactor. F;. represents the flow rate of the recycle stream. It should be
noted that the temperature and the reactant concentration of the recycle stream are assumed to be
equal to the temperature and the concentration of the CSTR 3 subsystem as the recycled product
is directly separated from CSTR 3. AH;, k; and E; for i = 1,2, 3 denote the enthalpy, pre-
exponential constants and activation energies of the three reactions respectively. The symbols c,,

and p denote the heat capacity and density of fluid in the reactor.

Automated Highway Systems

In order to achieve high traffic flow rates and reduce congestion, an automated highway
systems has been developed [116]. During the automated driving process, cars are driven
automatically with both on-board lateral and longitudinal controllers. The lateral controller is
used to steer the vehicle and the longitudinal controller is used to follow a lead vehicle at a safe
distance. The corresponding overview of this vehicle-following system is shown in Fig.3.18 and

the dynamics of the system is described by [67]

éi =V = V(j-1) (3.95)
1
V; :E (_Aip'Uz‘Q —d; + fz) (3.96)
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fi :i (—fi +u) (3.97)

K
where ¢; represents the distance between the ith and the (¢ — 1)th vehicle, v; is the velocity of
the ith vehicle and f; is the force applied to the longitudinal dynamics of the ith vehicle, where
if f; > 0 a forward driving force occurs and if f; < 0, then a braking force takes place. m; is
the mass of the ith vehicle, d; and k; are the constant frictional force and the engine brake time
constant. The signal u; is the control variable, where if u; > 0, a throttle input results, and if

u; < 0 then a braking input occurs.

\/

Figure 3.18: Overview of vehicle-following system

3.6. Conclusion

In this chapter, the basic knowledge of state feedback has been provided. The fundamental
properties and interests of SMC have been discussed. Owning to the strong robustness and
reduced-order properties, SMC is an effective approach for regulation of complex systems.
Regarding the difficulties arising in the control of complex systems, nonholonomic systems and
large-scale systems are considered in this thesis. The definition of nonholonomic constraints

and nonholonomic systems are provided in details with two practical examples. Due to the well
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known Brockett’s necessary condition, it is proved that a continuous feedback controller for
drift-less nonholonomic systems does not exist. To overcome such problems, discontinuous
controller, such as VSC, is usually introduced. With the natural decompositions or decompo-
sition techniques, large-scale system is usually partitioned to a collection of subsystem with
overlapping dynamics. The computational difficulties motivate the develop of various system
structures. Among all the structures, decentralised structure is one of the most reliable and
flexible structures regarding the problems arising in network transmission. Moreover, it has been
reviewed that decentralised control strategy can be used as a foundation of some hierarchical
structures or quasi-decentralised structure to further improve the system performance with
network while keeping the advantage of reliability and flexibility when the network is not
available. As a result, SMC and decentralised SMC is considered as the main methodology for

the works of large-scale systems in the following chapters.
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CHAPTER. 4

TRAJECTORY TRACKING CONTROL

FOR WMR SYSTEMS

WMRs are increasingly used for both industrial and service purposes owing to its flexible
mobility. Several moving mechanisms can be found in applications in [120]. As one of the most
common driving methods for single-body WMR, differential driving based WMR is widely used
because of the relatively simple configuration and implementation. As a typical nonholonomic
system, WMR is a complex nonlinear system with multiple inputs and outputs. A model of the
WMR is developed in Section 4.2. The SMC design is presented and analysed in Section 4.3,
and the WMR hardware layout is described in Section 4.4. Section 4.5 contains simulation and

experimental results before Section 4.6 concludes the chapter.

4.1. Background

Trajectory tracking control refers to find a feedback control laws to track or "move along"
a pre-given time-varying trajectory with arbitrary initial conditions in the considered domain.

Path following control for WMR systems is similar to trajectory tracking control but without
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consideration of speed and temporal position requirements when the robot moves along the
defined path [121]. In other words, the tracking tasks are to track a time-varying trajectory in
trajectory tracking control while moving along a designed geometric path in path-following

control. It should be noted that only trajectory tracking control is discussed in this chapter.

Although it is not necessary to satisfy Brockett’s well known necessary condition (??)
provided in Section 2.3 if the reference trajectory does not involve stabilisation to a rest
configuration [122], it is challenging to use conventional control methods to obtain desired
tracking performance for WMR systems because of the inherent nonlinearity caused by the
nonholonomic constraints. For the WMRs, kinematic models strictly relate to the nonholonomic
constraints. Thus many researchers focus on the kinematic models for trajectory tracking control
in the early work [123, 124, 125, 126, 127]. To name a few, a local trajectory tracking controller
is designed in [123] by locally linearising the system, which can only guarantee the tracking
performance locally. Then, Samson and Ait-Abderrahim firstly designed a global trajectory
tracking controller based on Lyapunov stability theory in [124]. Since there is no standard
method to obtain a nonlinear Lyapunov function, the nonlinear feedback control law may be
complicated to be obtained. Thus the design procedure may be relatively complicated. In [126],
the WMR system is approximately linearised in the neighbourhood of the equilibrium point,
and a relatively simple feedback control law is then applied to the linearised system to track
the model-based trajectory. However, due to the approximation of the dynamics, the tracking
performance is not as expected. A significant improvement of the controller based on the
backstepping method is proposed in [125]. This method has been widely used in many WMR
tracking control design [128, 129]. In the recent work in [10], the kinetic controller based on

back-stepping techniques is further simplified.

In kinematic control design, the control inputs are chosen with linear velocity and steering
velocity. However, the actual inputs of a practical WMR system are usually the torques of two
motors [130] or the voltages of the driving circuit [10]. To generate the required input signals
in the kinematic layer, it is necessary to design dynamic feedback controller to ensure that
the velocities are well-tracked [125]. Thus, dynamic controller design can be found in most
literature, e.g. see [128, 129, 131, 10]. In a driftless nonholonomic system, the disturbances
mainly come from the input channel. Meanwhile, SMC has been recognised as a robust control

method owing to its complete robustness against matched uncertainties when the system is in the
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sliding motion as discussed in Chapter 3. Therefore, this approach has been widely employed to
the nonholonomic system (see, e.g. [132]). Moreover, the sliding mode approach can also be
used to deal with systems in the presence of mismatched uncertainty under suitable conditions
even for time-delay systems (see, e.g. [133] and [134]). Therefore, SMC techniques can be a
compelling solution to the problem of trajectory tracking control in practical systems. A SMC
scheme for trajectory tracking with polar coordinates has been previously proposed by Yang
and Kim [127]. However, due to hardware limitation, the designed controller does not exhibit
the expected tracking performance in practice. In [135], sliding mode techniques were applied
to a WMR system using feedback linearization techniques, and the results have been obtained
not only for the tracking control problem but also for regulation task. However, this approach
requires that measurement of the propulsive force of the WMR to satisfy strict conditions of the
feedback linearization. Consequently, this approach is relatively complicated to implement from
the practical point of view. A coordinated control scheme based on a leader-follower approach
is developed for the control of cooperative autonomous mobile robots in [136] which enables
formation stabilisation and ensures the collision avoidance. An integral SMC strategy is applied
to the Heisenberg system, and the developed results have been successfully applied to mobile
robot control in [137]. In both [129] and [10], a SMC strategy was used in the dynamic layer.
Although simulation results in both cases show robustness against matched uncertainties, the
SMC was only applied to the dynamic model, which only ensures that the reference velocities
is well tracked. In [138], SMC was applied to the kinematic model of a WMR. However, the

designed controller is expressed in implicit form.

Although SMC has strong robustness when in the sliding mode, the system is sensitive to
uncertainties in the reaching phase. Thus many techniques have been applied for minimising
the reaching time (see, e.g. [139]), such as reaching gain adaptation in [140], time-varying
sliding surfaces in [141] or fuzzy moving sliding surfaces in [142]. However, the required
extra computation for the adaptation algorithm or time-dependent functions inevitably increases
system complexity as mentioned in [139] while the dynamics of the sliding functions are
required to satisfy appropriate fuzzy rules for the case of fuzzy moving sliding surfaces. On the
other hand, the dynamics of linear sliding surfaces may not align with global dynamic properties
required for the system (see, e.g. [143]). To overcome the disadvantages, nonlinear sliding

surfaces can be designed for the WMR system to get better performance.
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In this chapter, a sliding mode controller is proposed for a two-WMR system. Asymptotic
tracking of trajectories based on the kinematic model of the system is considered. A new sliding
surface is designed to guarantee the stability of the proposed sliding motion. Then a SMC
law is proposed to guarantee the reachability condition is satisfied so that the system attains
and maintains the required sliding motion. The implementation of the control in a two-WMR
using DC motors as actuators is carried out, and implementation of the proposed scheme is
straightforward. The experimental results achieved are consistent with the simulation results

which shows that the proposed approach is effective to the control of the two-WMR system.

4.2. Modelling of the two-WMR

Model-based reference

Qi ——"""""~"~" """~~~ ————° = ———%

G~~~ %

qX qu

Figure 4.1: Configuration of the robot
The kinematic of the nonholonomic system and the examples of modelling were discussed
in Chapter 3. Similar to a unicycle model given in Section 3.5, consider a two-WMR with the

generalised n-vector coordinates ¢ = col(qy, gy,0) € R"™ as shown in Fig.4.1. The Pfaffian

nonholonomic constraint that the WMR cannot shift laterally is

Alg)i=0 @.1)
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where
A(g) = | sinf® —cos#h 0]

by expressing all the feasible motion of WMR as a linear combination of vector field S(q)

cosf 0
S(@) =] sinf 0
0 1

which spans the null space of matrix A(q), the so-called kinematic model can be obtained as

(see e.g. [130])
q=5(qu (4.2)
where u = col(v,w), and v and w are the linear velocity and the steering velocity of the WMR

respectively.

For the differential-driving mechanism, v and w can be derived from the rotational velocity
of two wheels as follows (see e.g. [130])

v L w
: n (4.3)

o3 I

w
where wg and wy, denote the rotational velocity of the wheels on the right side and left side
respectively. 7 and R represent the radius of the wheel and the width of the robot respectively as

shown in Fig.4.1.

Remark 4.1. In this chapter, the actual commands for the WMR in Fig.4.1 are the angular
velocities (wg,w) defined in (4.3) (e.g. see [130]), which is implemented by motors with
voltage as input signals. This is also known as the dynamical model, e.g. see [144], [129]
and [10]. Since the mapping between these velocities is one-to-one, the pair of velocities for
the robot (v,w) with u = col(v,w) are implemented by two DC motors generating angular

velocities (wr,wr,) defined in (4.3).

Assume the reference trajectory is model based. Then the differential equations of the
reference trajectory with reference coordinates ¢, = col(gy, gyr, 0r) and reference velocities

u, = col(vy(t),w,(t)) are given by the following dynamics

Qur cosf,. O
v (t)
qyr | = | sinf, 0 4.4)
. Wy (t)
0, 0 1
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where v, (t) # 0, which implies that the reference trajectory does not have rest configuration

(see, e.g. [122]).

Then the objective of the model-based tracking control is to design a controller u for system

(4.2) such that
Jim {lgr —gf| = 0

where ¢, = col(qur, qyr, 0r) is the reference trajectory created by (4.4).

Introduce a diffeomorphism 7" : R3 — R? with g¢. = T'(q) as (see e.g. [138])

Te
g = | yo | =T(@(a—q) 4.5)
Oe
where q = col(z¢, Ye, 0), g- = col(zr, yr, 0,) and
cosf sinf 0
T(qg) = | —sinf cosf 0
0 0 1

It is straightforward to verify that the inverse 7~ (g) with

cos@ —sinf 0
7! (q) = | sin® cosh 0O (4.6)
0 0 1

is bounded with ||7~'(¢)|| < 1. Then, from Lemma 2.7, when lim;_, ., ||ge|| = 0,
Jim {|g- — gl =0
Since 6, represents the angular error between the robot and the reference, without loss of
generality, let |0.| < 7.

By direct computation, it follows from (4.2) and (4.4) that the differential equation of the

new error system can be described by

Te V- cos 0, -1 e
v
Ye | = | vpsinf, | + 0 -z 4.7
. w
0, Wy 0o -1
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Therefore, the model-based reference tracking control problem based on the kinematic model
(4.2) is equivalent to determining a feedback control law to stabilise the new error system (4.7)

to the origin.

4.3. Control Design for the WMR

As discussed in Section 3.2, the analysis of SMC is generally separated into two phase,
i.e. sliding mode and reaching phase. To be specific, consider the error system (4.7), a sliding
function is firstly designed so that the sliding mode of the system (4.7) is asymptotically stable.
Then control to guarantee the reachability is designed based on the sliding function. In the
following subsections, the tracking control is based on the SMC with limitation on the reference
trajectory, which is separated into v, > 0 and v,, < 0. The case v,, > 0 is mainly considered,
and the other case v, < 0 can be obtained directly by slightly modifying sliding function and

control design from the case with v, > 0.

4.3.1. Stability of the Sliding Mode

A

“ >
7
Figure 4.2: Domain €2 in z-y plane.
If v, > 0, consider the system (4.7) in the domain
Q = {(we, Yes 0c)we > —e1(1+42),ye € R, [0 < 7} 4.8)
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where c; is a designed positive parameter and c¢; > 0.5. The domain in z-y plane can be found

in Fig. 4.2.

Choose the sliding function o = col(a}, o) as follows

o 10, + tan~1(y,
o L 1 (Ye) (4.9)

02 Le

When the sliding motion takes place, it is straightforward to verify from ¢ = 0 that

{xe - 0 (4.10)
o tan’l( e) ’
b = —tan il

tanil(ye)
<

It is clear that [~

Substituting (4.10) into (4.7), the unforced system can be obtained as

an~!
t (ye))
c1

Ye = vy sin(—

@.11)

It is straightforward to see that although the system (4.7) is not in the regular form, the unforced
system can still be expressed when the system is on the sliding surface. Choose the Lyapunov
function

V= _y? (4.12)

Then the derivative of (4.12) is given by

an~! e
tan™" (y ))

V = Yefe = —vy sin(— -

Ye (4.13)

It is straightforward from (4.13) to verify that the derivative of the selected Lyapunov
function is negative definite. Therefore, from Lemma 2.2, the sliding motion of system (4.7)

with the sliding surface o = 0 is asymptotically stable.

4.3.2. Reachability of the Sliding Mode

Define the input u as

v, oS 0, (o)
_ 18gn(o1
u=-A"¢J, | vsinb, | + (4.14)
n2sgn(oz)
wy
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where 01 (e, 0 ) and o2 (. ) defined in (4.9), 11,12 are positive reaching gains, J,, is the Jacobian

Matrix of the sliding functions defined by

1
Jn _ O @ C1
1 0 0

and the matrix F is defined by

It should be noticed that A is invertible for g. € €2 where €2 is defined in (4.8).

Remark 4.2. The limitation of . in the domain ) is to ensure that the invertible matrix A

always exists. Since 0. is periodic in the coordinates, an appropriate equivalent 0. can always

be found in the defined domain $.

Theorem 4.1. Consider the WMR system (4.7) in the domain Q). The controller (4.14) drives
the system (4.7) to the sliding surface o = 0 where o(-) is defined in (4.9) and maintains a

sliding motion on it.

Proof. Rewrite the derivatives of the sliding surface in the following form:

V- cOS 0,
o1
=Jn | v,sinf, | +Au (4.15)
02
Wr

Then substituting (4.14) into (4.15), it follows that

a1 _ —msgn(o1) 4.16)
02 —n2sgn(o2)
It is clear that
076 = —moysgn(o1) — maoasgn(oz) < nlo|| 417
where 1 > 0. Then the condition
Thus the results follow. ]
If v, < 0, then choose a sliding surface o = col(c}, o}) as follows
o c16. — tan"1(ye) 18)

Te
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Then following the analysis above, it is straightforward to obtain the required result for tracking

in reverse by slightly modifying the case v, > 0.

Remark 4.3. From sliding mode theory, the controller developed from the proposed nonlinear
sliding surface can stabilise the system only locally because the matrix A\ is singular when

ze = —c1(1 +y2).

4.4. Hardware description
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Figure 4.3: System overview for the two-WMR

The overview of the two-WMR built at the University of Kent is shown in Fig.4.3. In
order to obtain accurate motion to estimate the coordinates, a rate gyro (LPY503AL) capable
of measuring up +250°/s is used. The configuration of the sensor is shown in Fig.4.4. As
the gyro produces analog output signals between 0 and 3.3 V, the analog input is processed
by the analog-to-digital conversion unit equipped on the micro-controller with up to 12 bits of

resolution.

Two DC motors (Pololu 12v 50:1 Gear Motor w/Encoder shown in Fig.4.5) are used as the
actuator in the right and left side of the robot body for differential driving, to which gearbox
with reduction ratio of 50:1 is mounted. The encoder assembled on the shaft of the motor can
create up to 32 pulses per revolution as shown in Fig.4.6. With the gear ratio (50:1), it can create
up to 3200 counts per revolution of a wheel by detecting the edge of the pulses. Thus the two
encoders and the rate gyro together offer a relative accurate estimation of the position of the

robot and feedback of the rotational velocities of each motor.
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Figure 4.4: Configuration of gyroscope LPY503AL

Figure 4.5: Pololu 12v 50:1 Gear Motor w/Encoder

It should be noticed that the motors are independently drive by two H-bridge MOSFET-

based motor drivers (BD6222 HPR7) with 8.7V power supply, which are controlled by the

micro-controller with two separate pulse-width-modulation signals shown in Fig.4.7. The

micro-controller applied on the robot is a 32-b micro-controller board (Arduino Due) which

is based on the Atmel SAM3X8E ARM Cortex-M3 CPU. It has a 8¢ MHZ clock, 512 kB of
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Figure 4.6: Output signals of the encoder assembled on the motor shaft

embedded Flash, 96 kB of SRAM with dual banks and other useful external peripherals. The

developed printed circuit board (PCB) is shown in Fig.4.8.

Max(2): 3.70V

Figure 4.7: Synchronised PWM signals for H-bridge motor drivers
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The programming of the micro-controller is user-friendly with C and C++ languages, and
the sampling frequency for the main control unit is 100 Hz in the implementation which is

sufficient for this application. The phototype of the two-WMR can be described in Fig. 4.9.

4.4.1. Implementation of the Control with DC Motors

Figure 4.8: Developed PCB for WMR

In order to implement the control algorithm within the robot, two DC motors are used
as actuators. The wheels on each side of the robot are driven independently, since the linear
velocity and steering velocity correspond to differential driving. The relationship between the

velocities of the robot and the rotational velocities of the wheels is given in (4.3).

Figure 4.9: Phototype of the WMR
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Pulse-width-modulation techniques are used to adjust the supply voltage so that the micro-
controller can control the rotational velocities of each wheel independently. The rotational
velocity of a motor with no load according to the input voltage adjusted by a PWM signal with

100 Hz sampling rate is shown in Table 4.1.

Table 4.1: Rotational velocities with no load according to the duty cycle of the PWM signals.

Voltage Counts w(rad/s)
(1) 1.088 2 0.062
2) 2.175 10 0.31
3) 3.263 21 0.66
4) 4.35 31 0.97
(5) 5.438 41 1.28
(6) 6.525 51 1.59
(7 7.613 61 1.91
(8) 8.697 71 2.22

To avoid unnecessary complexity of the control algorithm, two PI controllers are applied to
the two motors to produce the desired inputs u = col(v,w) in the system (4.7) as designed in
(4.14). The dynamical parameters of the motors are estimated by experiments based on their
specification. With the same strategies proposed by [145], and assuming the two motors have

the same parameters, the approximated dynamic model of the DC motor can be described by
Wy, = —15.385wp, + 3.846u,, (4.19)

where w;, is the rotational velocity of the motor and u,, is the adjusted voltage.

