UNIVERSITY OF KENT

Decentralised sliding mode control for
nonlinear interconnected systems with

uncertainties

A Thesis Submitted to the
University of Kent
For the Degree of Doctor of Philosophy in

Electronic Engineering

By

Nan Ji

December 2022

Supervisor: Dr. Xinggang Yan



ABSTRACT

With the advances in science and technology, nonlinear large-scale interconnected sys-
tems have widely appeared in the real life. Traditional centralised control methods have
inevitable disadvantages when they are used to deal with complex nonlinear intercon-
nected systems with uncertainties. In connection with this, people desire to develop the
novel control strategy which can be applied to complex interconnected systems. There-
fore, decentralised sliding mode control (SMC) for interconnected systems has attracted
great attention in related fields due to its advantages, for instance, simple structure, low
cost of calculation, fast response, reduced-order sliding mode dynamics and insensitivity

to matched variation of parameters and disturbances in systems.

This thesis focuses on the development of decentralised SMC for nonlinear inter-
connected systems with uncertainties under certain assumptions. Several methods and
different techniques have been considered in design of the controller to improve the ro-

bustness. The main contributions of this thesis include:

» The state feedback decentralised SMC is developed for nonlinear interconnected
systems with matched uncertainty and mismatched unknown interconnections. A
state feedback decentralised SMC strategy, under the assumption that all system
states are accessible, is proposed to attenuate the impact of the uncertainties by us-
ing bounds on uncertainties and interconnections. The bounds used in the design
are fully nonlinear which provide higher applicability for different complex inter-
connected systems. Especially, for this fully nonlinear system, the proposed method
does not need to use the technique of linearisation, which is widely used in existing

work to deal with nonlinear interconnected systems with uncertainties.

* The dynamic observer is applied to complex nonlinear interconnected systems with
matched and mismatched uncertainties. This dynamic observer can estimate the
system states which can not be achieved during the controller design. The proposed
method has great identification ability with small estimated errors for the states of
nonlinear interconnected systems with matched and mismatched uncertainties. It

should be pointed out that the considered uncertainties of nonlinear interconnected




ii

systems have general forms, which means that the proposed method can be effec-

tively used in more generalised nonlinear interconnected systems.

* A variable structure observer-based decentralised SMC is proposed to control a
class of nonlinear interconnected systems with matched and mismatched uncer-
tainties. Based on the designed dynamic observer, a dynamic decentralised output
feedback SMC using outputs and estimated states is presented to control the in-
terconnected systems with matched and mismatched uncertainties. The nonlinear
interconnections are employed in the control design to reduce the conservatism of
the developed results. The bounds of the uncertainties are relaxed which are non-
linear and take more general forms. Moreover, the limitation for the interconnected
system is reduced when compared with the existing results in which the proposed
strategies adopt the full-order observer. Besides that, the presented method im-
proves the robustness of nonlinear interconnected systems to be against the effects

of uncertainties.

This thesis also provides several numerical and practical simulations to demonstrate
the effectiveness of the proposed decentralised SMC for nonlinear interconnected systems

with matched uncertainty, mismatched uncertainty and nonlinear interconnections.
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NOTATION AND SYMBOLS

A:=B
A= B

sgn(-)

For all

Belongs to

Implies

The set of real numbers

The set of nonnegative real numbers

The n dimensional Euclidean space

The set of n X m matrices with elements in R
The absolute value of a scaler a

The Euclidean norm or its induced norm

The unit matrix with dimension n

The transpose of matrix A

A is a symmetric positive definite matrix

A is a symmetric negative definite matrix

The minimum eigenvalue of the squar matrix A
The maximum eigenvalue of the squar matrix A
The Lipschitz constant of the function f(-)

The Jacobian matrix of the function f(x)

The first derivative of y with respect to time

The column vector [z, o, - - , x,]T where x; € R for i =

1,2,---.,n
A is defined by B
A implies B

The signum function
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CHAPTER. 1

INTRODUCTION

With the development of society, the structure of actual controlled systems with different
functions becomes more and more complex. Therefore, the requirements of the related
controllers need to be improved. Especially, for complex interconnected systems which
widely exist in the practical world, in order to enhance system performance, it needs to de-
sign controllers using different modern control technologies due to the existence of distur-
bances and interconnections [1, 2, 3]. Modern control theory has been widely concerned
and deeply studied in recent decades. In modern control theory, the control problem of
nonlinear interconnected systems with uncertainties is very important. For example, in-
dustrial robots, aerospace vehicles and modern power systems are all typical nonlinear
interconnected control systems. In these control objects, there are usually various com-
plex uncertainties, such as modelling error, parameter perturbation, external disturbance
and input nonlinearity. These factors may not only reduce the control accuracy, but also
may destroy stability of systems [4]. Therefore, how to design a reasonable and effective
robust controller to make the controlled object achieve the desired performance index has
been one of the main topics of general interests in the fields of modern control theory.