Define the PI controller for the motor as

¢
um (t) = Kpem(t) + KZ/ em(t)dt (4.20)
0

where e, (t) is the error between the expected and actual rotational velocities of motor. K, is
the proportional gain, and K; is the integral gain for the motors on the right and left side. It
should be noticed that the differences between the dynamics of the two motors are ignored and

the PI controllers are simply implemented with identical controller gains.
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With 100 Hz sampling rate, the parameter K}, = 6.96 and K; = 17.94 are obtained by test.
The sine wave tracking response shown in Figure 4.10 shows that the tracking performance is as

expected.

Despite the dynamic variability and parameter variations in the motors, for example the
slight differences in manufacturing between the two motors, the effect of the inductance, load
changes and external forces, these may be ignored in the model as these uncertainties largely
occur in the input channel of the kinematic model. The designed SMC system can be made

completely insensitive to such matched uncertainty as described in section 3.2.

radfs)

W1
=

=
~..

Figure 4.10: Sinewave response of the motor

4.5. Simulation and Experimental Results

In this section, both closed-loop simulation and experimental results are presented to
test the behaviour of the SMC proposed in Section 4.3. The simulations are implemented in
MATLAB, and the real-time experiments are based on the Arduino Due board with the software
configured according to the control design. The measured and estimated parameters are shown

in Table 4.2

Remark 4.4. As in our design the two DC motors are identical, all the parameters of both

motors, v, K, and K;, are the same.
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Table 4.2: The choice of options.

Parameters value

(D) radium of wheels r(m) 0.0315
2) Width between two wheels R(m) 0.09
3) Sliding surface parameter c; 0.6

4) Reaching gain 1.2
(®)] Reaching gain 7 0.1

(6) Boundary layer parameter d; 0.05
(7) Boundary layer parameter do 0.01

Simulation Results

The simulation is carried out by using MATLAB, and the model for the reference and

actual robot used in the simulation is the kinematic model of them defined in (4.4) and (4.2)

respectively.
0.8
\ e
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Figure 4.11: Time response of the error states

The main simulation results with a circle reference trajectory with initial condition
qr(0,0, %), reference control pair v, = 0.25, w, = 0.5 and initial posture of the actual robot

q(—0.2,—0.3,0) are shown in Figures 4.12 to 4.13

Remark 4.5. The simulation environment is configured to represent the hardware. All the
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parameters are selected corresponding to the hardware constraints. The dynamics of the

actuators, in this case the motors, are also incorporated in the simulation.

Experimental results

An image of the WMR during the circle tracking task is shown in Figure 4.14 and the

actual motion is compared with simulation results in Figure 4.15.

Figure 4.14: Tracking task experiments

From the experimental results, it is evident that although the regular form is not available,
the regular form-based SMC can still be used for the control design. Both simulation and
experiment results verify the effectiveness of this approach and it has also been demonstrated
that although uncertainties may exist, the robustness properties of the SMC ensure that the
system exhibits the expected tracking performance. A small tracking error is achieved in the

implementation.

4.6. Conclusion

In this chapter, the trajectory tracking control design problem for a differential driving
two-WMR has been considered. The proposed regular form-based SMC has been successfully
implemented on a real-time WMR platform although the system is not in the regular form.

Both simulation results and experimental tests show that the proposed controller is effective,
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Figure 4.15: Comparison between experiments and simulations

straightforward to implement and exhibiting good tracking performance.
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CHAPTER. 5

GENERALISED REGULAR FORM

BASED CONTROL

From the previous chapter, a SMC design is established for the tracking control of a WMR
with both simulation and experimental verifications. Notably, system (4.7), in which the regular
form-based SMC is designed, is not in the exact regular form. By further analysis, a global
diffeomorphism which can transfer system (4.7) into the regular form does not even exist
according to the Frobenius Theorem discussed in Section 3.2.4. From the simulation and
experiment results of control for system (4.7), it indicates that the regular form-based SMC may
also be developed on the system in which the classical regular form is not available. Therefore,
in this chapter, a generalised regular form is proposed with further analysis and SMC is designed
for nonlinear systems in the generalised regular form with both simulation and experiment.
Starting with the brief review of related works in Section 5.1, the target system is then introduced
in Section 5.2. The corresponding stability analysis and control design are carried out in Section
5.3 and Section 5.4 respectively. Section 5.5 applies the developed results to the trajectory
control of WMR in the presence of both matched and mismatched uncertainties with both
simulation and experimental verifications. Finally, the conclusion of this chapter is given in

Section 5.6.
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5.1. Introduction

As mentioned in section 3.2, SMC is a powerful technique because of its fast convergence
and strong robustness [17, 18]. The invariance property of systems in the sliding mode to
matched uncertainties and parameter variations [16] has motivated numerous applications of
sliding mode techniques to nonlinear systems, e.g. multi-machine power systems [11], direct-
drive robot system [146], induction motor [147], power converters [148] and WMR systems
[10]. The concept of the SMC is also used in observer design and fault detection [149]. To
name a few, it has been demonstrated that sliding mode approach can be applied to control
systems with mismatched uncertainties, see for example [28, 19, 29, 30]. In [67], the bounds
on the uncertainties are estimated using adaptive techniques. However, the uncertainties are
inevitably assumed to satisfy a linear growth condition in order to adaptively compensate the
parameter uncertainty. In [19], by using an extended disturbance observer with a modified
time-varying sliding surface, a novel SMC is applied to stabilise a SISO system with continuous
external disturbance which does not vanish at the origin. Ultimate boundedness of the system
is guaranteed and the obtained ultimate bound can be further reduced by choosing appropriate
design parameters. However, the structure of the system is restricted, which makes the method
difficult to extend to the MIMO case. In [20] a sliding mode scheme is proposed for a linear
MIMO system which is applied with disturbance observer techniques to reduce the effect
caused by mismatched uncertainties with known structure and upper bounds. The external
disturbance is attenuated in sliding motion with a H, control-based approach to guarantee
ultimate boundedness stability or can be completely eliminated from the output channel at
the steady state with steady-state output-based approach such that the output of the system
is asymptotically stable. The method proposed by [27] also shows the strong robustness of
SMC for systems with an uncertain input distribution where the considered systems are linear
with nonlinear disturbances. In [150], SMC for general nonlinear stochastic systems has been
investigated. It is shown that for some special nonlinear stochastic systems, LMIs can be used
for controller design. Furthermore, this method can also be applied for nonlinear uncertain
stochastic systems with state-delay based on a T-S fuzzy modeling and control approach [151].
With the SMC above, the system is usually required to be in regular form or to be transferred

into such a form for analysis. It should be noted that the transformation matrix for linear systems
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can be easily obtained by basic matrix theory. However, for nonlinear systems, it is usually very
difficult to find a diffeomorphism to transfer a nonlinear system into the traditional regular form.
Moreover, the associated conditions may be too strong to be applied for most general nonlinear

systems even if the traditional regular form exists (see, for example [134] and reference therein).

In this chapter, a generalised regular form is proposed for a class of nonlinear control
systems, which is an extension of the traditional/classical regular form for SMC design for the
first time. This is an extension of the traditional/classical regular form for sliding mode design.
Then, a novel nonlinear sliding surface is designed associated with the generalised regular form
such that the corresponding sliding mode dynamics are globally asymptotically stable using
implicit function theory. Robust sliding mode controllers are designed to guarantee that the
considered system is driven to the sliding surface in finite time and remains on it thereafter even
in the presence of matched and mismatched uncertainties. All the uncertainties are assumed to
be bounded by known functions and the bounds on the uncertainties are fully used to reduce the
effects of the uncertainties. The developed results are tested by model-based tracking control
of a WMR with a differential driving mechanism through simulation and experiment. The
tracking error dynamics are derived initially, and then the developed results are applied to the
error system to demonstrate the developed strategies. Experimental and simulation results on
the WMR show that the proposed controller is insensitive to matched uncertainties, and can

tolerate a certain level of mismatched uncertainties in both theory and application.

5.2. System Description

Consider a class of nonlinear systems with matched and mismatched uncertainties described

by
T =F(t,z)+ G(t,x)(u+ ®(t,x)) + (¢, x) (5.1

where x € R"™ and u € R™ are the state variables and control inputs respectively. The
nonlinear vector 7 () € R"™ and the input matrix function G(-) € R™*™ are known with full
rank for z € R"™ and t € R™". The terms ®(-) and ¥(-) denote the matched and mismatched
uncertainties respectively. It is assumed that all the nonlinear functions are smooth enough so

that the existence of the solution of system (5.1) is guaranteed.
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Assumption 5.1. There exist known continuous nonnegative functions (¢, x) and (¢, z) such

that the mismatched uncertainty W (¢, ) and the matched uncertainty ®(-) in system (5.1) satisfy

W, )| <é(t, ) (5.2)

[®(t,z)|| <p(t,) (5.3)

Remark 5.1. Assumption 5.1 requires that the bounds on the uncertainties are known. These

will be employed in the control design to reject/reduce the effects of the uncertainties.

For further analysis, partition 7 (-), G(-) and ¥(-)

F(t,x) = filt ) (5.4
L .7:2(757 LU) 1

G(t.2) = | 7 (t,2) (5.5)
L G2 (t) l‘) ]

U(t,z) = Ya(t ) (5.6)
L \IIQ(t7 I‘)

where f1(-) € R'™™, %) € R™, Gi(-) € RO, Gy(-) € R™™, Wy (-) € R™™ and

Wy(-) € R™. Then from the partitions (5.4)-(5.6), the system (5.1) can be rewritten as

i1 =Ftz)+ Gi(t,z)(u+ ®(t,z)) + ¥y (¢, z) (5.7

iy =Fo(t,x) + Go(t, x) (u+ D(t,2)) + Ua(t, z) (5.8)

where 1 € R"™, 9 € R™ and x = col(x1,z2). Since G(-) € R™ ™ is full rank for
r € R"andt € RT. Assume that Go(¢, x) is nonsingular in (¢, z) € R™ x R™ or there exists
a diffeomorphism such that system (5.1) can be transferred into the form of (5.7)-(5.8) with

Ga(t, x) is nonsingular in (¢, ) € RT x R™, then choose the sliding function o (z) as follows:
o(x) = Kza + (21, 2) (5.9)

where K = diag{ky, ks, ..., kn} with k; > 0 fori = 1,2,...,m, ¢(-) is a known class C!

function and each entry of the Jacobian matrix [g—;’;] i fori,j =1,2,...,m is bounded.

Remark 5.2. There is no general way to design the function p(x1, x2) for a general nonlinear
system since the function is dependent on the system dynamics. However, for a specific system,

system knowledge can be used in conjunction with the assumptions to establish a design. It
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should be noted that the sliding function (5.9) proposed in this chapter includes both the linear
sliding function o(x) = Cx where C' € R™*"™ is a constant matrix, and the nonlinear sliding

function in the form of o(x) = xo + ¥(x1) where ¥(-) € R™ as special cases.
For the sliding function in (5.9), the sliding surface is described by
S={zeR" o(z)=0} (5.10)

Definition 5.1. System (5.7)-(5.8) with the sliding function defined in (5.9) is called the

generalised regular form of system (5.1) if the function G (-) defined in (5.5) satisfies

Gi(t,x)|zes =0 (5.11)

Remark 5.3. It should be emphasised that the classical regular form requires that G, (t,z) = 0
forallt > 0and x € R" (see, e.g. [17], [134]) while the generalised regular form defined
above requires that G\ (t,x) = 0 only for all t > 0 and x € S. It is clear to see that the classical
regular form is a special case of the generalised regular form defined above as S is just a surface
in R™. From the Frobenius Theorem, the distribution spanned by the column vectors of the
input matrix G(-) is completely integrable if and only if the distribution is involutive (detailed
discussion can be found in Section 3.2.4). This implies that the classical regular form may
not exist for a nonlinear system. In contrast, the generalised regular form may exist and thus
to develop a sliding mode theory associated with the proposed generalised regular form is
valuable since the proposed method can be applied in cases where the classical regular form is

not available.

Define function matrices I';(¢, ) and I's (¢, x) as

o o
T4(t,z) ::a—Zg(t,x) = KGo(t,z) + a—ig(t, z) (5.12)
Ly(t,x) ::gZT(t,x) = K%H(t,x)+ g(iff(t,x) (5.13)

where F(+), %2(-), G1(-) and Go(-) are defined in (5.4)-(5.5) and o(+) is defined in (5.9). The

following assumption is imposed on system (5.7)-(5.8).

Assumption 5.2. The function matrix I'; (¢, z) defined in (5.12) is nonsingular for z € R" and

teRT
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Remark 5.4. Assumption 5.2 is a limitation on the input distribution matrix G(t,z) and the
designed sliding surface o(x) in (5.9). It is required to guarantee that the system can be driven
to the sliding surface (5.10). Since Go(+) is nonsingular, it is straight forward to see from (5.13)
that Assumption 5.2 usually can be satisfied by choosing an appropriate parameter K, and thus

this condition is not strict.

It should be noted that under condition (5.11), when the system (5.1) is limited to the

sliding surfaces (5.10), the system (5.7) has the following form

i1 = At 2)|oes + V1L, 2)|zes (5.14)

The objective now is to study under what conditions system (5.14) is the sliding mode dynamics
of system (5.1) with respect to the sliding surface (5.10). Therefore it is necessary to guarantee
that there exists a unique solution of the functional equation o(x) = 0 for x2 in terms of ;.

The following lemma is introduced to facilitate further analysis.

Lemma 5.1. Under condition (5.11), there exists a function g : R™*™™ — R™ such that when

system (5.7) is constrained to the sliding surface (5.10), the dynamical system (5.7) can be

described by
1.’1 :f]’—ls(t,-fl) +‘If‘i(t,$1) (515)
where
F(t 1) :?1(t7x)|962=g(:p1) (5.16)
\I]qu(talil) :\I’l(tvx”xgzg(:pl) 5.17)
if K = diag{k1, ko, ..., kmn} in(5.9) satisfies
ki>5+§:supua‘p} i=1,2,....m (5.18)
- ]:1 a:l: 7,] b ) ) )

where ¢ is a positive constant.

Proof. When system (5.7) is limited to the sliding surfaces (5.10), it follows from condition
(5.11) that the system (5.7) can be described by (5.14). From (5.9) and (5.18),

99 | _|i o 192 |1 9#
“87:):2]“ _k1+[3$2]¢¢ > ki “a@]z’i
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>€+ZsupHax]

’ ('9952

ij
_€+ZSHPH8J:] (5.19)
J?éz
for: =1,2,...,m. This implies that
“@Li Z“a@]w >e, i=1,2,...,m (5.20)

Then from Lemma 2.8, there exists a unique class C! function 2o = g(x1) satisfying o (1, g(71))

=0.

The analysis above shows that 2o = g(x1) when = € S. Hence the result follows by

substituting x5 = g(21) into the right-hand side of the equation (5.14). |

5.3. Stability Analysis of the Sliding Mode

It is clear that the corresponding sliding motion of system (5.1) associated with the sliding

surface (5.9) is given by (5.15). The stability of system (5.15) will be studied in this section.

Assumption 5.3. There exists a continuously differentiable Lyapunov function V (¢, x1) :

Rt x R"™™ — R satisfying the inequalities

allaal) < Vit 1) < o) (521)

ov. oV

v aifl(t 1) < =s3([l2 ) (5.22)
|52 < sataly (523)

where the functions g;(-) for i = 1,2, 3, 4 are continuous class K functions, and #;°(-) is given

in (5.15).

Remark 5.5. Assumption 5.3 implies that the nominal system of the sliding mode dynamics
(5.15) is asymptotically stable. The conditions (5.21)-(5.23) are developed from the well known

converse Lyapunov Theorem (see Lemma 2.4 in Chatper 2).
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From Assumption 5.1, it is straightforward to see that the mismatched uncertainty U5 (¢, z1)
in (5.15) satisfies
W5 (8 1) || < (1) (5.24)

where 7(+) is a known positive continuous function, which is assumed to satisfy y(¢,0) = 0

such that the origin is the invariant equilibrium point of the sliding mode dynamics (14).

Theorem 5.1. Under condition (5.11) in Definition 5.1 and Assumptions 5.1 and 5.3, the
sliding mode (5.15) is globally uniformly asymptotically stable if there exists a continuous
nondecreasing function w : R* — R satisfying w(r) > 0 for r > 0 and w(r) — oo when

r — 00 such that for any x1 € R"™™
w([[z1ll) < ssllzall) = salllzal)y(E, z1) (5.25)

Proof. Consider the Lyapunov candidate function V() satisfying Assumption 5.3 for system

(5.15). The time derivative of V() along the trajectory of system (5.15) is given by

oV oV
V=— — )T (F (¢t Uit
at +<8$1) (:7:1( ,l‘l)‘i‘ 1(7x1))
ov ov oV
<7 AT S t — AT ‘IJS t
<O+ (Gt + G| nesc o)
< = @zl + calllz )y (g 21)
< —w(]lz]) (5.26)
where the conditions (5.21)-(5.23) are used above. Hence, the conclusion follows. |

Remark 5.6. It should be pointed out that condition (5.25) shows the limitation on the mis-
matched uncertainty V(t, x) in system (5.1) through the bounds ~(t, x1) in (5.24). It should be
noted that: i) (t, x1) is the bound on V5 (t,x1) (see (5.24), ii) V3 (t, 1) is the contribution
from the function VU (t, x) when the system is on the sliding surface (see (5.17)), and iii) V1 (t, x)
is a sub-component of VU (t, x) (see (5.6)). Therefore, inequality (5.25) represents the limitation
on the bounds of the sub-component V1 (-) of V() when V1(+) is on the sliding surface instead

of the uncertainty V(-) in the whole space © € R™.

Remark 5.7. For systems with mismatched disturbances which do not vanish at the origin
or in the presence of mismatched external disturbances d(t) which do not vanish when time

t goes to infinity, the problem is particularly challenging. In this case, usually only ultimate
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bounded results can be obtained under appropriate conditions unless other techniques such as
adaptive control are used to identify the disturbance [103]. In this chapter, global asymptotic
stabilization is considered where it is required that the mismatched disturbances vanish at the
origin, which is reflected in (5.24) where (t,0) = 0. For the system with external disturbance
d(t) which cannot vanish at origin as t — oo, the system can only be proved to be ultimate
boundedness stable without extra information of the disturbance since the ebullient point of the
system with unvanishing disturbance may not be origin. Since we consider uniform asymptotical

stability, part of the mismatched uncertainty 1 (+) in this chapter is required to vanish at origin.

Since (5.15) is the associated sliding mode dynamics. Theorem 5.1 shows that the sliding

motion is asymptotically stable.

5.4. Reachability

From Assumption 5.2, I' (¢, ) is nonsingular. Consider the control law
u(t,x) = — F;l(t, )Ly (t,x) — F;l(t, z)sgn(o(z))
0o
|52 ot + ITg e o)lutt2) +n (5.27)

where I'(-) and Iy (-) are defined in (5.12) and (5.13) respectively, (-) and 4(-) satisfy (5.2)
and (5.3) respectively, and n > 0 is a constant parameter selected to define the reaching

behaviour.

Theorem 5.2. Consider the nonlinear system (5.7)—(5.8). Under Assumptions 5.1 and 5.2,
the control (5.27) is able to drive system (5.1) to the sliding surface (5.10) in finite time and

maintain a sliding motion on it thereafter.
Proof. From (5.9)

5(r) =57 (F(62) + W(t.2)) + 52 G0 )(u + B, 2)

=Ly(t,x) +T4(t, x) (u + (¢, :E)) + g—z\ll(t, x) (5.28)

Substituting the control in (5.27) into (5.28),

o" ()5 () zaT(x){g—Z\I/(t,x) +Tg(t, )t 2) b
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o (e)sen(o(@)] | 22| a(t. ) + |0t |u(t.2) + n)
83} ) ) )
oo
SHU(%)H 5p Lt 2) | + [T 2)2(t, 2)]
- 52 ]Jatt2) - Ie e - o} (529)
From Assumption 5.1.
Hggw x ‘ (t,z)|
< || — .
< H il H 5(t,) (530)
[T (t, 2)®(t, z)|| <[IT(¢t,z)|||@(L, @)
<||T(t, z) | u(t, ) (5.31)
Substituting inequalities (5.30) and (5.31) into (5.29) yields
o(@ita) <ot |51 ve.)] - |57 a0
+ ID(t 2) @t 2)l| — [T @)t @)~}
—nllo(2)] (5.32)
Hence the conclusion follows. [ |

5.5. Case Study: Two-WMR Systems

In this section, the results developed in Section 5.2 - Section 5.4 will be applied to the

tracking control of a two-WMR where the reference trajectory is model based. The drift-less

model of the WMR has been developed in Section 4.2. However, it is common to have uncertain

movement in practical implementation cased by non-ideal environment. For instance, in both

[129] and [10], SMC strategies were used in the dynamic layer. Although the simulation results

in [129, 10] show robustness against matched uncertainties, the SMC was only applied to the

dynamic model, which only ensures that the reference velocities can be tracked. In the following

sections, a robust SMC for the WMR system is developed in the presence of mismatched

uncertainties.
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5.5.1. Problem formulation

Consider a WMR with differential driving mechanism. As the wheels of the robot may
drift, which may result in mismatched uncertainty, it is necessary to consider mismatched

disturbances. From [130], the kinematic model of the WMR can be described by

cosf. O
i= | sin6. 0| (u+0ta)+0(tq) (5.33)
0 1

where ¢ = col(qy, gy, 0.) € R? is the state with coordinates (g, ;) on the z — y plane and the
heading angle 6., u = col(v,w) is the control input where v is the linear velocity and w is the
steering velocity, ¢(-) € R? includes all uncertainties in the input channel (i.e. the matched

uncertainty) and the term 1(-) € R? denotes the mismatched uncertainty.

Without loss of generality, it is assumed that ¢/(-) has the form

w(t7 Q) = 001(1/}1 (t7 Q)a wQ(ta Q)7 0)

where 11 (-) € R and 1»(-) € R. Note that the third component of )(-) is assumed to be zero.

If it is not zero, then it can be included in the matched uncertainty ¢(-) in (5.33).

Assume that the reference trajectory is model based, and it is given by the following

dynamic system

Gur cosf, 0
v (t)
Gyr | = | sinf,. 0 (5.34)
. Wr (t)
0, 0 1

where ¢, = col(¢zr, gyr, 0r) is the reference trajectory and w, = col(v,(t),w,(t)) is the
reference control with v, # 0. Then the objective of the model-based tracking control is
to design a controller u for the system (5.33) such that lim;_, ||¢r — ¢|| = 0 where ¢ =
col(gz, qy, 0c) € R is the state of the system (5.33) and ¢, = col(gur, Gyr, 0r) is the reference

trajectory created by (5.34).

Remark 5.8. Due to the complex nonlinearity in the nonholonomic WMR system, it is straight-
forward to see that not all trajectories can be tracked. Therefore, the trajectory in this chapter

is assumed to be model based. It should be noted that the initial misalignment of the WMR
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may result in different initial misalignment of the tracking error system. Such an effect can be

included in the system uncertainty which can be overcome by redesign of the SMC if necessary.

Introduce a diffeomorphism 7" : R? — R3 with z = T(q) as (see e.g. [138])

T
x| | ~
ei=| " | =] en | =T@(a — ) :=Tl) (5.35)
X
’ €22

where 21 € R, 3 = col(xa1, 222) € R? and

—sinf. cosf. 0
T(Q) = cos, sinf. 0
0 0 1

From (5.33), (5.34) and (5.35), the dynamics of the new error system in x coordinates is given

by

0 — COS QC(QTJU - qgc) —sin HC(qu - Qy)
T=|-1 —sinbu(¢ra — gz) + cos0c(gry — qy) (U + Qf;(t, 93)) + W(t, )
0 —1

vy (t) sin 0, cos 0. — v, (t) cos 6, sin 0.

+ |v,(t) cos 0, cos O, + v, (t) sin 6, sin O,

wr(t)
vy (t) sin x92 0 —xo1
= | v(t)cosxae |+ | -1 a1 (u + gZA)(t, :1;)) + ¥(t,x) (5.36)
wy(t) 0 -1
F(t,x) G(t,z)

where

Qb(t? .’L') :¢(t7 Q)‘q:T—l(a:)

\Ijl(tvx) 8T

\If(t,l') = = 7¢(t7q)‘ =T-1(z (537)
ot | 00T
By direct calculation,
oT - .
55—(—ﬂ®+T@D (5.38)
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where
0 0 —T21
T(ﬁ): 0 0 =
0 0 0
Substitute (5.38) into (5.37) yields
U(t,x) = =T(@)d(t, @)lg=1-1(2) (5.39)

Then it is straightforward to see that the mismatched uncertainty W (¢, z) in the new error system

(5.36) has the form

Uy (t,z) ,,\I{,l,(?f,li),,
vy =| 0 = | wata)
Us(t, x) 0

Thus system (5.36) can be described in the form (5.7)-(5.8) as follows

1 =v,(t) sinxog + [ 0 —z9 } <u + <I>(t,:):)) + Wy (t,x) (5.40)
—_———
Fit2) 1(t.2)
~(t) cos -1
gy = | UrlcosT2 | o (u+ @(t,x)) (5.41)
wy(t) 0 -1
7a(t.) Ga(t.2)

where x5 = col(z21, 722) € R?, 1 € R and
®(t, x) == ¢(t, x) — Uy(t, z) (5.42)

It is straightforward to verify that T'(q) is nonsingular and 7' (g) is bounded. From (5.35),
lgr — qll < IT7(q)|| ||| which implies that lim; o [lgr — || = 0 if limy .o ||z]| = O.
Therefore, the model-based reference tracking control problem for the kinematic model (5.33)
has now been transformed to a stabilisation problem for the error system (5.36). It remains to

design a control u to stabilise the system (5.36) globally and asymptotically.

5.5.2. Control design

Assume that the reference trajectory only moves forward with v,.(¢) > V,, where V,, is a

positive constant such that a continuously differentiable feedback control law that asymptotically
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stabilizes the tracking error system exists [122, 152], and the reference velocities (v,.(¢), w,(t))
are bounded with v,.(t) <V, and |w,(t)| < W, for any t € R Further, the mismatched and

matched uncertainties ¥, (¢, z) and ®(¢, x) satisfy

|01 (¢, 2)|| <sin?(w22)y/23; + o+ 0.1|z1201 |1/ 73, + @ (5.43)
o(t,z)
(¢, )| <05lal + 0.6]u, (5.4
p(t,x)

where « is a positive constant satisfying o < V2. Design the switching functions

k1221 0
o(x) = + . (5.45)
ka2 Vo=
—_——
o(z1,22)

where k1 > 0 and ky > 1 are design parameters and ¢ > 0 is a constant. The sliding surface is

described by
§={x e R* o(x) = 0} (5.46)

where o(x) is defined in (5.45). Then on the sliding surface (5.46), 91 = 0 and thus from
(5.40), G1(t, =) = 0. Therefore, system (5.40)-(5.41) has the generalised regular form. From
F () and G(+) in (5.36) and by direct calculation,

k1v, COS 229

L (t,x) ::a—of(t, x) =

or (c+z§1)vr sin x99 —x 1221V, COS 22 + kow (5'47)
Jeraitag, 2
do —k1 k1
Lg(t, ) ::%g(t,x) = 2101 B 21 . (5.48)
3 1 2
(ctai+a3)2 (ctzi+a3)?2

which is nonsingular when k3 > 1. When system (5.40) is limited to the sliding surface (5.46),

it can be described by

. . I
1 =v.(t)sin | — ————) +V{(t, x (5.49)
L= onft)sin (- - m) (o)
?13(’5»11)
where
WS (L, 21)|| < Vasin?(— (5.50)
H 1( 1)” (k2m)
'Y(tvzl)
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Therefore system (5.49) with W{(-) satisfying (5.50) is the sliding mode dynamics associated
with the sliding surface (5.46). For system (5.49), define the candidate Lyapunov function as
V(t,z1) = 323, then it is clear to see that

0.422 <V (t,x1) < 0.622

S~~~ S~~~
si(t,w1) s2(t,1)

The time derivative of V' along the trajectories of system (5.49) is given by

ov + 8—‘/?5(15 x1) =v (t)sin(— L)x
Ot 8%1 1\t L1 r ko /704—1;% 1
: |z1]
< —Vpsin(———)|z (5.51)
(k2m)| 1’
sa(lz1])
ov
' ol = |21 (5.52)
1 ~—
sa(lz1])
From kg > 1 > %, which implies
T T
— < 5.53
vers 2 69
it is straightforward to see that ¢3(7) is a class K function. Thus
3(l1]) = callza)y(t, 21)
. T .2 x
=V sin(——=)|z1]| — (Vasin(——)) |z
. €1 . 9 z
<(Vpsin(——=) — Vasin®(——) ) |z
=w(|x1]) (5.54)
where
. T .. 92 T
w(T) = (Vpsin(————) — Vasin“(———=)) 7 5.55
+‘ . > > . T . . . .o, . . .
where 7 € R™. Since V,,, > o > \/&sm(l€2 m), it is clear that w(7) is positive definite

Therefore, the conditions of Theorem 5.1 hold. By limiting the minimum reference velocity

Vi = 0.01, the kinematic controller u = col(v,w) is described by

u(t,z) = — F;l(t,x)f‘ﬂr(t, x) — F;l(t, z)sgn(o(z))-

(1% 0,2) + gt 2) e, 2) + 5 (556
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where the uncertainties 0(-) and p(-) for the WMR are defined in (5.43) and (5.44) respectively.
o(x) for the WMR is defined in (5.45) with k1 = ko = 1 and ¢ = 0.01, and the corresponding
[';(-) and I'# (-) are defined in (5.47) and (5.48) respectively. Then, from Theorems 5.1 and 5.2,

it is straightforward to see that systems (5.40)-(5.41) are globally asymptotically stable.

The performance of the proposed controller is tested in MATLAB using the Lemniscate
curve [153] and a sharp corner as a reference trajectory. The model for the reference and
actual robot used in the simulation is the kinematic model of them defined in (5.34) and (5.33)

respectively.

1). Lemniscate Curve

Motion of the WMR

T
Reference trajectory

— - — Robot trjectory
[ Start point of reference trajectory
[T nitial point of actual robot

05F !’ N
f \
/ /
/ ‘\. )

y (m)

-0.5F \ / \

X (m)

Figure 5.1: The reference trajectory of the Lemniscate curve and the trajectory of the robot in

the x — y plane

The Lemniscate curve can be described by the following equations:

Gra(t) = sin(35) (5.57)

Gry(t) =sin(%) (5.58)
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Time response of tracking errors
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Figure 5.2: Time response of the tracking errors
Time response of linear velocity
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Time response of steering velocity

Steering velocity w (rad/s)

Time (sec)

Figure 5.3: Time response of the control pair (v, w)

The initial point of the reference is (0, 0,1.107) and the initial point of the robot is chosen
as (—0.3,—0.4,1.707). The motion of the robot and the reference trajectory given by (5.57)-

(5.58) are shown in Fig.5.1. The time response of the tracking errors and the control signal
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(v, w) shown in Fig.5.2 and Fig.5.3 respectively.

2). Sharp Corner

Motion of the WMR

T T

0.8

y (m)

04 |

e Reference trajectory
Robot trjectory

1 1 1 1

0 0.5 1 15 2
x (m)

Figure 5.4: The reference trajectory of the Lemniscate curve and the trajectory of the robot in

the x — y plane

Tracking errors
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Figure 5.5: Time response of the tracking errors
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The sharp corner that will be tested can be described by the following equations:

0 t<4-p
v =\ v ., (5.39)
V16158 >4-p
1— V(E—4)°+8 t< 4
qry(t) = vI6+3 (5.60)
1 >4

where § = 0.81 is a positive parameter that smoothes the corner. The initial point of the

Linear velocity

Linear velocity v (m/s)
-

Time (sec)
Steering velocity

R 4
\"H“\!‘H\ o
Ve
] \,u'!-,’”\
b
i

Steering velocity w (rad/s)

Time (sec)
Figure 5.6: Time response of the control pair (v, w)

reference is (0, 0, 5) and the initial point of the robot is chosen as (0.5,0.1,2.17). The motion
of the robot and the reference trajectory given by (5.59)-(5.60) are shown in Fig.5.4. The
time response of the tracking errors and the control signal (v,w) shown in Fig.5.5 and Fig.5.6
respectively. From Fig.5.3 and Fig.5.6, it can be seen that the system is affected by the matched
uncertainties. Particularly, the unvarnished disturbances can be clearly observed in Fig.5.6 at

the corner. Due to the complete robustness of SMC to matched uncertainties, the performance
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of the system is not affected. From Fig.5.1-Fig.5.6, it is straightforward to see that the proposed
approach is effective. It should be noted that due to the discontinuity of the sign function,
the control in reality may experience chattering [154] as discussed in Section 3.2. To avoid
such problems, the boundary-layer technique proposed in [31], e.g. equation (3.45), has been

introduced to reduce the chattering in the simulation and experiments presented in this chapter.

Remark 5.9. Uncertainties are added in the WMR simulation and bounds on the uncertainties
are given to show the robustness of the proposed methodology. In the real system, the uncer-
tainties will vary on a case-by-case basis and can be obtained by statistical data analysis or

engineering experience.

5.5.3. Experimental Test

The low-cost WMR used in this chapter is an updated version of the WMR introduced in
Section 4.4 of Chapter 4. The battery of the WMR is replaced with a 12V battery so that the
12V DC motors can run at their maximum speed. The gyroscope is replaced by a 9 degree of
freedom motion tracking micro-electro-mechanical System (MEMS) device, i.e. MPU9150,
which has 3 axis digital gyroscope, accelerator and compass which enable relatively accurate
position estimation. In order to obtain data through wireless communication, a bluetooth module
is applied for the serial communication with cycle time of 10ms. The fusion algorithm used
in this WMR is based on the combination of the open-source inertial measurement unit (IMU)
algorithm proposed in [155] and Kalman filtering techniques. By applying the IMU algorithm to
the WMR combing with the encoder, the accuracy of the estimation of the position is increased

for the WMR system.

5.5.4. Implementation of the control with DC motors

It should be noted that the control inputs of system (5.40) and (5.41) are the linear velocity
v and the steering velocity w. As assumed by other authors (e.g see [130]), such a controller can
be implemented directly using the differential driving mechanism to produce the desired inputs
(v, w) required by the controller (5.27). Two DC motors are used as actuators driving the wheels
on each side of the robot independently. The relationship between the velocities of the robot

(v,w) and the rotational velocities of the wheels (wg, wy,) can be described as follows (e.g. see
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[130]):

v 11l r r w
=3 " (5.61)

(Salhe

where (wp,wr) denote the rotational velocities of the wheels on the right and left sides, respec-
tively. r and b denote the radius of the wheel and width of the robot respectively. The dynamics
of the motor are also investigated to achieve the input (v, w) required by controller (5.27). The

model of the motor system can be described by (e.g. see [16])

om I Wrm 0
: a K. R , * |
tm " Lm  Lm tm Lm
=T
n r (5.62)
0
Y =W (5.63)

where w;,, and 7,, are the angular velocity and motor current, and y is the measured output. u,, de-
notes the input voltage adjusted by the microcomputer with Pulse-width modulation techniques.
Parameters J,,, L., K, K. and R,, denote the motor inertia, inductance, torque constant,
back-emf constant and resistance respectively. 17, is the external disturbance representing the
effects of friction and the motor load. Parameters identified through experiments with no-load
are J, = 0.0012K¢g - m?, L, = 0.0054F, K; = 0.034N - m/A, K. = 1.04V - s/rad and
R, = 2.4Q). The comparison between the model response (5.62) and the response of the actual
motor is shown in Fig.5.7. The experimental results when tracking a constant reference and sine
wave reference signals are shown in Fig.5.8. From the test results, it can be seen that although
the system is affected by the limitation of the hardware, the tracking performance is as expected.
Although the control performance of the motors may also be affected by parameter variations,
the uncertainties caused by friction between the wheels and ground in the motor system will not
affect the performance of the WMR system since the SMC is robust to uncertainties implicit in

the input channel.

5.5.5. Experimental results

The experimental results for the WMR are presented in this section. The control of the

robot is designed with the same process described in Section I'V-B. The control performance of
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Time response of motor with 80% duty cycle of PWM signal
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Figure 5.7: Comparison between the actual velocity and the simulation of the motor
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Figure 5.8: Tracking performance of the motor control
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the robot is tested with a reference curve described by

¢rz(t) = 0.05t (5.64)

0.16
(t) = ~0.3902 5.65
ary(?) (0.05t — 0.5)2 + 0.16 (5.65)

and the reference curve described in (5.59)-(5.60) which denotes a smoothed right-angled curve.

For the curve (5.64)-(5.65), the actual motion of the robot and the reference trajectory are

shown in Fig.5.9.

Motion of robot

Actual start point
0.6 — — — - Reference start point | 7
I Actual Robot
047 I Reference |
>
0.2 .
O - -
-0.2 £ 1 1 1 1 1 1 1 1 1 =
0.2 0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6

Figure 5.9: Motion of robot in x-y plane in tracking task experiment

The time response of the tracking errors is shown in Fig.5.10, and the control signal is

shown in Fig.5.11.

For the curve (5.59)-(5.60) which denotes a smoothed right-angled curve, the actual motion
of the robot and the reference trajectory are shown in Fig.5.12. The time response of the tracking

errors is shown in Fig.5.13, and the control signal is shown in Fig.5.14.

From Fig.5.10 and Fig.5.13, it can be seen that the system experiences uncertainties caused by
the hardware. However, the robot exhibits good tracking performance as shown in Fig.5.12 due

to the high robustness of the designed SMC.
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Figure 5.10: Time response of tracking errors in tracking task experiment
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Figure 5.11: Measured control input (v,w) based on sensors data in tracking task experiment

From the experimental results, it is evident that although modelling error and noise may
exist, the robustness properties of the SMC ensure that the system exhibits the expected tracking

performance in the presence of uncertainties. It should be noted that the noise usually comes
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Figure 5.12: Motion of robot in x-y plane in tracking task experiment
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Figure 5.13: Time response of tracking errors in tracking task experiment

from the motors and thus it is matched. Since SMC is completely robust to matched uncertainty,

good tracking accuracy is achieved in the experiments.
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Figure 5.14: Measured control input (v, w) based on sensors data in tracking task experiment

5.6. Conclusion

In this chapter, a novel generalised regular form for a class of nonlinear systems is proposed
for the first time. Based on the generalised regular form, a novel sliding surface has been
designed and global asymptotic stability of the corresponding sliding motion has been presented.
A SMC scheme is designed to guarantee reachability of the sliding mode. The developed results
have been applied to a WMR. Based on the WMR dynamics, a nonlinear sliding surface is
formed and global asymptotic stability is exhibited. This application demonstrates that sliding
mode techniques can be used to stabilise systems when the normal regular form is not available.