This thesis will be focused on decentralised SMC for nonlinear interconnected systems
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with uncertainties which has been carried out with a detailed background.

1.1. RESEARCH BACKGROUND

The interconnected system is a composite large-scale system composed of low di-
mensional subsystems interconnected in specific ways [5]. In many practical control ap-
plications, system models can be described in the form of interconnected systems, such
as power systems, chemical production systems, intelligent transportation systems, com-
puter network communication systems and economic operation systems. Therefore, the
research on control problems of interconnected systems has attracted great attention of
researchers. In a complex interconnected system, subsystems are interconnected together
which result in high dimensions, strong coupling, strong uncertainty and other complex
characteristics. Traditional control methods for centralised systems are difficult to be ap-

plied to analyse and control interconnected systems.

Interconnected systems exist in many fields of practical applications regarding in-
dustry and real life. With the strong expectations to analyse and control this kind of
complex systems, the study of interconnected systems has become essential and imper-
ative for modern control theory and practical engineering. People need to improve the
performance of interconnected systems to achieve desired control results. Therefore, the
related control strategies tend to be increasingly sophisticated. This topic has motivated a
great number of modern control methods to be applied with aiming at high-performance

of interconnected systems [6, 7].

There are many different characteristics in the various kinds of interconnected sys-
tems. Several inherent characteristics of interconnected systems have been pointed out
summarised by many researchers, including nonlinearity, high dimensionality and un-
certainty [8]. Due to these reasons, the complexity of traditional control methods for
interconnected systems always depends on the structure of interconnected systems and
specific working environments. Then, most of traditional control approaches for inter-
connected systems are inefficient and unfeasible. In connection with these, the proposed

approaches in this thesis mainly concentrate on solving the problems of these inherent

CHAPTER 1. INTRODUCTION
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characteristics to improve the performance of the whole interconnected system.

Firstly, nonlinearity is a very common characteristic and widely exists in real world.
In practical applications, most of interconnected systems have the characteristic of non-
linearity due to the complex structure and unknown external disturbances [9]. Linear
control strategies which have developed and achieved lots of great results in the long-time
research are usually the first choice, but traditional linear control methods sometimes can
not be adopted to complex nonlinear interconnected systems. So, control strategies for
nonlinear interconnected systems are needed to further develop. For example, the most
common and convenient technology is named as the linearisation technique which can
transform the nonlinear form into the linear form [10]. Nevertheless, for many specific
situations, linearisation is not available because of the existence of finite time escape,
multiple isolated equilibria, limit cycles and harmonic oscillation in the nonlinear sys-
tems [11]. Based on these reasons, linearisation is not an appropriate selection in these
specific situations above. Thus, it needs to develop more effective and general methods

for nonlinear interconnected systems.

Secondly, the characteristic of dimensionality is obvious in interconnected systems,
specifically in large-scale systems. Large-scale interconnected systems with different
functions mean that this kind of systems distributed over a large range sometimes has
complex structure and high dimension. In this situation, centralised control which is
realised as a common control method can cost great calculation. Besides that the sub-
systems of interconnected systems can be distributed in different spaces, the centralised
controller is hard to be implemented due to poor data transmission between subsystems
[12]. So such problems of efficiency and robustness often occur, and they usually have
negative impacts on the performance of interconnected systems in the centralised strategy.
To solve this kind of problems and ensure the high-performance of objects, many modern
control approaches have had great development in recent years, but many existing meth-
ods are very complex and inefficient which may result in computation burden, specifically
for large-scale interconnected systems. Therefore the problem of dimensionality is still

very thorny for interconnected systems.

Last but not the least, uncertainty is an inevitable problem in the modern control

CHAPTER 1. INTRODUCTION
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design for interconnected systems, though some previous methods under ideal conditions
do not consider it. In actual systems, it is very hard to establish an accurate mathemati-
cal model which can describe the dynamics of the object accurately due to the existence
of various uncertain factors [13]. Most of the uncertainties are without rules and unpre-
dictable. This thorny issue stimulates the development of the robust control theory which
can guarantee the performance index of the practical system in the presence of uncertain-
ties. Different complex uncertainties widely exist in practical systems. Robust control
can not have the general synthesis to deal with them. Therefore, uncertainty is a very
challenging issue for the control of interconnected systems, specifically when it appears

in interconnections.