Simulation and experimental results show that the proposed results are effective and practicable.
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CHAPTER. 6

DECENTRALISED CONTROL FOR

LLARGE-SCALE SYSTEMS

In this chapter, a decentralised control strategy for a class of nonlinear large-scale interconnected
systems is developed in the presence of uncertainties. Since the local controller only utilises
the local information, the data transmission is not required in such strategy. To overcome the
problem caused by the interconnection, SMC with the following features was applied to improve
the robustness. It is shown in this chapter that if the uncertainties/interconnections possess a
superposition property, a decentralised control scheme may be designed to counteract the effect
of the uncertainty. The study shows that limitations on the bounds assumed on the uncertainties
and interconnections can be greatly reduced when compared with the output feedback case. This
chapter is organised as follows. Section 6.1 presents a brief review of the existing works. Then,
the considered large-scale system is depicted in Section 6.2. The corresponding SMC design is
carried out in Section 6.3 and Section 6.4. Two case studies on CSTR system and automated

highway system is then provided in Section 6.5.2 before Section 6.6 concludes this chapter.
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6.1. Introduction

The problem of robust decentralised controller design has been discussed in Section 3.4.
For large scale interconnected systems, uncertainties experienced by one subsystem not only
affect its own performance but usually affect the other subsystems’ performance as well due to
the interactions between the subsystems. SMC has been recognised as a powerful approach in
dealing with uncertainties [16, 17] in the presence of unmatched uncertainty [134] although the
property of total insensitivity is frequently lost. However, in contrast to the case of centralised
control, decentralised scheme can only use local information and thus the uncertainties within
the interconnections may not be rejected, even if they are matched. Designing a decentralised
control scheme to reject the effect of uncertainties in the interconnection terms is thus chal-
lenging. In [22, 23, 24, 25], only matched uncertainties are considered and the bounds on the
matched uncertainties are assumed to be linear or polynomial. In terms of mismatched uncer-
tainties, in order to achieve asymptotic stability, some limitations are unavoidable. Mismatched
uncertainties have been considered in [134, 98] where centralised dynamical feedback con-
trollers are designed which need more resources to exchange information between subsystems.
A class of constraints called integral quadratic constraints is imposed on the considered systems
to limit the structure of the original systems [98]. In some cases, adaptive techniques are applied
to estimate an upper bound on the mismatched uncertainty which can then be used to counteract
its effects [99]. This approach can be powerful when the uncertainty satisfies a linear growth
condition. In [69], although the uncertainties are assumed to be nonlinear functions, the system
needs to be transformed into a special triangular structure. All the literature which considers
mismatched uncertainties mentioned above inevitably requires extra resources and increases
system complexity. This may be unattractive from the viewpoint of implementation. Specifically,
output feedback control based results impose very strong limitations on the uncertainties and

interconnections (see e.g. [22, 156, 47, 11]).

In this chapter, a decentralised control strategy for a class of nonlinear large-scale intercon-
nected systems is proposed based on a SMC paradigm. In terms of the robustness, both matched
uncertainties and mismatched unknown interconnections are considered. It is well known
that to deal with interconnections is one of the main challenges for large-scale interconnected

systems when decentralised control is considered. The main contribution of this section can be
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summarized as follows:

). The uncertain interconnections are separated into two parts to reduce the conservatism.
ii). It is not required that the interconnections vanish at the origin.

iii). The bounds on the uncertainties have a more general form than those imposed in existing

work.

Moreover, the uncertainties are assumed to be bounded by known functions which are employed
in the control design to counteract the effects of the uncertainties. The bounds on the uncer-
tainties take more general forms when compared with existing work. Based on the approach
proposed in [16], a sliding surface for each subsystem is designed. Together these constitute a
composite sliding surface for the large-scale system. A set of sufficient conditions is developed
such that the corresponding sliding motion is asymptotically stable when the system is restricted
to the designed sliding surface. Then, a decentralised SMC is designed to drive the large-scale
interconnected system to the sliding surface in finite time. It is shown that if the uncertain-
ties/interconnections possess a superposition property, a decentralised control scheme can be
designed to counteract the effect of the uncertainty. Finally, the developed decentralised control
scheme is applied to a CSTR system and an automated highway system. Simulation results
relating to a high-speed car following system show that the obtained results are effective. The
study shows that limitations on the bounds assumed on the uncertainties and interconnections

can be greatly reduced when compared with the output feedback case.

6.2. System Description and Preliminaries

Consider a nonlinear large-scale interconnected system composed of N subsystems where

the i-th subsystem is described by

N
& =Awi + Bi (ui + ¢i(t, x)) + Y it a) + i(t,x)  i=1,2,...,N  (6.1)
j=1

where z; € D; C R™ (D; is the neighborhood of the origin x; = 0), u; € R™ denote the
state variables and inputs of the i-th subsystem, respectively. The matrix pairs (A;, B;) are

constant with appropriate dimensions. The matched uncertainties are denoted by ¢;(t, x;).
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The terms > 7, Z;;(¢, ;) with Z;;(t,0) = 0 describe the known interconnection of the i-th
subsystem. The nonlinear functions v; (¢, z) represent the uncertain interconnections where
x = col(x1,xa,...,x,) is the state of the whole system plant. It is assumed that all the nonlinear

functions are sufficiently smooth such that the unforced system has a unique continuous solution.

It should be noted that

N

ZEij(tyl'j) ZEZ'Z'(t, xz) + ZEij(ty-Tj) (6.2)
Jj=1 ]
j:

In this case, Z;;(¢, z;) can be considered as the known nonlinearity in the ith subsystem and

the term 7., Z;;(t, z;) as the known interconnection within the ith subsystem. It will be
j=1

shown that such a class of interconnections can be employed in decentralised controller design

to reduce conservatism.
The objective of this chapter is to design a decentralised control
ui:ui(xi,t), 1= 1,2,...,N (63)
for system (6.1) based on sliding mode techniques such that the corresponding closed-loop
system formed by applying the controllers (6.3) to the system (6.1) is asymptotically stable.
The following basic assumption is firstly imposed on the system (6.1).
Assumption 6.1. The matrix pairs (A;, B;) are controllable and rank(B;) = m; for i =

1,2,...,N.

Under the condition that rank(B;) = m; in Assumption 1, there exists an invertible matrix
Ti € R(mixni) guch that after the coordinate transformation T; = Tixi, the matrix pairs (A;, B;)

with respect to the new coordinates Z; have the following structure

. Apg Ap o

A; = _ _ = TZ'AZ'TZ._ (6.4)
Az A

- 0 -

B, =| _ =T;B; (6.5)
Bis

where A;; € Rmi—mi)x(ni—mi) and the matrix Bjy € R™Mi*X™i is nonsingular for i =

1,2,..., N. It should be noted that the matrix Tl can be obtained using basic matrix theory.
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Assume that (A;, B;) is controllable. From [16], it follows that the matrix pair (A;1, 4;2)
in (6.4) is controllable. Then, there exists a matrix K; € R(ni=mi)xmi qych that flﬂ - Kiflig is

Hurwitz stable. Considering the system (6.1), introduce a new transformation matrix as follows:
Ti=| " T (6.6)
It is clear that the matrix T is nonsingular. Define z = col(z1, 22, . .., 2n) Where z; = T;x;.

Then in this new coordinate system, system (6.1) has the following form

N
. Al Agp 0
Z; = 2i + B (u; + gi(t, zz)) + E Fij(t, Zj) + (5z‘(t, Z) (6.7)
Aiz A Bis j=1

where z; € Tz(Dz) =0, A1 = Ail — AZQKZ is stable,
T = diag{T; 1, Ty ', ... Ty}

and

9i(t, z1) =i, T; ' 2) (6.8)
[ 1ot 2

Lij(t, zj) & ZJ( %) = T\=(t, T; '2)) (6.9)
84 (t,

8i(t,2) & i(:2) = Tyhi(t, T~ "'2) (6.10)
82(t, 2)

where I'{;(t, 2;) € Ri=ma) [ §9(t, z) € RMi=mi), F?j(t, zj) € R™i, and &(t,z) € R™: for
i,j=1,2,....N.

For further analysis, now partition z; =col(2%, z?) where z¢ € R™~™i and 2? € R"™.

Then the system (6.7) can be rewritten in the following form

N
Z? :Aﬂzf + Alng + ngj(t, Zj) + (S?(t, Z) (611)
J=1
_ N
Zf :Aing + AZ4Z£) + Bﬂ('LLi + gi(t, ZZ)) + Z Ff] (t, Zj) + 5§(t, Z) (612)
7j=1

where the matrix A;; in (6.11) is stable.

The following assumption is imposed on the uncertainty.
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Assumption 6.2. There exist known continuous functions p;(t, z;), n(t, 2) and % (¢, z) such

thatfori=1,2,..., N,

@ itz < pilt, 2:)
() |67t 2) [ < mi'(t, 2)[|=]]

Gi) |60t 2)|| < n2(t, 2)

Remark 6.1. Assumption 6.2 is a limitation on all the uncertainties experienced by the inter-
connected system. It is required that bounds on the uncertainties are known. These bounds
will be employed in the control design to reject the effects of the uncertainty. It should be
emphasised that the bounds on the uncertainties in Assumption 6.2 have a more general form
when compared with existing work [22, 47, 11, 156]. It should be noted that it is only required

that 6¢(-) vanish at the origin, and it is not required that g;(-) and 5?(-) vanish at the origin.

6.3. Stability Analysis of the Sliding Motion

In this section, a sliding surface is designed for the system (6.7) and the stability of the
corresponding sliding motion is analysed. A set of sufficient conditions is provided such that

the sliding motion is asymptotically stable.

It is clear that system (6.11)-(6.12) has regular form. Choose the local sliding surface for

the sth subsystem of the large-scale interconnected system (6.7) as follows:

oi(z) = 22 =0, i=1,2,...,N. (6.13)

7

Then, the composite sliding surface for the interconnected system (6.11)-(6.12) is chosen as

o(z)=0 (6.14)
where
o(z) =: col(o1(z1),02(22),...,0n(2N))
= col <zll’, zg, . 725)\[)

Since A;; in (6.11) is stable, for any (); > 0, the following Lyapunov equation has a unique

solution P; > 0 such that

AL P+ P An = —Q;, i=1,2,...,N. (6.15)
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During sliding motion, zzl-’ =0fort=1,2,...,N. Then, the sliding mode dynamics for

the system (6.11)-(6.12) associated with the designed sliding surface (6.14) can be described by

2= Anz —i—ZF §) 07 (t, 21, 25, 2N) (6.16)

where
Ffj(t7 Z;I) :F?](t7zj>‘z§’20 (617)
6 (t, 21, 29, ..., 2%) =07 (t, z)|(z ) =0 (6.18)

Here F?j(t, z;j) and 0¢(t, z) are defined in (6.9) and (6.10) respectively.

Assumption 6.3. The functions Ffj (+) in (6.17) have the following decomposition:

L3t 25) = T55(t, 27) 2§ (6.19)

where f‘fj(t, z{) is an appropriately-dimensioned matrix function for 4, j = 1,2,..., N.

Remark 6.2. If the term =;;(t, x;) in system (6.1) is sufficiently smooth with Z;;(t,0) = 0,
then I'};(t, 2§) will be smooth enough with Ffj(t, 0) = 0. From [47], it is straightforward to
see that the decomposition (6.19) holds. It should be noted that in the system (6.11)-(6.12), the
interconnection terms are I'{;(t, z;) and I’g’j(t, z;). Therefore, it is clear to see from (6.19) and
(6.17) that the Assumption 6.3 does not require that the interconnections vanish at the origin.
This is in comparison with all of the associated work [22, 98, 100, 47] where it is required that

the interconnections vanish at the origin.

Under Assumptions 6.1-6.3, a reduced order interconnected system composed of N
subsystems with dimension n; — m; is obtained as follows:
n ~
B = Apal Y D5 220+ 65 (t, 25, 28, 2) (6.20)
j=1
which represents the sliding mode dynamics relating to the sliding surface (6.14), where

z¢ € R™~™i and I§(t, 22) is defined in (6.19).

Lemma 6.1. For the terms 6 (t, 2{, 25, . .., 2%;) in system (6.20), if condition (ii) in Assumption

6.2 holds, then there exist continuous functions v;;(-) such that

=2

185 (t, 21,25, .., 2 Z (t, 22| 6.21)
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where

vi(t, z%) = ni(t, 21,0, 25,0,...,2%,0)
fori=1,2,...,N, and z* = col(z{, 25, ..., z%).
Proof. From the definition of 67 (-) in (6.18), it follows that

5'?(t7 Z%’ Zg? ctt Z%) = 5’?(t7 Z%? 07 Zg? 07 ct ZaN? 0) (6'22)

From condition (ii) in Assumption 6.2,
1163 (t, 2) || < ni'(t, 2)[l ]l (6.23)
From (6.22) and (6.23), it follows that

||6zs(t7 Z%,Zg, .- '727\/)H = H(Sf(t,z‘f,o,zg,o, .- 'aZ]a\/aO)H

<t 24,0,28,0,...., 25, 0)[|2°

N
< Zn?(tazgvovz;,o, e ,Z?V,O)HZ?H

.
Il
-

< D lt 2= |

WE

<.
Il
—

Hence the result follows. |
The following result can now be presented.

Theorem 6.1. Consider the sliding mode dynamics given in equation (6.20). Under Assumptions
6.1-6.3, the sliding motion governed by (6.20) is asymptotically stable if there exists a domain

Q.o of the origin in z2° € REL1(=m) sych that
M"+M>0
in Q.a\{0} where M = (my;) n , n» and

Amin(Qi) — 2| Pillvi(t, 2%) — ii(t, 28), i=j
—Gij(t, 2§) = 2| P;[|vi(t, 2), P

where P; and Q; satisfy (6.15), and the functions <;;(-) are defined by

mi]’ =

Gj(t,25) = | P3¢, 25) + (T5)7 (¢, =) B

with f‘fj(t, z}l) given by (6.19), and ~;(t, z%) satisfy (6.21) fori,j =1,2,...,N.
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Proof. For system (6.20), consider the Lyapunov function candidate

N
V(t, 2, 25,...,2%) = Z(zf)TPsz (6.24)
=1
where P; satisfies equation (6.15).
Then, from the lyapunov equation (6.15), the time derivative of V (¢, 2{, 29, ..., z%) along

the trajectories of system (6.20) is given by
V= Z{ (38)7 P2® + (20)7 P20 }
N
<> { = Mnin ()18 + 202 N Bill110F (2, 2, 28, - - 28) 1+
e
N

N
<3 (@) M2 + 3 st 2+ 212 S 22 B

=1 j=1 7j=1

iNfl(ta Z?) + (ffj(tv Z;'L)) z

N

== 3 { @) = 2RI (8 27) = st A

+ZZ{% 2+ 20\ Pillict, 2) 122 128

lel

J#i
1
= — iYT(MT +M)Y (6.25)
where Y =: col(||2{]],. .., [2%]])-
Thus, the conclusion follows from M7™ + M > 0. [ |

Theorem 6.1 shows that the sliding motion corresponding to the designed sliding surface is
asymptotically stable. Conditions to ensure this sliding motion is attained and maintained will

be developed in the next section.

6.4. Decentralised Sliding Mode Control Design

A SMC is designed to drive the system to the sliding surface. It is well known that an

appropriate reachability condition is described by

o™ (2)o(z) <0
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for a centralized system with switching surfaces o(z) = 0. For the nonlinear interconnected
system (6.1), the corresponding reachability condition is described by
N

3 oi(z)0iz) (6.26)

2 o)

where o;(z;) is defined by (6.13). It should be noted that the condition (6.26) is proposed in
[113] and has been widely used (see, e.g. [47]).

Consider system (6.11)-(6.12). In order to reduce the effects of the unknown interconnec-
tion 0%(-), consider the expression

N

U?(taz) = Z,Uij(t’ Zj) +l/i(t7 Z) (6.27)
j=1

where v;(t, z) represents all the coupling terms which cannot be included in the term

S pa(t 25).

Remark 6.3. The interconnection decomposition in (6.27) is not unique and is introduced to
reduce the conservatism caused by the interconnection terms within the control design. There is
no general way to obtain the decomposition. The first interconnection term Z;\le pij(t, z;) has
a superposition property. It will be shown that the term Zévzl pij(+) in (6.27) can be rejected by
selection of an appropriate decentralised control and this will reduce conservatism. The second

term, vi(t, z) in (6.27), cannot be rejected by the choice of decentralised control.

The objective is to design a decentralised sliding mode controller such that the reachability

condition (6.26) is satisfied. Fori = 1,2, ..., N, the following control scheme is proposed:

N
U = — BZ-EI{AQ,Z? + AMZ? + ngi(tv Zl)}
j=1
N

- Bi_legn(Zg){HBﬂHPi(ta 2;) + Z wii(t, zi) + Gi(t, Zz)} (6.28)
j=1

where z; = col(2¢, 2

), pi(t, z;) are defined in Assumption 6.2, 11;;(t, z;) satisfy (6.27) and

Gi(t, z;) is a reachability function which will be defined later.

Theorem 6.2. Consider the nonlinear interconnected system (6.7). Under Assumptions 6.1-

6.3, the decentralised control (6.28) is able to drive system (6.7) to the composite sliding
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surface (6.14) and maintains a sliding motion on it thereafter if in the considered domain

Q=Q1 x Qg+ X Qu, the functions (;(t, z;) in (6.28) satisfy
N N
D Gt ) > it 2) (6.29)
i=1 i=1

in Q\{0} for all t > 0 with v;(t, z) defined in (6.27).

Proof. From the analysis above, all that needs to be proved is that the composite reachability

condition (6.26) is satisfied. From (6.14), fori = 1,2,..., N,
Gi(z) = 20 =Apzl + Azl + Bio(ui + (8, T 1 2)) + ZF (t,2;) + 6(t,2)  (6.30)

Substituting (6.28) into (6.30),

N T(2)64(2%) N (

i=1 =1

”Bl2sz t Zz ZM]Z t Zz Cz t Zz)}

szH{ZZF (t,25) ZZF tzl

1=1 j=1 =1 j=1

N N N )
Z | Baagi(t, T 2+ Y 182t ) = Y 1 Baallpit, =)
=1 =1 i=1
N
- ZZw,zi) = Gilt, ) 6.31)
=1

i=1 j=1

From Assumption 6.2,

N N
D llsE, T 2| <ZZMJ (t,2)) + > vilt,2)
=1 i=1 j=1 =1
N N N
- ZZ pji(t, zi) + ) vilt, z) (6.32)
=1 : =1
and
| Biadhi (t, T, z0) | <|| Bz ||| i (t, T 20)[| < || Biallpi(t, 2i) (6.33)
Substituting inequalities (6.32) and (6.33) into (6.31),
Z (t, 2i) + Zyl (t, 2) (6.34)
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Then the reachability condition (6.26) is satisfied. Hence, the result follows. [ |

Remark 6.4. It should be noted that the functions (;(-) in (6.29) are design parameters. Theorem
6.2 shows that if (;(-) are designed to satisfy condition (6.29), then the well known reachability
condition holds and a sliding mode will occur. Moreover, if all the interconnection functions
v;i(t, z) are bounded fori = 1,2, ..., N in the considered domain ), it is straightforward to

see that (6.29) always holds by choosing appropriate (;(-).

From SMC theory, Theorems 5.1 and 5.2 together guarantee that the closed-loop system
formed by applying the decentralised controller (6.28) to the interconnected system (6.7) is

asymptotically stable in the domain ).

It is clear to see that system (6.7) is an expression of system (6.1) in the new coordinates

zi(z; = Tyx;). Partition T; as follows

Te
Ti=| (6.35)
Tz'b
where T € R(mi=mi)Xni and TP € RMixni,
Then
2 Tos,
=2 = Tiwi = (6.36)
Zé) Tiba:l

From the relationship between (6.1) and (6.7), it is straightforward to rewrite the control

(6.28) in terms of the x coordinates to stabilize the system (6.1) using (6.36).

6.5. Case studies

6.5.1. Control of a CSTR

To illustrate the algorithm, a system composed of three cascaded non-isothermal continu-
ously stirred-tank reactors (CSTRs) with recycling as presented in example 2 of section 3.5.2 is
considered. Asin [114], it is assumed that the recycle ratio is » = 0.5 and the system parameters

are given in Table 6.1. The corresponding steady state operating conditions are presented in
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Table 6.1: CSTR System Parameters

Parameters
FY
Fy
Fy
Ty
b}
3
AH;
AH,
AHsj
Eq
Es
Es

Value

4.998 m*/h

30 m/h

60 m3/h

300.0 K

300.0 K

300.0 K

-5.0 x 10* KJ/kmol
-5.2 x 10* KJ/kmol
-5.4 x 10* KJ/kmol
5.0 x 10* KJ/kmol
7.53 x 10* KJ/kmol
7.53 x 10* KJ/kmol

Parameters
1

Va

Vs

Cl

0
CAQ

Value

1.0 m?

3.0 m?

9.0 m?

4.0 kmol/m?
3.0 kmol/m3
2.0 kmol/m3
3.0 x 105h!
3.0 x 10°h~!
3.0 x 10°h~!
1000.0 kg/m?
0.231 KJ/kg K
94.998 m3/h

Note: F,. = rF3 where 7 is the recycle ratio.

Table 6.2 (see [114]). The objective is to design a decentralised control strategy to stabilise the

Table 6.2: CSTR System Steady State Operating Conditions

State

Equilibrium Point
432.8113 K
422.1458 K
427.8888 K

State
Ca
Cho

s
CAB

Equilibrium Point
1.8864 kmol/m>
2.0510 kmol/m?
1.8302 kmol/m3

CSTR system asymptotically. Let x;7 = Cy; — C%; and 2o = T; — T} for i = 1,2, 3. Then,
the CSTR system can be described in the form of (6.1) by

T =

—99.996 0 0
T+
0 —99.996 0.00433
A1 Bl

(u1 + ¢1(t, 21))
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94.998 0 Ji(t, 1) ]
+ xr3+ +1(t, x) (6.37)
0  94.998 fra(t, 1)
5;3 =11
_ 43332 0 0
Ty = To + (u2 + ¢2(t7x2))
0  —43.332 0.00144
A2 BQ
33332 0 for(t, zo
x1 + (t,2) Fibo(t, ) (6.38)
0  33.332 faa(t, x2)
=23 Hoo
, 21111 0
iy = x3 + (u3 + ¢3(t, x3))
0 —21.111 0.000481
A3 BB
14.444 0 f31(t, x3)
To+ +3(t, v) (6.39)
0  14.444 fao(t, x3)
5;2 E33
where
—6013.952
¢, :(—3 108 exp(———-2222_y _ 6 % 107
fult;z) A0 expl e s siis) O
—9057.012
el 1.8864) + 5.2249 6.40
exp( 432.8113))(9511 + )+ (6.40)
~6013.952
¢, :(6.494 108 exp(————2222 ) 11377 x 10°
Fra(t; 1) < A0 exp( o siis) t x
—9057.012
_TTPUE 1.8864) — 1131.4185 6.41
exp( 432.8113))(33“ * ) (04D
—6013.952
t, :(— 100 exp(—————2 ) — 6 x 10°
fa1(t, x2) 3% 10 eXp(x22+422.1458) 610
—9057.012
_TTUE 2.051) + 4.0035 6.42
exp(mQ + 422.1458)>(w21 + )+ (042)
—6013.952
t, :(6.494 108 exp(———>722_y 11377 % 108
faz(t, 72) X eXp(m +422.1458) * .
—9057.012
Cexp(——2L022 2.051) — 865.9556 6.43
exp( 422.1458))(”321 +2.051) 04
—6013.952
¢, :(—3 108 exp(———2222 ) _ 6 % 107
J31(t,w3) X eXp(x32+427.8888) X
—9057.012
exp( ))(l'gl +1.8302) + 4.3212 (6.44)

32 + 427.8888
—6013.952

t,x3) =(6.494 x 108 exp(————————
f32(,$3) (6 94 % 10 eXp(gg32—|—4_278888

) +1.377 x 10®
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—9057.012
—_— 1.8302) — 935.5439 6.45
P 1o a8 (1 ) (643)
The unknown matched uncertainty ¢; (¢, x;, t) is assumed to satisfy
”(;51 (t, 331)” §1000|l‘11| + 800|$12| (6.46)
|p2(t, z2)|| <2000|z21| + 600|222] (6.47)

Consider the system (6.37)-(6.39) in the domain
D= {I‘Z S R?’\xﬂ > —Cj‘i, ’1‘22’ < 100}

It should be noted that since the concentration of each tank cannot be negative and the tempera-
ture is upper and lower limited by practical bounds, the domain considered covers a reasonable

range from the practical point of view.

By using the algorithm in [16], the coordinate transformation z; = T;x; for 7 = 1,2, 3 can

be obtained with 7; defined by

1 0
—0.1 1

T, =

Then the system (6.37)-(6.39) is transformed into the form in (6.11)-(6.12) as

, —99.996 0 0
3 = 21+ (u1 + g1(¢,21,t))
0 —99.996 0.00433
94.998 0 re (tz) || st
sy | TllbA) | 0t 2) (6.48)
0  94.998 L9yt 21) | 84 (t, 2)
I'13(t,23)
‘ —43.332 0 0
Zy = z9 + (ug + go(t, 22, 1))
0 —43.332 0.00144
33332 0 TS, (t 29) | 59(t, z
ny | 2B || 0E2) (6.49)
0  33.332 D3y (t, 22) | 85(t, 2)
le(t,z1)
. —21.111 0 0
23 = 23 (ug + g3(t, 23,t))
0 —21.111 0.000481
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14.444 0 14, (t, 23 03(t, z
20+ il 22) + 3(:2) (6.50)
0  14.444 [%5(t, 23) 85(t, 2)
F32zf:22)

where
T3(t, 1) =fu (T} z)
TY(t, 2) =fio(T;  2) — 0.1 fir (T, 2))
fori =1,2,3 and j = 1, 2, and the unknown interconnections are assumed to satisfy
6§(t, z) <5sin®(z11)]2||

55’(t, z) <0.5 sin2(211)||21|| +0.5 Sin2(211)||22|] +0.5 sin2(211)||23|]

~~

pi1(t,z2) v1(t,z)

85(t, z) <6|z1] + 5| 222]
D
22 (t,z2)

52(t, 2) <2cos?(z31)]| 23]

(Sg(t, Z) S 0.2 COS2(211)H2’3H + 0.7|2’22|
2N ,

w31 (t,z1) p32(t,z2)

During sliding motion, z;5 = 0 and I'}; (¢, 2;) is given by

i1t 211) =& (¢, 211) 211 + 1.8864&11 (¢, 211) + 5.2249 (6.51)
F§2(t, 221) =91 (t, Z21)211 + 2.051{21@, 221) + 4.0035 (6.52)
F§3(t, 231) :fgl (t, Z31)211 + 1.8302&31 (t, 231) + 4.3212 (6.53)
where
—6013.952 —9057.012
- _ 1 6 . 1 5
Su(t, 211) = =3 107 exp (7= mo o) = 6 X 107 e (G a0 53
—6013.952 —9057.012
6 5
= —6x1
Sut, 201) = =3 x 107 exp (oo Tasg) — 6 X 107G 590 1458
—6013.952 —9057.012
Eu1(t, z31) = — 3 x 10% exp( ) — 6 x 10° exp( )

0.1231 + 427.8888 0.1231 + 427.8888
It is straightforward to verify that the term 1.8864&11 (¢, z11) + 5.2249 in (6.51) vanishes to O
when x1; = 0, which means that the term can be approximated with a Taylor series. By using a

Taylor series of order 6, the term can be expressed as follows:

1.8864€11 (¢, z11) + 5.2249 = dy (¢, 211 ) 211 (6.54)
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where

di(t,211) =1.43 x 107152, +7.27 x 1071223,

+1.73 x 107823, +2.31 x 107°21; + 0.0168 (6.55)

With the same procedure, the Taylor series’ expansions for similar terms in I'$,(¢, z2) and

I'35(t, z3) can also be expressed with da (¢, z21) and d3(t, z31)

do(t, 221) =7.67 x 1071623, + 3.45 x 1071223,

+7.61 x 107723, + 9.55 x 10 %299 4 0.00658 (6.56)

ds(t, z31) =7.64 x 1071023, +3.67 x 1071223,

+8.42 x 107222, +1.09 x 10 5235 4 0.00776 (6.57)

Thus the known nonlinearity I'}; (¢, z;1) in (6.48)-(6.50) can be expressed as

L5t zin) = (S (t, zin) + dit, 2i1)) 2

-~

Ffi (t,z“)

It is clear that the known nonlinear interconnections I'*ij (¢, z;1) can be expressed as
F‘i?)(t, Z31) = 94.998Z31 Fgl(t, Z11) = 33.332Z31 F§2(t, 2’21) = 14.4442’31
From Lemma 1,
3

01 (L, 211, 221, 231) Z sin®(zg1)|z11 ]

85(t, 211, 221, 231) <2cos®(231) | 231 |
Choosing QQ; = I, for ¢ = 1,2, 3 and solving the Lyapunov equation (6.15) yields

P =-0.005 P,=-0.0115 P;=—0.0237

Then, the matrix function M will be

1= % —0.05 Sin2(211) —0.05 Sin2<211) —0.95 - 0.05 sin2(zll)
s, (¢,
—0.7692 1— % ~ 0
0 —0.6842 1 — Whslbzsill _ 60947 cos? ()

CHAPTER 6. DECENTRALISED CONTROL FOR LARGE-SCALE SYSTEMS



6.5. CASE STUDIES 116

By the help of computing such as LMI toolbox in MATLAB, it is straightforward to verify that

in the domain D,
M™+M >0
It follows from Theorem 6.1 that the designed sliding mode is asymptotically stable. From
Theorem 6.2, define the following decentralised control law

Ul (t, 21) =15395.8441z19 — 230.9469Fl{1(t, Zl)
— sgn(zlg){1000|zn| + 800|212 — 0.1211|

+115.47sin?(z11) || 21| + 230.9469(1(21)} (6.58)

Reactant Concentration

3 T T
Cel
mE 25 _— Ce2 |
3 - Ce3
g
c
2
o
€ 15f
[}
o
c
o
©
05 . . . .
0 0.2 0.4 0.6 0.8 1
Time hr
Temperature
550
Tel
500 _ T82 |
N4 Te3
(0]
5 450
©
[}
Q.
£ 400F,
()
'_
350
300 Il Il Il Il
0 0.2 0.4 0.6 0.8 1
Time hr

Figure 6.1: Time response of the states of the CSCTR system from (3.89)-(3.94)
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us(t, z2) =20014.7806205 — 692.8406T%, (1, 22)

. sgn(zgg){Qooszl\ 4600|225 — 0.1z

+ 692.8406@(,22)} (6.59)
us(t, z3) = — 153575.7506239 — 2078.5219T%, (¢, 23)

. sgn(zgg){415.70348 cos?(z31)]| 23 + 2078.5219C3(23)} (6.60)

where (3 (z1) = 250 + 0.5]|z1||, (2(22) = 100, and (3(z3) = 100.

By direct computation, it follows that the condition ZZJ\L 1Gi(zi) > Zfi 1 vi(t, z) is sat-
isfied in the domain D, and thus the designed controllers (6.58)—(6.60) stabilise the system
(6.37)-(6.39) asymptotically. The time responses of the system states of the CSCTR described
in equations (3.89)-(3.94) are given in Figure 6.1 where the upper figure shows the reactant
concentration while the lower figure shows the tank temperature. The time response of the
control input signals are shown in Figure 6.2. The simulation results show that the proposed

approach is effective.

6 Rate of Heat u.
x 10 !
20 ‘

15} U, I

10

rate Q KJ/hr

-5 ! ! ! !
0 0.2 0.4 0.6 0.8 1

Time hr

Figure 6.2: Time response of the control input signals

6.5.2. Automated Highway Systems

To illustrate the algorithm, an automated high systems composed of six vehicles as pre-
sented in example 3) of section 3.5.2 is considered. The stability and the robustness of the

vehicle-following system will be considered as a case study to demonstrate the theoretical results
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and the parameters are chosen as in [67]:

m; = 1300kg, A; = 0.3Ns?/m?, d; = 100N
Ri = 0.28, Vo = 20m/s
As in [157], a safety distance frequently used in automated highway systems based on the

Time-Headway policy (CTH) is used in this design. The safety distance defined by the CTH
policy is described by (e.g. see [157])

§a(vi) = &ao + P 6.61)

where &y is the distance between stationary vehicles, and ( is the so-called headway time. It is
well known that the safety distance is closely related to the vehicle’s velocity. Therefore, the
safety distances in (6.61) are more practicable when compared with the work in [67] and [116]

in which the safety distance is chosen as a constant.

Define £ = 1, 8 = 0.5 and vy = vg as an ideal driving velocity, and let

zi =& — &a(vi) (6.62)
Li2 = Vi — Ud (6.63)
fi = Aipvg — di

3 = 6.64

s 1000 664

for: =1,2,...,6. Then, a 6-vehicle following system can be described in the form of (6.1) as
follows:

0 1.0046 —0.3846 0

=10 —0.0092 0.7692 | =i+ 0 (u; + 220 + ¢;(;, 1))

0 0 -5 0.005
A B
—Z(i—1)2 0.000462%,
+ 0 + | —0.000232%, | +¥i(t,z), i=12,...,6 (6.65)
0 0

~~

EiGi-1) Eii
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where Z;; = 0if i # jand j # ¢ — 1, and

—Z02 —vo + Vg
:'LO - 0 — 0 =0
0 0

The bounds of the unknown matched uncertainty ¢;(z;, t) are assumed to satisfy

@1 (x1,t)]| <20|z11 + 12| + 80|13 (6.66)
l|p2(z2,t)|| <25|x91 + 22| + T5|w23] (6.67)
llp3(xs,t)|| <30|xz1 + x32| + 70|x33] (6.68)
[¢a(z4,)| <35|z41 + Ta2| + 65|43 (6.69)
l[¢5(25,t)[| <40|a51 + 52| + 60|53 (6.70)
llps (6, t)|| <45|x61 + z62| + 55| z63] (6.71)

Remark 6.5. The high-speed following system is a physical system and the mass of each vehicle
is relatively large and thus the corresponding driving/braking forces are large. It should be
noted that the uncertainty added to the system in the current study is to illustrate the robustness
of the designed control system to verify the results obtained in this chapter. This element is not a

feature of the system in [67].

Consider the system (6.65) in the domain
D; = {(zi1, T2, i3)  |xi2| < 20} (6.72)
which, from (6.63), implies that the maximus speed of all the cars is 40m /s (144 Km/h).

By using the algorithm in [16], the coordinate transformation z; = T;x; fori = 1,2,...,6

can be obtained with 7; defined by

1 0 0
Ti=1 0 1 0
13 20.79 1

then the system (6.65) is transformed into the form (6.11)-(6.12) with

5 9 1 —0.3846

Al Agp |
— ~10 —16 ' 0.7692
iz A —77.88 —111.668 | 5.9908
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0
0.005
fori=1,2,...,6 and
(t2) 0.000115x%
I'e. (2, 24
Ti(t,z) = | 777 | = | ~0.000232%,
Ff@(tv Z]) ”””””””””
—0.0033z%,
fori=1,2,...,6 and
T(;—1)2
Ie. t, 2
Ligi—1y) = Z(Fl)( 2 = 0 ’ i=2....6
Coapy(tz) | [

The bounds on the unknown interconnections satisfy

69 (t, z) <0.01 cos®(z12)|| 21| + 0.008 sin’(z21) | 22|

6%(t, z) <0.009 cos?(za1)||22|| + 0.016 sin?(213)||21]| + 0.0096 cos®(z33) | 23|

6% (t, z) <0.008sin? (23223 + 0.007 cos®(211)||z1]| + 0.011 cos?(2a2) || z2||
+ 0.0095 cos?(z42) || 24|

0% (t, 2) <0.011 cos?(z41)|| za|| + 0.012 cos®(zaz) || 22| 4+ 0.01 cos?(z31) || 23]
4 0.0078 cos®(z51) || 23|

62(t, z) <0.012sin?(251)|| 25| + 0.016 cos®(za3) || 22 [ 0.009 sin? (z42) || 24|
4 0.0074 cos®(z63) || z6]|

62(t, z) <0.02sin”(263)]| 26| + 0.0075 sin?(213) || 21]| + 0.012 sin?(z51) || 25|
and

88(t, 2) <0.24 cos®(212)]| 21 || + 0.192| 22|
—_———

-~

pr(tz1) p12(t,22)

53(1&, 2) <0.18 0082(221) |lz2]] +0.38 sin2(213) |21l

-~

p22(t,22) w21 (t,21)

+0.32 sin2(222)||z1 || + 0.192 sin2(z22z33)||z3|]

vo (t,Z)
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85(t, 2) <0.2|291 + 222| + 0.1] 223

w32 (t,22)

(52(15, Z) < 0.3|211 + 213| + 0.2‘212‘ +0.6’251 + Z52| + O.4|Z53‘

pai(t,21) pas(t,25)

85 (t, 2) <0.6]291 + 222| + 0.4|203]

pe2(t,22)

50 50 T T
o L\ X11 o L\ X21
g o = ———x g of T -
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Figure 6.3: Time responses of the state variables of the system (6.65)

It is clear that the known nonlinear interconnections I';;(¢, ;) in equation (6.19) can be

expressed as

0 23zip 0
=10 —3%522 0], i=1,...,6
0 —228d25 0 |
0 -1 0]
nw=I5%=10 0 0
0 —13 0

which, by direct verification, satisfy (6.19). Now define the sliding surface as

O'(ZZ'):ZZ‘;),, iZl,...,G
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Then, when the sliding motion takes place, from Lemma 1,

54 (t, 2%, ..., 28) <0.01 cos?(212)]| 2% + 0.008 sin?(za1) |25 |
6%(t, 2%, ..., 2&) <0.009 cos®(z21) |25 4 0.016 sin?(212)]| 2|
6%(t, 2%, ..., 2&) <0.008sin?(232) || 25| 4 0.007 cos?(211)|| 2|
4 0.011 cos®(222)| 25| + 0.0095 cos? (z42) || 24 |
64 (t, 2%, ..., 28) <0.011 cos®(z41) 2§ 4 0.012 cos? (220)| 24|
+0.01 cos?(231)||25]| + 0.0078 cos?(z51) || 22|
S(t, 2%, ..., 28) <0.012sin%(z51) |22 4 0.009 sin?(242)]| 24|

S(t, 2%, ..., 28) <0.012sin*(z51) | 22|l

Choose Ql = 1000[2,@2 = 234[2,@3 = 23[2,@4 = 1.3[2,Q5 = 0.05]2 and QG =

0.0115, by solving the Lyapunov equation, (6.15) yields

1577.27  —931.82 369.08 —218.05

—-931.82 613.64 —218.05 143.59
36.28 —21.43 2.05 -—-1.21
Py = Py =
—21.43 14.11 —1.21 0.80
0.079 —0.047 0.016 —0.0093
Ps = Ps =
—0.047 0.031 —0.0093 0.0061

Then, the matrix function M can be obtained. It is straightforward to verify that in the domain

Q =T(Dy x Dy x --- x Dg) where D; are given in (6.72) fori = 1,...,6,
M™+ M >0

It follows from Theorem 6.1 that the designed sliding mode is asymptotically stable.

Choose

¢1 =200+ 0.32]|z1|| ¢2 =200 (3 =200+ 0.192]|z3]|
Ca =200 (5 =200 (g =200
From (6.28), the controller u; for ¢ = 1,...,3 is well defined and the condition (8.35) in

Theorem 6.2 is satisfied in the considered domain.

Simulation results are obtained and shown in Fig.6.3-Fig.6.7. The time responses of all

the system states are shown in Fig.6.3. From Fig.6.3, it is clear to see that all subsystems are
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Figure 6.4: Time responses of the velocities of the vehicles
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Figure 6.5: Time responses of the driving/braking forces of the vehicles
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Figure 6.6: Time responses of the actual distances and the safe distance defined in (6.61)
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Figure 6.7: Time responses of the system input

CHAPTER 6. DECENTRALISED CONTROL FOR LARGE-SCALE SYSTEMS



6.6. CONCLUSION 125

stabilized even in the presence of uncertainties. The time response of velocities, driving/braking
forces and distances with safe distances defined in (6.61) are shown in Fig.6.4-Fig.6.6 respec-
tively. According to Fig.6.6, all cars are running within the prescribed safe distance to avoid
collision. In Fig.6.5, it is clear to see that some subsystems, e.g. the 4th and 5th subsystems,
experienced relatively large disturbances. However, owing to the robustness of the controller
with respect to matched uncertainties when in the sliding mode, the closed-loop performance is
robust. The control input signals applied to the system (6.65) are shown in Fig.6.7. It should
be noted that a boundary layer approximation is used in the simulation, and thus there is no

chattering. The simulation results show that the proposed approach is effective.