Due to the ubiquitous existence of nonlinearities and uncertainties, robust control
has been an attractive issue of research in many years. The research on robust control
began in the 1950s. The so-called robustness refers to the characteristic that the control
system maintains certain performance under certain parameter perturbation and uncer-
tainties. According to different definitions of system performance, it can be divided into
stability robustness and performance robustness. The fixed controller designed with the
robustness of the closed-loop system as the objective becomes a robust controller. Some
technologies, for instance, mode-free adaptive control [14, 15], variable structure control
(VSCO) [16], Hoo control [17, 18] and minimum gain control [19], have great progress to
enhance the robustness of interconnected systems with uncertainties. There are two main
different uncertainties according to the structure, the first one is included in the input chan-
nel and named as matched uncertainty, and the other one which is out of the input channel
is named as mismatched uncertainty [20]. Based on the sources of the uncertainties, they
can be classified as external uncertainty and internal uncertainty. The main difference
between external uncertainty and internal uncertainty is that the first one usually does not
depend on the system variables, such as states, inputs or outputs. Disturbance observer-
based control which is widely adopted in practical systems can only eliminate the impact
of the external uncertainty. So, disturbance observer-based control can not achieve great

results when the system has both external and internal uncertainties [21].

SMC, which is a special kind of VSC, is realised as the high robustness to solve

CHAPTER 1. INTRODUCTION
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the problem of nonlinear systems with matched uncertainty. SMC is a typical discon-
tinuous control which can drive the system into a pre-defined sliding surface and keeps
the sliding motion on it. When selecting an appropriate surface, the object system will
be forced to the designed sliding surface in time. Besides that, the system can be trans-
ferred as a reduced-order system when it keeps on the sliding motion. SMC due to its
high robustness against uncertainties, has been recognised as an effective method for con-
trolling systems with matched uncertainties, and thus many SMC strategies have been
developed by combining different techniques. [22] proposed a modified SMC which was
able to deal with mismatched uncertainty, where dynamic feedback was employed. [23]
presented an innovative SMC to stabilise a kind of under-actuated systems in the cascade
case. [24] proposed a novel dynamic integral sliding mode controller for state-dependent
matched and mismatched uncertainties. State output feedback SMC was designed for
time delay systems in [25], where the designed controller was independent of the time
delay. [26] focused on designing an Hoo SMC for neutral-type stochastic systems with
Markovian switching parameters and nonlinear uncertainties. [27] used the SMC method
to uncertain multi-input multi-output linear Markovian jump systems. [28] imposed a
SMC combined with the backstepping method to control a cascade of equation-ODE sys-
tem with matched and mismatched disturbances. [29] presented the second-order SMC to
improve the closed-loop performance of nonlinear affine systems with quantised uncer-
tainty. A neural network fuzzy SMC presented by [30] was applied to pneumatic muscle
actuators, where an adaptive training used neural network was able to establish a fuzzy
SMC controller, and an integrator could minimise the tracking error. [31] adopted the
terminal SMC and the full-order terminal SMC to improve the performance of multiple-
input multiple-output systems with mismatched uncertainty, respectively. [32] proposed a
SMC for discrete-time switched systems via an event-triggered strategy. [33] adopted in-
cremental nonsingular terminal SMC for multi-input multi-output nonlinear systems with
uncertainties, disturbances, and sudden actuator faults. [34] used chattering-free model-
free adaptive SMC to gas collection process with data dropout. It should be mentioned

that all of the achievements above are only for centralised systems.

There are two main different strategies defined as centralised control and decen-

tralised control for interconnected systems. Decentralised control only uses local infor-