Remark 6.6. From the simulation example, it is clear to see that the bounds on the uncertainties
have a more general form in this chapter when compared with the existing work in [67] and
[158]. In fact, in [67], the uncertainties are inevitably assumed to be a linear combination of
known nonlinear functions in order to adaptively compensate parameter uncertainty. Further-
more, the bounds on the interconnections are assumed to satisfy a linear growth condition (i.e.
16:]] < E;v:o cillz;|l)- In [158], an adaptive fuzzy control is applied on an automated highway
system. In order to counteract the effect of the uncertainties, the bounds on the interconnection

terms are assumed to have a special structure [158].

6.6. Conclusion

In this chapter, a decentralised state feedback SMC law has been proposed to asymptotically
stabilise a class of nonlinear interconnected systems with known and unknown interconnections
in the considered domain. Both matched and mismatched uncertainties are considered. The
bounds on the uncertainties can be nonlinear functions instead of constants or polynomial
bounds as in previous work. Both known interconnections and the bounds on the unknown
interconnections have been fully considered in the control design to reject their effects on
the system to reduce conservatism. The developed results are applicable to a wide class of
interconnected systems. Simulations for a CSTR system and a vehicle-following system have

been presented to show that the results obtained are effective.
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CHAPTER. 7

DECENTRALISED CONTROL FOR
LLARGE-SCALE SYSTEMS IN

GENERALISED REGULAR FORM

For a linear system, the regular form can be obtained through basic matrix calculation. However,
for a fully nonlinear MIMO interconnected system, the regular form does not always exist as
discussed in Section 3.2.4. For a system that the classical regular form is not available, it is
useful to develop control strategy based on the generalised regular form defined in Chapter 5. In
this chapter, a nonlinear decentralised control strategy for a class of nonlinear interconnected
systems in generalised regular form is proposed based on a SMC paradigm. The considered
large-scale systems with fully nonlinear isolated subsystem have more general form than the
system with the classical regular form considered in Chapter 6. The uncertainties are assumed
to be bounded by known functions which are employed in the control design to counteract
the effects of the uncertainties in the controlled interconnected system. It is shown that if the
uncertainties/interconnections possess a superposition property, a decentralised control scheme
may be designed to counteract the effect of the uncertainty for the nonlinear large-scale systems

as well. To be specific, a class of nonlinear interconnected systems with subsystems in the
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generalised regular form is studied in Section 7.1. Decentralised structure based on SMC
technique for such systems is developed in the presence of both matched and mismatched
uncertainties in Sections 7.2 and 7.3 regarding the stability of the sliding mode and reachability
of the decentralised controller respectively. A numerical example with simulation results is
presented in Section 7.4 to demonstrate the proposed control scheme. Finally, the conclusion of

this chapter is presented in Section 7.5.

7.1. System Description

Consider a class of nonlinear large-scale interconnected systems composed of N subsys-

tems where the ¢-th subsystem can be transformed or described by

N
Xi =F(t, X;) + Gilt, X)) (U + (., X)) + > Hyj(t, X;) (7.1)
=1

where X; € ; C R™ are the state variables of the i-th subsystem. The vector F;(-) with
F;(t,0) = 0 and the function matrix G;(-) are continuous with appropriate dimensions.
U; € R™ denote inputs of the i-th subsystem respectively for i = 1,2,..., N. Matched
uncertainty is denoted by ®;(-). The nonlinear functions H;;(-) € R™ represent the uncertain
interconnections. Specifically, H;;(-) represent the uncertainty in the i-th subsystem. It is
assumed that all the nonlinear functions are sufficiently smooth such that the unforced system

has a unique continuous solution.

For further discussion and analysis, rewrite system (7.1) as follows

N

X{ =F(t, X;) + G3(t, Xo) (Ui + ®ilt, Xi)) + > His(t, X)) (7.2)
]1

X =FP(t, X)) + GU(t, X)) (Us + +94(t, X)) +ZH"tX) (7.3)
7j=1

where X = col( X4, X%, ... ’qu(m—mi)) € R™~™i and X? € R™ are derived from X, :=
col(X?, X?), and

Fia(thi) G(il(thi)
Fi(t, X;) :== . Gi(t, X;) = (7.4)
Fh(t, X;) Go(t, X,

CHAPTER 7. DECENTRALISED CONTROL FOR LARGE-SCALE SYSTEMS
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Hi(t, X;)

(1.5)
HY(t, X5)

Hij(t, X;) ==

where the function vectors F¢(-) € R ™) and FP(-) € R™ , the function matrices
G4(-) € Rm=mi) and GY(-) € R™: and the uncertainties H{ () € R™~™ and Hfj() € R™

are continuous with appropriate dimensions.

Choose the sliding function o;(X;) as follows:
0i(X;) = X0+ @i(X8), i=1,2,...,N. (7.6)
where ;(+) is a known Frechet-differentiable function with ¢;(0) = 0 satisfying
Mo, (&) (My, (&))" <Bilm, V& € R™™ (1.7)

where M, (-) € R™:*("~mi) represent the Jacobian matrix of the function ¢;(-), and f3; is a

positive constant.

For the sliding functions in (7.6), the sliding surface is described by

Si={X; e R"| o;X;)=0}, i=1,2,...,N. (7.8)

Define function matrix I';(¢, X;) as
Ti(t, X;) = Go(t, X;) + M, (X{)G (t, X;) (7.9)

where G (-) and Gg’(-) are defined in systems (7.2)-(7.3) and ¢; () are defined in (7.6).

Assumption 7.1. System (7.1) is in the generalised regular from, see Definition 5.1 in Section
5.2 of Chapter 5, described by (7.2)-(7.3), and the function I';(-) defined in (7.9) is nonsingular
for X; € Q;fori=1,2,...,N.

Remark 7.1. As discussed in Section 3.2.4 in Chapter 3, the distribution spanned by the column
vectors of the input matrix is completely integrable if and only if the distribution is involutive (e.g.
see [32]). This implies that the classical regular form does not always exist. As the generalised
regular form include the classical regular form as a special case, which further shows that the

proposed method has more general form than the existing work.
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Assumption 7.2. There exist known continuous nondecreasing functions Efj() in R with

=a

E{;(0) = 0, and known continuous functions = ®(-) and p;(-) such that

) || H (8, X5)|| < E51X51)) (7.10)
(11)HH (t, X;) H - (11%51) (7.11)
(iid) [| 4 (¢, Xo)[| < pi(t, Xi) (7.12)

forallt € RT,and X; € Q; fori =1,2,...,N.

Remark 7.2. Assumption 7.2 is a limitation on all the uncertainties experienced by the system.
It is required that bounds on the uncertainties are known and the bounds will be employed in the
control design to reject or reduce the effect caused by the uncertainties. It should be pointed out

that only uncertainties H; (+) are required to vanish at the origin, which are reflected through

—=a

E{;(0) = 0 while it is not required that Hf’j(t, X) are vanished at the origin in this chapter.

7.2. Stability Analysis of the Sliding Mode

Choose the composite sliding surface for the interconnected system (7.2)-(7.3) as follows
o(X)=0 (7.13)

where o(X) =: col (01(X1),02(X2),...,o0n(Xn)) and X := col(X;, Xo,..., Xy) with
0;(+) defined in (7.6). During sliding motion, o;(X;) = 0 fori = 1,2, ..., N. Therefore, when

sliding motion occurs, from Assumption 7.1,
Gg (t7 XZ) =0

and from (7.6),
X7 = —pi(X7)

fort =1,2,..., N. Then, the sliding mode dynamics for the system (7.2)-(7.3) associated with

the designed sliding surface (7.13) can be described by

X& = F(t, X2 +ZHS (t, X) (7.14)
7j=1
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where
P (t, X7) =F{(t, X{', —pi(X]")) (7.15)
and
Hp(t, X7) == Hj(t, X7, —p;(X7)) (7.16)
fori, 7 =1,2,..., N with Hfj(t, X ) defined in (7.2).

Lemma 7.1. For terms H fj (t, X]a) in system (7.14), if inequality (7.10) in Assumption 7.2 holds,

then
[1H (8 X1 < 2551 X311 (7.17)
where
251551 = B (V1 + Bl XF1))
where Z5;(-) are defined in (7.10).
Proof. From the definition of H(-) in (7.16), it follows that
H(t, X5) =Hj5(t, X5, —pi(X7)) (7.18)
From (7.7), it is straightforward to see that
[My, ()|l < V/Bi (7.19)
Then from the mean value theorem,
lpi(h) = @i(0)[| = [[pi(h)[| < +/BillRl] (7.20)

When the system is on the sliding surface

Il =/ )7 + (XX
=/ (X0)TXE + o (X i (XE)
<yJIxelz + g x|
—VTTRIX? 720

From (7.18), (7.10) and (7.21), it follows that

1 (&, X <E5(1X51) < 251+ Bl X7 ) = =35 (1XF1) (7.22)

Hence the result follows. |
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Assumption 7.3. There exist continuous C' function V; : Rt x R™~™i — R* and functions

Gi1(+)s si2(+), sis(+) and ;4 (+) of class K such that for all X; € ; andt € R

() < (IX3) < Vit, Xi') < (| X))
OVi(t, X?) | Vilt, X¢)

(ii) 50 oX7 F(t, X)) < =<3 (1X20)
ovi(t, X¢

(iii) H@X‘Z) ‘ < §14(||X2a”)

where

OVi(t, Xi) _ [oVilt, X}) 9Vi(t, X[)  OVi(t, X7)
oxe  \ oXg 79Xy T oXd

i(nij—m;)

with Xa = COl(Xzala Xzan e Xazn —mi))'

Assumption 7.3 is employed to guarantee that all the isolated nominal subsystems of the
interconnected system (7.14) are asymptotically stable. The following result is ready to be

presented.

Theorem 7.1. Under Assumptions 7.1, 7.2 and 7.3, the sliding modes (7.14) of the systems (7.2)-
(7.3) fori =1,2,..., N associated with the sliding surface (7.13) are asymptotically stable if
there exists a domain Qxa of the origin in X* = col(X{, X§,..., X%) € REL (i=mm4) gych
that

(W(t, X)) +W(t, X >0

in domain Qxa\{0} with W (¢, X*) = (w;;(t, X{', X)) Nxn and fori,j =1,2,...,N

pas (I X)) — paa([[ X Dy (IXE), i=13

— paa ([ X5 1Dz (N XF 1D, i F#j

wij(t, X7, X7) =

where [1;3(-), pia(-) and ~;;(-) are defined respectively by

o [ Osis(Eh)
i3 (§) —/0 Tdh (7.23)
) o a§z4(€h)
€)= /0 S8 an (7.24)
L9z, (¢h
Yij(§) = /O af ) dh (7.25)

with h € R, and ¢;3, ¢;3 and = ; are defined in Assumption 7.3 and (7.17) respectively.
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Proof. From (7.23)-(7.25), it can be observed that

i (1 X 1) =g (1 X3 DX (7.26)
Sia (1 X 1) =paa (1 X DI X (7.27)
E5 UG = IXFIDIXF (7.28)

From the analysis above, it is seen that system (7.14) represents the sliding mode dynamics
of the system (7.2)-(7.3) corresponding to the sliding surface (7.13). For system (7.14), consider

the candidate Lyapunov function

N
V(t, X% => Vi(t, X{) (7.29)
=1

where V;(t, X?) is given in Assumption 7.3. Then, the time derivative of V (¢, X¢) along

equation (7.14) is given by

N a A a
V:Z{avi(t,xi) XD by o, OV XY) ZHS . X“}

; ot 0X¢ 8X“
=1 ?
N N
< S{= AUXPD +sua(1X2) 3o =501X D)
i=1 jfl
=—Zuzg IXEDIE + 303 XD XD
i=1 j=1
Xt
1 a a a T ||Xg||
= — SUXEIL XS], - IXED W+ W) [
X8

Since the matrix function W7 + W is positive definite in Qx.\{0} , it follows that V' is negative

definite in domain 2 x«. Hence, the result follows. |

7.3. Decentralised Control Design

For nonlinear interconnected system (7.2)-(7.3) with sliding surface (7.13), the correspond-

ing reachability condition is described by (e.g. see [113, 47])

N .
0 7.30
D Froe] 730
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where 0;(X;) is defined in (7.6).

Consider the decentralised control
Us = = 1716 X { Mo, (XP)F? (8, X0) + B2 X)) |

— T (t, Xi)sgn(o3(X) {Zé_l (1X:0))°

N

+ SOE(t X)) + Neif + [Tt X0t X) + G ) (7.31)
j=1

—=b

where =, (+), £5;(-) and p; (¢, X;) are defined in Assumption 7.2, (; and €; are positive constants

which can be considered as design parameters.

Theorem 7.2. Consider the nonlinear interconnected systems (7.2) - (7.3) fori =1,2,..., N.
Under Assumptions 7.1-7.2, the closed-loop systems (7.2)-(7.3) with the decentralised control
(7.31) are driven to the composite sliding surface (7.13) and maintain a sliding motion on it

thereafter.

Proof. From the analysis above, all that needs to be proved is that the composite reachability

condition (7.30) is satisfied. From (7.6), fori =1,2,..., N

N
i(Xi) =My (X{P)F{(t, Xi) + FP (8, X3) + My, (X)) Y HE(t, X))
7j=1
ZHb (t, X;) + Ti(t, Xi) (Ui + ®i(t, X)) (7.32)

Substituting (7.31) into (7.32),

N ) N N
2 o x)] —Z{HU {ZH £ X))+ M, (X) ZH LX)

=1 =1

+Ti(t X»cln(t,xi)} — ITa(t, X3 it X0)

N
—Zs—l (110 =D 2t Xo)~NeyfiG |

[I]

]=1
< S IIT(t, X0)Di(t, X) ”*ZZHH” X
= i=1 j=1
N N
ol (X;)
e M, (X H% (t, X
+;;||01(X1)H %( 1) z](y ])
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N N N )
=D ITatt, Xo)lloi(t, Xa) = > > et (E(IXal))
1=1 i=1 j=1
N N N ’ N
=D ) ELtX)-NY ebi-Y G (7.33)
1=1 j=1 =1 =1

From the fact that for any positive constant ¢ (e.g. see [73]),
WTZ <eW™ W +e 1272, YW,Ze R (7.34)

Then, from (7.11) and (7.7), it is straightforward to obtain that

_o(Xi) a M)
SNZEZHU' M%(Xz)(M%(Xz)) ||UZ(X1)||

N N
+ D et (HE(L X)) HE (LX)

i=1 j=1

<NZ ’ﬁl ||2 +ZZ _1HHa t, X H

i=1 j=1

_N26zﬁz+225’1 |HE (¢, X)) (1.35)

i=1 j=1

where ¢; is a positive constant.

Then, from Assumption 7.2 and the identity

i=1 j=1 i=1 j=1

it is straightforward to see that

ZZ&*HH“ (t, X)) ||2<ZZe*1 ©(11251)

i=1 j=1 =1 j=1

N N )
:szf (E%1X:1)) (7.36)

N N
= Z > =kt X) (7.37)
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Further from (7.12) in Assumption 7.2,

(T3 (t, X3) @4 (¢, Xa) || <ITa(t, Xo)|[[] @i (2, X5)|

<||ITa(t, Xa) || pi(t, Xi) (7.38)

Then from inequalities (7.35)-(7.38), it is straightforward to verify that

}: Ha mHZ }:g<0 (7.39)

=1

Hence, the result follows. |

Remark 7.3. The result in Theorem 7.2 shows that if the nonlinear function ;(+) defined in
(7.6) satisfies (7.7), then the proposed controller (7.31) can guarantee that all the subsystems

will reach the composite sliding surface (7.13).

From sliding mode control theory, Theorems 1 and 2 together guarantee that the systems

(7.2)-(7.3) are stabilized by the designed decentralised control (7.31).

7.4. Numerical Simulation

Consider the following nonlinear interconnected system composed of three subsystems

described by

3
X =—-0.6X11 cos(X12) + X153+ ZHfj(thj)

Fa(t,X1) j=1

+] 0 sin(x) |1+ @1l X)) (7.40)

G1(t,X1)
: 0.2X1, X 5
Xf _ 11413 +2Hfj(t,Xj)
—X11 + 0.8X13 COS(X12> j=1

Fb(t,X1)

1 Xi3
+ (Ul +‘I>1(t,X1)) (7.41)
0 1

N————
G (t,X1)

3
X3 =—0.5X21 cos(Xa2) + Xo3 + Z ng(t’ X;)

Fg(t,X2) i=1
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+10 Sin(XQQ) (U2+¢)2(t?X2))

G4 (1,X>)
. 0.4X9 X. 3
pre g s +3 " HE(t, X;)
—0.8X21 + 0.8X23 COS(XQQ) j=1

Fb(t,X2)

1 Xos
+ 0 (Uy + P2(t, X2))

———
Gg (t,X2)

3
Xg =—0.7X31 cos(X32) + X33+ Z Hs;(t, X;)

—
F§(t,X3) J

+10 sin(ng) }(U3+(I)3<t7X3))

G (1,Xs)
. 0.2X31 X 3
Xt — e + > HY (¢ X))
—X31 +0.9X33 COS(X32) j=1

F2(t,X3)
1 X3
+ 0 (Us + ®3(t, X3))

————
Gg (t7X3)

where X;1 := X2, col(Xj2, Xi3) := X? fori =1,2,3.

Assume the matched uncertainties satisfy

|®@1(t, X1)|] <0.24y/ X% + 1, | ®2(t, X2)|| < 0.164/ X% + 1

—_———— —_————
p1(t,X1) p2(t,Xz2)
| ®s(t, X3)] <018\/X +1
—_———
p3(t7X3)

Assume that the bounds on the uncertain interconnections satisfy

2
Z |HE; (£, X;)]| <0.72] cos(X12)|[| X1 ]| + 0.5]| X2 + 0.64]| X3]|
e —_—— N——

SRS Ef(IXall)  Ef5(11Xs1)
2
> Y (8, X5) ]| < 0.83]]| Xu]| + 1.01]| X2 +0.68]| ;]|
j=1 e e
Xl EhdIXal)  ER5(Xsl)

(7.42)

(7.43)

(7.44)

(7.45)
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J=1

j=1

i=1

J=1

2
D HS(tX5)| < 0.5 X1]| +0.78| cos(Xoo) || Xa | +0.58]| Xs]
N—— N——

E5, (I1Xa D) 23, (l1X21) 233 (11Xl

2
D 1H3;(t X5 <0.63]| Xu]| +0.63]| Xo|| +0.42] X
—_— Y Y

B.0X10) Za(iXal)  E35(1Xs])

2
ST (6 X)]| < 0.64]1X1 ]|+ 0.78] Xa| + 0.64] cos(Xas) | X
—_—

-~

EG Xl =51 X2l Eg5 (X3l

2
Z I1HY;(t, X;)|| <0.64]| X1]| + 0.65[| Xa|| +0.73| Xs]|
—_— —— Y——

EhUXal)  ERIXal)  E35(1Xs)

Now define the sliding function in the form of (7.6) by

0
SOi(Xz‘a) = VBiai X1 1=1,2,3

Vet X2

where the design parameters 3; and c; are chosen as 8; = 1 and ¢; = 0.25. Then it is

straightforward to verify that

0 0
M, (X3) My, (X3)T = Bic? < Bil>
(c;i+X3)3

From Lemma 1, when the sliding motion takes place,

2
> T (8, X8| < 051X (| +0.35) X5 +0.45] X4
j=1

Endixal) o EfdiXel)  EsdXsl

2
D IHS; (8, X)) <0.35] X7 +0.55.X5|| +0.41] X5 |
j=1

=% SXal)  S3(iXal)
2
D ISt X)) < 0.45] X7(| +0.55) X5 || +0.45(| X3 |

=1 =0 EL(Xa)  Ei(1Xs])

Choose the candidate Lyapunov function for system (7.40) - (7.45) as

where

1
Vi= S (XX, i=1.2.3

(7.46)
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Then,
0.4] X7? < Vi(t, X7) < 0.6 || X7
\W_/ \V—J
Si1 Si2

Define g;3(-) fori = 1,2, 3 as

and y4(-) as

Hia

By direct computation, it is straightforward to verify that
W(t, X) + (W(t, X))" >0

with
Y ([ X1l]) = 051, yi2([|X2l]) = 0.35, ms([|X3]) =0.45

Yor([[X1) = 0.35, ~22([| X2l]) = 0.55, ~23(||X35]]) = 0.41
Y31 ([[X1l) = 0.45, ~s2(|| X2l|) = 0.55, ~33(]| X3]]) = 0.45

Thus the designed sliding modes are asymptotically stable.

From (7.31), the controllers U; are well defined with ; = 1 ande; = 0.5 fori = 1,2, 3,
which guarantee that the condition (6.26) is satisfied for X; € R3, i = 1,2, 3. Thus systems
(7.40)-(7.43) for ¢ = 1,2, 3 can be stabilised by the designed controls U; proposed in (7.31).
The time response of the system states is shown in Fig.7.1, and the time responses of the
decentralised controllers are shown in Fig. 7.2. The simulation results show that the proposed
approach is effective. It should be noted that in the simulation, a boundary layer is used to

remove the chattering.

7.5. Conclusion

This chapter has proposed a robust decentralised sliding mode control design approach for a
class of nonlinear large-scale interconnected systems in generalised regular form with uncertain
interconnections. The bounds on the uncertainties are assumed to be known functions which
have been used to enhance robustness. Decentralized sliding mode controllers are designed to

reduce the effects of the interconnections on the entire system. The developed results can be
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Figure 7.1: Time response of the state variables of system (7.40)-(7.45).

applied to all the interconnected systems which can be transformed to the generalised regular
form described in (7.2)-(7.3). A numerical example is given to show how to use the sliding
mode technique to stabilise a system with uncertain interconnections. Simulations have been

presented to demonstrate the effectiveness of the proposed approach.
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Figure 7.2: Time response of control signals (left) and sliding functions (right).
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CHAPTER. 8§

DECENTRALISED CONTROL FOR
LLARGE-SCALE SYSTEMS WITH
UNCERTAINTIES IN INPUT

DISTRIBUTION

The research on systems with uncertainties in input distribution is limited since such uncertain-
ties often affect the systems through the input signals, which makes the attenuation of such
uncertainties very challenging in the large-scale systems. In this chapter, a class of nonlinear
system with uncertainties in input distribution is considered, and strategy based on sliding
mode techniques is developed in the presence of uncertain interconnections. After a brief
review of related work in Section 8.1, the problem is rigorously formulated in Section 8.2. The
corresponding control design is separated which is given in Section 8.3 and 8.4 regarding the
stability of the sliding mode and reachability of decentralised control respectively. After the case
study on a 3D vehicle-following system in Section 8.5, a summary of this chapter is presented

in Section 8.6.
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8.1. Introduction

For practical systems, it is well known that uncertainties or modelling errors may seriously
affect control system performance. In large-scale interconnected systems, the effect of uncer-
tainties on the whole system is even more challenging. To be specific, uncertainties experienced
by a subsystem will affect not only its own performance but also the other subsystems through
the interactions between subsystems. Thus designing a decentralised control scheme to reject or
reduce the effect of uncertainties in the interconnection terms is challenging. As discussed in
Section 3.2 in Chapter 3, SMC has been recognised as a robust approach in dealing with nonlin-
ear systems with uncertainties [17] owing to its unique structure and complete robustness against
matched uncertainties [16, 17]. In [28], it is shown that the sliding mode approach can be used
to deal with the systems in the presence of unmatched uncertainty. Methods proposed by Niu in
[26] and [27] also show the strong robustness of SMC for uncertain systems. Therefore, many
researchers have tried to develop a decentralised SMC strategy for large-scale interconnected
systems in the presence of uncertainties and interconnections. However, as the information
available to the controllers of each subsystem is limited in a decentralised strategy, it is difficult

to reject the uncertainties within the interconnections even if they are matched [159].

For robust decentralised controller design problems, many results have been obtained
using various methods. In [22, 23, 24, 25], robust control strategy is used for interconnected
systems. However, only matched uncertainties are considered, and the bounds on the matched
uncertainties are assumed to be linear or polynomial. In [28], mismatched uncertainties are
considered with centralised dynamical feedback controllers which need more resources to
exchange information between subsystems. In [98], a decentralised state feedback controller is
proposed for systems with a class of constraints called integral quadratic constraints to limit
the structure of the original system. In some cases, adaptive techniques are applied to estimate
an upper bound on the mismatched uncertainty, and this is used in control design to counteract
the effects of uncertainty [99]. This approach is powerful for the case where the uncertainty
satisfies a linear growth condition. Regarding mismatched uncertainties, it is inevitable to
impose some limitations to achieve asymptotic stability. After transforming the system into a
special triangular structure, the uncertainties of the system in [100] have more general forms

when compared with previous work. For uncertainties in input distribution, the existing research
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is limited. In [26] and [27], SMC design is proposed for systems with uncertainties in the control
matrix. However, the uncertainties in [26, 27] are assumed to have a particular structure, for
example, the uncertainty is required to lie in the range of the control input distribution matrix. In
most previous work, the nominal part of the system is usually assumed to be linear, which limits
the application of the obtained results. In [160], a decentralised quantitative feedback control is
proposed for a class of large-scale systems in the presence of uncertainties in the state-space
matrices, and the work has also been implemented on a selective compliance assembly robot
arm system. However, both the nominal part of the system and the interconnection between
subsystem are assumed to be linear. In [161], a robust nonlinear output feedback control is
proposed for a class of nonlinear time-delay interconnected systems with complete nonlinear
nominal isolated subsystems. With artificial interconnections, the real interconnections are
separated into an accessible part and an inaccessible part to reduce conservatism. The conditions
for this method are relatively strong which can be relaxed when a state feedback control system

is considered.

In this chapter, a nonlinear decentralised control strategy for a class of nonlinear intercon-
nected systems is proposed based on a SMC paradigm. Compared with the results in Chapter
6, the interconnected system is assumed to be fully nonlinear with unknown interconnections
and uncertainties in input distribution term. Moreover, the uncertainties are assumed to be
bounded by known functions which are employed in the control design to counteract the effects
of the uncertainties in the controlled interconnected system. The bounds on the uncertainties
take more general forms when compared with existing work. A set of sufficient conditions is
developed such that the corresponding sliding motion is asymptotically stable when the system
is restricted to the designed sliding surface. Then, a decentralised SMC is designed to drive the
interconnected system to the sliding surface in the presence of uncertainties. It is also shown that
if the uncertainties/interconnections possess a superposition property, a decentralised control
scheme may be designed to counteract the effect of the uncertainty. The developed results are
applied to a vehicle-following system in automated highway system with both longitudinal
and lateral controllers. Since the proposed controller for each vehicle does not require data
transmission from the other vehicles, the proposed method is more reliable than a centralised
method or networked control. The simulation results show that the proposed method is effective

as expected.
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8.2. System Description

Consider a class of nonlinear large-scale interconnected systems composed of N subsys-

tems where the i-th subsystem can be transformed or described by

x;,l :fza(t’ xl) + ¢7€L(ta Jj) (81)
0 =f2(t, i) + (gi(t, ) + Gi(t, zi))ui + Y2(E, ) (8.2)

where the state variables of the i-th subsystem are represented by z; := col(z{, :ci’) C eRM
where z{ € R™™™i, xi’ € R™ and x = col(z1, z2,...,zN). u; € R™ denote inputs of the
i-th subsystem respectively fori = 1,2,..., N. The function f2(-), f(-) with £¢(¢,0) = 0 and
f2(t,0) = 0 and the function matrix g;(-) are continuous and nonsingular for all z; € R"™ with
appropriate dimensions. Uncertainty in input distribution is denoted by g;(¢, ;). The nonlinear
functions ¢ (¢, r) € R™ ™™ and y?(t, x) € R™: represents the uncertain interconnection and

mismatched uncertainties. It is assumed that all the nonlinear functions are sufficiently smooth

such that the unforced system has a unique continuous solution.
The existence of the transformation 7; (¢, ;) to transfer system
di = filt i) + Gilt, wi)us
into the form of system (8.1)-(8.2), which is equivalent to the existence of the solution of

equation

wi(t,x;)gi(t,x;) =0, j=1,2,...,n; —my

where
oT;

a
7

wz(t>$l): j:1727"-7ni_mi

which can be checked by the Frobeninus Theorem [32].

In this chapter, the focus is to design a decentralised control scheme to stabilise system
(8.1)-(8.2) under the assumptions that the isolated nominal system has the desired performance.

The following basic assumptions are imposed on the uncertainties of the system (8.1)-(8.2).

Assumption 8.1. There exists known continuous nondecreasing function 63]() in R* with

675 (t,0) = 0, and known continuous functions 6%(-) and p;(-) such that

) [ ()l < D 65 (ll) (8.3)

j=1
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(i)

ot < ot ) (8.4)
(iii) [|gi (¢, z:) || < pilt, 24) (8.5)
forallt € RT, z; € Q.

Remark 8.1. Assumption 8.1 is a limitation on all the uncertainties experienced by the system.
It is required that bounds on the uncertainties are known and the bounds will be employed in the
control design to reject or reduce the effects caused by the uncertainties. It should be pointed
out that only uncertainties V¢ (-) are required to vanish at the origin. The form of the bounds is
more general comparing with existing work (e.g. see [22, 23, 24, 25]).

Assumption 8.2. There exist a constant a; with 0 < a; < \/% such that the uncertainty

gi(t, ;) with the input distribution g;(¢, ;) of system (8.1)-(8.2) satisfies
git,zi)g; (6 mi) + (g7 (t,20)) " GF (8 20) + @il > 0 (8.6)
forallt € RT, z; € Q.

Remark 8.2. Assumption 8.2 is made on the uncertainties in input distribution term. It will
be shown that a class of uncertainties in input distribution can be rejected by designing an
appropriate control. Comparing with existing work, e.g. see [26, 27, 160], the uncertainties
in input distribution are nonlinear instead of linear. It is emphasised that the uncertainties
Gi(+) are not required to be matched, and only g?(-) is required to be nonsingular for t € R¥,

x; € QZ'.

Since §;(t, z;) are the uncertainties in input distribution, their effects are closely related to
the control signal u; for i = 1,2, ..., N. This can be seen from the terms g; (¢, x;)u; in system
(8.2). Therefore, the uncertainties existing in input distribution make the control design much
more difficult. This chapter will present an approach to deal with nonlinear uncertainties in

input distribution when the input distribution is nonlinear.

Lemma 8.1. For any square matrix A € R™™™ and vector £ = col(&1,&,...,&) € R™, if

there exists a non-negative scalar h such that
AT+ A+ Rl >0 (8.7)

then

h
& Asen() > "V ¢ 55)
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Proof. The proof is based on three different cases of the vector &.

(i). If £ = 0, then sgn(§) = 0. Thus it is straightforward to see that

" Asgn(€) =0 (8.9)
Hence (8.8) holds.
(ii). Assume that min{|&; |, |€2], ..., |€3]} > 0. Then by definition of the function sgn(¢),
sgn(&1) éﬁ
&2
sgn(&2 &
sen(e) = | =" | 67| _ ge (8.10)
[sen(én)] [
where
- -
e 0 0
1
R= 0 |€2] 0
1
0 - =1

If condition (8.7) holds, then from R > A\pin(R) I,
RA™ + AR+ hR >Apin(R)(A" + A+ RhI,) >0 (8.11)
which implies
RA™ + AR > —hR (8.12)
then from (8.12)
€ Asgn(€) =€TARE = €7 (RA + AR)E

> — ngRg = ——{ngn Z&Sgn &)

=—fZ!«sZ\ > —ff 252 v (8.13)

(iii). For the case that some elements of the vector £ equals to 0, without loss of generality,

assume that i1, &k42,...,& = 0 with 0 < k < n, then by the definition of the sgn(-),
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sgn(&k+1),sgn(Eky2), --.,sgn(&,) = 0. Let a;; denotes the element in i-th row and j-th
column of the matrix A, then

§Asgn(§) =) 0 ai&isgn(€))

i=1 j=1
k k
=> > aiséisen(§)) (8.14)
i=1 j=1

By similar reasoning as in (8.16), it is straightforward to see that

G Wk = . h
& Asgn(€) =) D aij&isgn(§;) > —ersu > —*fufn (8.15)

i=1 j=1
where §~ € RF with §~ = col(&1,&2, ..., & ). Thus from (i)-(iii) above, it follows that for all
&EeR™,

h
& Asen(©) = -V g .16

Hence the conclusion follows. [ ]

8.3. Stability Analysis of the Sliding Mode

Choose the sliding function o;(x) for the i-th subsystem as follows:
oi(zy) = 22 + pi(z?), i=1,2,...,N. (8.17)
where ;(+) is a known Frechet-differentiable function with g;(0) = 0 satisfy
My, (€)(My (€))7 <Bil, VE € R (8.18)
where Mj,(-) € R™i*(m~mi) represent the Jacobian matrix of function g;(-), and 3; is a
positive constant.

Choose the composite sliding surface for the interconnected system as (8.1)-(8.2) is chosen
as

o(x) =0 (8.19)

where o(z) =: col (01(z1),02(22),...,0n(xN)). During sliding motion, o;(x;) = 0 for
1 = 1,2,..., N, the sliding mode dynamics for the system (8.1)-(8.2) associated with the

designed sliding surface (8.19) can be described by

¢ = fE(t,ad) + it 2%, ... 2%) (8.20)
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where
Ji(taf) =17 (@ i) o, oy (8.21)
and
Vi (t 2t 23, ... 2) =Yi(t, 1:)|x?:7<pj(x?),j=1,2,...,]\7 (8.22)
fori =1,2,..., N with ¢¢(¢, z) defined in (8.1).

From Lemma 7.1, it is straightforward to be verified that

3 (¢, 2, 25, ... r<25 (l311) (8.23)

where
i Ulz3ll) = 05 (V 1+ Bill=5 1)
where §7;(-) are defined in (8.3).

Assumption 8.3. There exist continuous C' function V; : R* x R™~™i — R* and functions

Gi1(+), si2(+), si3(+) and G4 (+) of class K such that for all z; € Q; andt € R™

0 si(1241) < Vilt,29) < sialla? )

) OVi(t,z®)  OVi(t,z%) ... . .
G G S pote.at) <~ (et
a 1\Yy &g a
G Ha(l,) < uletl)
where

OVi(t,xf) _ (OVit, zf) OVi(t,af)  OVi(t, zf)
or¢ dz¢ 7 0x§ 0 Oal
Remark 8.3. Assumption 8.3 is a limitation on the function f{(-). From Lyapunov function

theorem in Section 2.1 in Chapter 2, it implies that the system

= [Pt x})
is asymptotically stable with Lyapunov function V;(-) fori =1,2,..., N.

Theorem 8.1. Under Assumptions 8.1 and 8.3, the sliding mode (8.20) of the system (8.1)-(8.2)
associated with the sliding surface in (8.19) is asymptotically stable if there exists a domain

Qe of the origin in x° € REL (i=mi) sych that

M(t,z)T + M(t,z) > 0
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in domain Qo \{0} with M (t,z) = (m;(t, s, z;))Nxn and fori, j =1,2,...,N
pas([|271]) — paa(llf Dvaa (llf ), i =3
mi; (L, @, ;) = -
—pria ([l )iz (15 1), i #
where [1;3(-), pia(-) and ~;;(-) are defined respectively by
1
Jsi3(xT)
s(r) = [ 2224 8.24
K 3(.%') /O o T ( )
1
89’4(3}7’)
; — g 8.25
K 4(.%') /0 o T ( )
1 6(5%@7)
- [ 2 520
0 T
Proof. From (8.24)-(8.26), it can be observered that
ss(ll#7]]) =pas ([l ) [l (8.27)
Sia(|27]]) =paalllz )| (8.28)
035 Ul Nl) =i ([l D] (8.29)

From the analysis above, it is seen that the system (8.20) represents the sliding mode

dynamics of the system (8.1)-(8.2) corresponding to the sliding surface (8.19).

For system (8.20), consider the Lyapunov function candidate

N
)= Vilt,xf)
i=1

(8.30)

where V;(t, z¢) is given by Assumption 8.3. Then, the time derivative of V' (¢, z{) along equation

(8.20) is given by

N
6Vz t z¢ Vi(t, z%) AT
V:Z{ a fl(’ 7,) Tipl(t fL‘)}
=1 4
N N
Z{ Sz ) + sia (|| ]]) 25 (Jl22])) }
=1
N
:—ZN?S lz)) HZE&HQ_FZZI“” [E=D) Vij Hxa||)H1:a||”xa||
=1 j=1
(B
L (g 1o . g
== Lo gl ) (M7 20y |
[z |
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Since the matrix function M7 + M in €,.\{0} is positive definite, therefore, it follows that V'

is a negative definite function in Domain €2,.. Hence, the results follow. [ ]

8.4. Decentralised Control Design

For the nonlinear interconnected system (8.1)-(8.2), the corresponding reachability condi-
tion is described by (e.g. see [113, 47])
i gi@i)oilz:) ”(:();7)(63) <0 (8.31)
i=1 e
where o;(z;) is defined in (8.17). In order to reduce the effects of the unknown interconnection
¥?(-), consider the expression

N

0Y(t ) = mi(t, x) + vilt, x) (8.32)
Jj=1

where 55’ is defined in (8.4) and v;(t, z) represents all the coupling terms which cannot be

included in the term Z;VZI nij(t, )

Remark 8.4. The decomposition in (8.32) is not unique and is introduced to reduce the conser-
vatism caused by the interconnection terms within the control design. There is no general way
to obtain the decomposition. The first interconnection term Z;VZI 1§ (t, x;) has a superposition
property. It will be shown that the term Z;Vﬂ 135 (+) in (8.32) can be rejected by selection of an
appropriate decentralised control and this will reduce conservatism. The second term, v;(-) in

(8.32), cannot be rejected by the choice of decentralised control.

The objective is to design a decentralised sliding mode controller such that the reachability

condition (8.31) is satisfied. Consider the decentralised control

2

2 i ) + Gl w833

wi == g (t.2) % — g, (b w)sen(oi(en) {
where

00; ,q4
Filt, i) =52 0E (i) + (8, )

N N
Wit i) = /BioG(laill) + D myalt, i) + llgy (20 Filt, xa) lpalt, 1) (8.34)
j=1

j=1
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and p;(t, z;) are defined in Assumption 8.1, and 7);;(t, x;) satisfy (8.32). The term (;(¢, x;) is a

reachability function which can be considered as a design parameter to be defined.

Theorem 8.2. Consider the nonlinear interconnected system (8.1) and (8.2). Under Assumptions
1-3, the closed-loop system (8.1)-(8.2) with the decentralised control (8.33) is converged to the
composite sliding surface (8.19) and maintain a sliding motion on it thereafter if there exits
positive constant € in the considered domain 0 = )1 X Qo - -+ X Qp such that the functions

Gi(t, x;) in (8.33) satisfy

N N
> - O”Tm)gi(t,xi) > vilt,x) (8.35)
i=1 =1

in Q for all t > 0 with v;(t, z) defined in (8.32).

Proof. From the analysis above, all that needs to be proved is that the composite reachability

condition (8.31) is satisfied. From (8.17), forz =1,2,..., N
() =g B 0) + F1(0.20) + SE0E0, )+ 000, 2)
+ (gi(t, zi) + Gi(t, i) Ju; (8.36)

Substituting (8.33) into (8.36),

N .
; los (z4)]]
_Z{HUZ H{aSOZ t,x —i-wl (t CIZ) g,(t Z‘Z)g (t xl)j-’l(t xl)}
Tt o) (5 2 m(en) + Gl
B %‘M(t,xi) - Wi(t,z;) — Ci(taxi)}
S 0
Z’gztl'z Yt x) Fi(t, s H+ZH% 907, H
N T
Z HZ ) i(t,zi)g; (8, i)sgn(oi(xs)) <2_Oi\/n7‘14/i(t,xi) + Ci(t,%’))
N N N
- ZZ VBt Ulzal) =Y et @) =Y Nlgr (6 wa) Falt, w3) | it 24)
=1 j=1 i=1 j=1 i=1
N N
_22_0\4ﬁ Wit w) = Z@t% (8.37)
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From Assumption 8.1,

0 Ly

ZH PLpi(t, o) <
Zuwﬂt,z)
=1

N N
i ([l =ZZ Biogi(llaill)  (8.38)

1M
M) = TFMz

E%z

i (t, ;) + v;i(t, x)

'MZ

1

@
Il
—

.
Il
—_
-
Il

M-
WE
M=

,U,ji(t,ﬂfi) + Vi(t,x) (8.39)
i=1 j=1 i=1
1G5 (£, 2:)g; (8, 20) Fo(t, )| <Gt )l llg; ' (@) Falt, @) |
<|lg; " (¢, ) Filt, ) || pa L, :) (8.40)

and from Assumption 8.2 and Lemma 8.1, for any positive scale h

h . Qi1 el
o (2) | 2 loi (i)

- O‘\Q/TT h (8.41)

m i (:El)gz(t $z)g (t ﬂiz)sgn(al(;pl)) > —

Substituting inequalities (8.38)-(8.41) into (8.37), implies

0T (r)iiln) _ o aiy/ Y o
; s (3) | <;2—ai\/mm(t’xi)+; 5 Giltwi)

N i/ N N
1 (]
=S Yt e) =Y Gl + Y it @)
o 2oy i—1 i—1
N N
iA/Mj
=-Y (- Z\Qﬁ)gi(t,xi)+zy,~(t, z) <0 (8.42)
i=1 i=1
Then the reachability condition (8.31) is satisfied. Hence, the result follows. [ |

From SMC theory, Theorems 8.2 and 8.2 together guarantee that the system (8.1)-(8.2) is

stabilized by the designed decentralised control (8.33).

Remark 8.5. It should be pointed out that the developed results are suitable for fully nonlin-
ear interconnected systems specifically with uncertainties in both the input distributions and
interconnections. It is not required that the nominal isolated subsystem is either linearizable or

partially linearizable.
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8.5. Case Study - Automated Highway Systems

In order to achieve high traffic flow rates and reduce congestion, an automated highway
system has been developed [116]. The SMC of the longitudinal vehicle following system has
been developed in [74]. In order to improve the feasibility of the system, it is necessary to
consider both on-board lateral and longitudinal controllers during the automated driving process.
Therefore, the stability and the robustness of the 3D vehicle-following system will be considered

as a case study to demonstrate the theoretical results developed above.

Modelling of 3D car-following system

The kinematic model of the ¢-th vehicle under nonholonomic constraints (i.e. rolling

without slipping) can be described by (e.g. see [162])

€; tan ¢; sin(gp,)

qxz‘ COS(Q@j) - T
Qyi _ SiH(QQi) 4 €; tan ¢;icos(%l-) v; (8.43)
do; T

where (gy,, gy, g,) denote the position of a point of the vehicle, and ¢; represents the distance
between the position and the center of the real wheel center, see [163]. ¢; denotes the steering
angle of the front inner wheel, which is bounded with |¢;| < 0.691 for i = 1,2, 3 in common
car design. /; is the length between the rear and front shafts. v; represents the linear velocity of

the vehicle toward the heading direction with
V; = TW;

for rear wheel driving or

V; = TW; COS P;

for front wheel driving where r represents the radius of the wheels, and @w; and w; denote the

angular velocity of the rear shaft and the front inner wheel respectively.

Define (qf;,qgi, qgi) and (qy,, 4y, qp,) as the position of the front and rear edge of the
vehicle respectively. From Fig.(8.1) , it is straightforward to see that the dynamic of the
position (qvf{i, qgi, qé:) can be described by (8.43) with ¢; = b;, and the dynamic of the position

(qgi, Qy,» qgi) can be described by (8.43) with ¢, = —a; . Then, define the error coordinates
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\ Loy P
H qx, H Qx,
Figure 8.1: Model of the vehicle in Catersian Coordinate System
Figure 8.2: Model of error position between the i-th and i(—1)-th vehicles
(4%, 5,5 q‘gi) shown in Fig.8.2
¢ | =T | 4, —ah (8.44)
4, %, ~ %,
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with local coordinate transformation matrix (e.g. see [164])

—sin(gg,) cos(gp,) O
T; = cos(gs,) sin(gg,) O (8.45)
0 0 1

Then the kinematic model of the 3D car-following system can be described by

e : -1 e
5, V(1) SIN T3 — [;=a;—1v;—1 tan ¢; 1 cos 9, _,

‘e _ -1 . e
dy, | = | v@-1)cosziz+ [;_a;—1v;—1 tan ¢;_1 sin 9%,

e

qg.

k3

-1
[ viq tan ¢

—1; (b + g5, )v; tan ¢;
+ l;lqgivi tan ¢; — v; (8.46)

—l;lvi tan ¢;

In the 3D car-following system proposed in this chapter, the main objective is to control
each vehicle moving at desired velocity with pre-defined safe distance apart for other vehicles
in the system. Assume that the vehicle is driving safely which does not slip laterally, and each
tire share the same parameters, then, the dynamic model of the velocity v; and steering angle ¢;

can be simplified from [165] and described by

cos ¢ FY —sin ¢, F/ " 4 FTY
| = i (8.47)
b w;

where m; and w; denotes the mass of the vehicle and steering velocity of the front inner wheel

0;

respectively. Fif Y"and F;Y denote the longitudinal driving force from the front wheels and rear
wheels respectively and Fl-f  denote the lateral force of the front wheels which is unknown and
can be calculated by (e.g. see [166])

Pl - e,

where Cif denotes the lateral tire stiffness and ZZ denote the distance between the front shaft and

the central mass of the vehicle.

As in [157], a safety distance frequently used in automated highway systems based on the
Time-Headway policy (CTH) is used in this design. The safety distance defined by the CTH
policy is described by (e.g. see [157])

Edi (Ul) = &do + tsvi (8.48)
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where £, is the distance between stationary vehicles, and ¢ is the so-called headway time.
Then the objective of the vehicle-following system is equivalent to stabilize the error position
(4%, 4y, » 96,) at the equilibrium point (0, &g, (v;), 0) with constant velocity vy and safety distance
&4, (v;) given by the corresponding highway policy.
Simulation
Letzi = q3,, iz = q;, — tsv0, Tig = qf,, Tia = v; — v and x5 = ¢;, and define
Q(t,x;) = 171 (w44 + vo) tan x5 (8.49)

2

Then the vehicle-following system with three vehicles can be described by

Tl (=bi — tsvo — wi2) Q(t, ;) + vo sin x;3
Tip | = Qi(t, ;) xi1 + vo COS XT3 — Tig — Vo +i (t, x) (8.50)
;3 —Qi(t, ;)
x$ fia(tvxi)

. -1

Ti4 m; 0 N b

= +gi(t,mi) U +7w[}i (t,wi) (8.51)
Ti5 0 1
——— —_————
:Eb gi(tami)

where u = col(F;, w;) where F; := Fif Ycos ¢; + FY represent the overall longitudinal driving
force and Q;(-) is defined in (8.49) and the interconnection v{ (¢, x) with ¢{ (¢, ) = 0 can be

described by

T(i—1)aSin T3 — a;—1Q-1(t, Ti—1) cOS T3
Pi(t,x) = T(i—1)4 COS Tjg + a;—1Qi—1 (t,xi—1)sinx;3 (8.52)
Q-1(t,wi-1)
for ¢+ = 2, 3. The corresponding parameters are chosen based on real vehicle model as shown in
Table.8.1. Assume that the size of one vehicle is not known by the others, but the range of the

corresponding parameters, i.e. a;, b; and [;, are known, then it is straightforward to verify that

lof )l <y/ed_yy, + (14 a2 )Q2 (8 i)
and assume the uncertain interconnections wﬁ’(t, x) fori = 1,2, 3 satisfy

14°(t, )| <0.292]|214 4 30.07] + 0.6225 4+ 0.2 cos(x13)| w24 + vo|

-~

1 (t,z1) v1(t,x)
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Table 8.1: Parameters of the vehicle-tracking system

i a;(m) bi(m) li(m) m;(Kg)
1 0.565 3.149 2.467 1200
2 1.019 3.827 2.895 2160
3 1.016 3.614 2.699 1450

65 (t, )| <0.12]|2]| 4 0.33|x24 + 30.08| 4 0.5623
N——

n21 (t,z1) n22(t,z2)

+ 0.8 cos(w23) |28 || + 0.1 cos x33]| w24 + vo|

va(t,z)

|48 (t, )| <0.12[|x3]| 4 0.35|x34 + 30.05] 4 0.423
N’ ~

n32(t,x2) n33(t,3)
Furthermore, since the weight of the vehicle may be various because of uncertain load, and
the steering velocity may also affected by other factors, e.g. the speed of the vehicle, the input
distribution has uncertainty that may affect the control performance. Therefore, assume that the

actual input distribution g;(-) is

1 ki(miatwo)

0 1

Gi(t,z;) =

where m; is the uncertain actual weight of the i-th vehicle with load, and k; denotes the impact
factor which reflects how the steering velocity of the front wheels w; affecting the driving force

F;;. Then assume the uncertainties g;(-) satisfy

191 (¢, z1)|| <0.00055, 1g2(t, z2)|| <0.00031
pr(ta1) p2(t,z2)
1g3(¢, z3)|| <0.00046
pQ(t7X3)

with a; = 0.61, ag = 0.65 and a3 = 0.63 satisfy (8.6). It should be noted that due to the large
mass of the vehicle, the uncertainty g;(-) in (8.51) is relatively small, resulting that the bounds
of the uncertainty p; is relatively small. Since the high-speed following system is a physical
system and the mass of each vehicle is relatively large. Therefore, for the simulation purpose,

the maximus speed of all the vehicles in the system is limited within 40m /s (144 Km/h) and the
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error angle ¢gg. is limited with |q§i] < 7. Furthermore, it may not be measurable for too large
longitudinal and lateral error distance g;. and ¢y, in pratical, e.g. the limitation of the stereo
vision measurement technique. And assume the desired speed of the vehicles vg = 30m/s (108

Km/h), then the considered domain of the proposed vehicle-tracking system is

D; = {(@i1, T2, T3, Tia, Ti5)  |2i1| < 10, |z42] < 20,

™

|xi3\ < 1 =30 < ziu < 10, |.1‘11| < 0.691} (853)

Now define the sliding function in the form of (8.17) with

—kiixio + vo(1 — cos z;3)

(t 1) = 8.54
(PZ( ’ l) _tan~! li(ki2@i1+vo sin x43) ( )
di(ki$i2+’00 Ccos mzd)

where d; is a constant with d; = tsvg + b;, k;1 and k;o are design parameters with k;; = ko = 1.

Then it is straightforward to verify that
Mo, () My, (23)" < Bily

with 8 = 22.8, B, = 22.84 and B3 = 22.82.

When the system is on the sliding surface,

|91 (¢, )| =0 (8.55)

[45(t, 2)]| < (13.94/0.0001 + 224 + 0.7) [| 29| (8.56)

Y21 (|25 1])

651 ([l=¢1)

95(¢, z)|| <(13.64/0.001 + 225 + 0.84) ||z | (8.57)

y32([lz51])
TV

52 ([l23])

Choose the Lyapunov function candidate

3
V= Z V; (8.58)
i=1
where
K;
Vi= 5 (@f)af, i=1,2,3 (8.59)
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with K1 = 1000, K2 = 20 and K3 = 0.05. Then,

K
glllff‘»ll\2 < Vilt,af) < Kil|#f|?, i=1,2,3

1

N—_——
Sil

Define ¢;3(-) fori = 1,2, 3 as

10.902sin /0.884 sin x
§13(’I”) :Kl 7137“7 §23(T) :K2 7237‘
13 23
H113 e
0.89sin x
(1) = K \/733 .
33
H33

H23

and G4 (-) as

§i4(7") = Kl T, 1= 1)2)3
Hi4

By direct computation, it is straightforward to verify that
M(t,x) + M(t,z)" >0

in D1 x Dy x D3\{0}. Thus the designed sliding mode are locally asymptotically stable in the

considered domain.

From (8.33), the controller u; for i = 1,2, 3 are well defined with {; = 1 + 1.44||z4]|,
(2 = 14 1.19]|z2|| and ¢35 = 1 which guarantee the condition (8.35) in Theorem 8.2 is satisfied

for x € Dy x Dy x Ds. Therefore system (8.1)-(8.2) can be stabilised by the designed control.

The time response of the system states is shown in Fig.8.3, and the time response of the

control inputs is shown in Fig.8.4.

From the simulation results, it can be seen that all three vehicles converge to the steady state
within a reasonable time. From Fig.8.4, it can be seen that the control signals do not tends to
zeros, which indicates that the vehicle systems are experiencing unvarnished uncertainties @Z)f()
However, owing to the strong robustness of the SMC and the extra design for the uncertainties
in input distribution, the stability of the overall system is barely affected, showing that the
proposed approach is effective for system with uncertainties in input distribution. It should be

noted that in the simulation, a boundary layer is used to reduce the chattering.
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Figure 8.3: Time response of the state variables of system (8.50)-(8.51).

8.6. Conclusion

In this chapter, uncertainties in input distribution are discussed, and a robust decentralised

control design approach for a class of nonlinear large-scale interconnected systems with such

uncertainties and unknown interconnection is introduced. The bounds on the uncertainties

are assumed to be known functions which have been used to enhance robustness against the

uncertainties. A SMC is designed to guarantee reachability. The developed results are also
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Figure 8.4: Time response of the control inputs of system (8.50)-(8.51).

applied to automated highway system with both onboard longitudinal and lateral controllers.

With decentralised control strategy, the proposed controller can be applied to each vehicle for

automation or driving assistance without data transmission from the other vehicles in the system.

The simulation given for the vehicle-tracking system with interconnection and uncertain input

distribution has been presented to demonstrate the effectiveness of this approach.
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CHAPTER. 9

CONCLUSIONS AND FUTURE WORK

9.1. Summary and Conclusions

In this thesis, a survey of the background of SMC for complex systems has been presented,
in particular for nonholonomic systems and interconnected systems. By introducing the concept
of generalised regular form, SMC can be applied to a broader class of nonlinear systems in
the presence of uncertainties. It also demonstrated the robust control design for nonlinear

interconnected systems in a decentralised manner.

The fundamental knowledge and the basic concept of complex systems and SMC have
been given in Chapter 3 after a outline of mathematical preliminaries in Chapter 2. Practical
examples of both nonholonomic systems and interconnected systems have been introduced, and

a brief review of the SMC has also been provided.

In Chapter 4, trajectory tracking control design for a two-wheeled differential drive WMR
has been discussed. A SMC design has been carried out for the trajectory tracking control
of the WMR systems in a local domain. The simulation results and experimental test on the

developed real-time WMR platform, it has shown that even if the regular form of a system is

162



9.1. SUMMARY AND CONCLUSIONS 163

not available, a sliding mode controller can still be applied if the sliding mode of the system is
independent of the control signal during sliding motion. This class of systems has been studied
furthermore in Chapter 5 by proposing the concept of generalised regular form. From the theory
point of view, the classical regular form is a particular case of the generalised regular form.
By introducing the generalised regular form, the SMC can be applied to a broader class of
nonlinear systems. The robustness of the systems in the generalised regular form has also been
discussed, and the corresponding nonlinear SMC design has been proposed and implemented
on the WMR platform. By introducing a novel nonlinear sliding function design based on
global implicit function theorem, a nonlinear sliding surface is formed, and global asymptotic
stability is exhibited. Thus the developed controller can drive the robot tracking the time-based
trajectory with an arbitrary initial condition. Both simulation and experiment results show that
sliding mode techniques can be used to stabilise systems when the classical regular form is not

available.

Some robust decentralised control problems have been addressed and solved in Chapter

6-8.

More specifically, in Chapter 6, a decentralised state feedback SMC law has been proposed
to asymptotically stabilise a class of nonlinear interconnected systems with known and unknown
interconnections in the considered domain. Both matched, and mismatched uncertainties are
considered. The bounds on the uncertainties can be functions instead of constants or polynomial
as considered in previous work. Both known interconnections and the bounds on the unknown
interconnections have been fully considered in the control design to reduce conservatism.
The developed results is applicable to a broad class of interconnected systems. Simulations
based on a vehicle-following system have been presented to show that if the bounds of the
unknown interconnection possess a superposition property, a decentralised control scheme may
be designed to counteract the effect of the uncertainty. In Chapter 7, the developed results have
been expanded to systems in the generalised regular form with fully nonlinear nominal isolate

subsystems. A numerical example has been given to demonstrate the design process.

Uncertainties in input distribution have been discussed in Chapter 8. Robust decentralised
control design based on sliding mode techniques has been proposed for fully nonlinear systems
with uncertainties in input distribution. Both matched uncertainties in the isolated subsystems

and mismatched uncertainties associated with the interconnections are considered. Conditions
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are developed for the uncertainties in input distribution so that the bounds information on the
uncertainties can be employed within the decentralised controller design to reduce the effect
caused by the uncertainties. The developed results are applied to the automated highway systems
with both longitudinal and lateral controllers. With decentralised control strategy, the proposed
controller can be applied to each vehicle for automation or driving assistance without data
transmission from the other vehicles in the system. The simulation given for the vehicle-tracking
system with interconnection and uncertain input distribution has been presented to demonstrate

the effectiveness of this approach.

9.2. Ideas for Future Research

There are some possible interesting ideas for further research.

Although it has been shown that the SMC can be applied to a broader class of nonlinear
systems by introducing generalised regular form, how to find a diffeomorphism that can transfer
a nonlinear system into such a form is still challenging. From the fact that the generalised regular
form has to be paired with a sliding function, the implicit Lyapunov function theorem may be a
possible solution to this problem. Furthermore, for the chattering problems, second-order SMC
for systems with the relative degree of 1 in generalised regular form deserves to be considered.
Thus the rapidly changing control action can be avoided so that possible damage to the WMR
systems caused by the high-frequency switching action can be significantly reduced. For the
WMR systems, the robustness can be further improved by introducing the disturbance observer

to estimate the mismatched uncertainties caused by the drift of the WMR.

For decentralised control design, the attenuation of unknown interconnection for systems
based on SMC with finite-time reachability is a considerable challenging due to the lack
of information from other subsystems. Meanwhile, the rapid development of the Internet
of Vehicles encourages the communication network between vehicles in automated highway
systems. However, as mentioned in Chapter 3, the communication problems such as transmission
failure or time delay during the communication process between different vehicles to the cloud
server may still affect the control performance if centralised or networked controllers are applied.
To overcome these problems, the quasi-decentralised control strategy may be a better solution

for overcoming the drawback of both centralised and decentralised strategy for the automated
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highway systems. With extra information periodically coming from the other subsystems, the
control performance of the developed decentralised controller in Chapters 6-8 may be further
improved without scarifying the reliability of the decentralised schemes while the finite-time

reachability of the sliding mode may be guaranteed.
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