CHAPTER 1. INTRODUCTION
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mation while centralised control can employ all the information of the whole system in
control design. Therefore, decentralised control does not need data transmission from
the other subsystems and can reduce the complexity of calculation in practical applica-
tions [12]. Although centralised control has low conservatism, it will not work when the
channels of data transferring between subsystems are blocked, in this case, decentralised
control can still work well. Moreover, the structure of decentralised controllers is usually
simpler than that of centralised controllers. In general, decentralised control is easy to
implement in the complex and harsh industrial environments. Due to these advantages of
decentralised control, lots of researchers devoted themselves to this field and got many
dazzling results [35, 36, 37]. The novel decentralised control strategy with finite-time
convergence was developed for the trajectory tracking of a space manipulator in [38].
The decentralised voltage control strategy based on the gradient projection method was
presented for the wind farm in [39]. The decentralised composite suboptimal control
strategy was presented to solve the optimal control problem for a class of two-time-scale
networks in [40]. [41] investigated a decentralised event-triggered adaptive control prob-
lem of uncertain interconnected lower-triangular nonlinear systems using corrupted local
state feedback. [42] presented a decentralised output-feedback control scheme for a class
of nonstrict-feedback nonlinear large-scale systems with input delay, saturation and un-
known virtual control gains. [43] presented a decentralised adaptive neural asymptotic
tracking for switched nonlinear interconnected systems with unknown strong intercon-
nections and predefined transient performance. The acceleration feedback-based finite
time platoon control for the interconnected vehicular system was proposed in [44]. [45]
put forward a decentralised adaptive control for uncertain interconnected systems with
triggering state signals. [46] proposed a neural network decentralised observer-based
fault-tolerant control for the nonlinear interconnected fractional-order systems. [47] in-
vestigated the problems of stability and decentralised control for a class of interconnected
fractional-order systems. [48] presented the fault-tolerant load frequency control for the
interconnected wind power systems. Although, there are many great achievements related

to interconnected systems, there are just a few results using the technology of SMC.

Motivated by the existing problems in traditional control methods and practical ap-

plications, this thesis focuses on the topic of the decentralised SMC for nonlinear intercon-

CHAPTER 1. INTRODUCTION
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nected systems with uncertainties. The considered interconnected systems are nonlinear
with matched uncertainty, mismatched uncertainty and interconnections. Moreover, the
situations of interconnected systems with known states and unknown states are both con-
sidered. Furthermore, the proposed approaches have general forms, which can improve
the robustness of performance for many kinds of nonlinear interconnected systems with

uncertainties.

1.2. CONTRIBUTIONS AND THESIS ORGANISA-

TION

This thesis focuses on the development of decentralised SMC for nonlinear inter-
connected systems with uncertainties. Several methods and different techniques based on
SMC have been provided to design the controllers to improve the robustness. The main

contributions of this thesis are summarised as follows:

* A decentralised SMC scheme for nonlinear interconnected systems is proposed un-
der the assumption that all system states are accessible. For systems with matched
uncertainty and mismatched uncertainty, a state feedback decentralised SMC strat-
egy is proposed to eliminate the effect of the uncertainties by using the bounds on
uncertainties and interconnections. The bounds used in the design are fully non-
linear which has higher applicability for different complex interconnected systems.
Especially, for fully nonlinear systems, the proposed method does not need to use
the technique of linearisation, which is widely used in the existing works to deal

with nonlinear interconnected systems with uncertainties.

* The dynamic observer is presented to complex nonlinear interconnected systems
in the presence of matched and mismatched uncertainties. This dynamic observer
can estimate the states which can not be measured in the system. The presented
approach has excellent identification ability with small estimated errors for states
of nonlinear interconnected systems with matched and mismatched uncertainties. It

should be pointed out that the considered uncertainties of nonlinear interconnected

CHAPTER 1. INTRODUCTION
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systems have general forms, which mean that the proposed method can be effec-

tively used in more generalised nonlinear interconnected systems.

* A variable structure observer-based decentralised SMC is developed to control non-
linear interconnected systems with matched and mismatched uncertainties. Based
on the designed dynamic observer, a decentralised output feedback SMC using out-
puts and estimated states is given to control the interconnected systems in the pres-
ence of matched and mismatched uncertainties. The nonlinear interconnections are
employed in the control design to reduce the conservatism of the developed results.
The bounds of the uncertainties has the variable range, which have more general
structures. Moreover, the limitation for this interconnected system is reduced when
compared with the existing achievements in which the previous approaches use the
full-order observer. Besides that, the proposed approach improves the robustness of

nonlinear interconnected systems in the presence of uncertainties.

This thesis, for readers’ convenience in understanding the developed methodology,
also provides several numerical and practical simulations to demonstrate the effectiveness
of the proposed decentralised SMC for nonlinear interconnected systems with matched

uncertainty, mismatched uncertainty and nonlinear interconnections.
The rest of this thesis is structured as follows:

Chapter 2 gives some mathematical preliminaries needed for the following chapters. Es-
pecially, the essential concepts and main results of the Lipschitz function, the existence
and uniqueness of system solution, the Lyapunov stability theory, and the converse Lya-

punov theory are presented in this chapter.

Chapter 3 provides basic concepts and fundamental knowledge to help readers to under-
stand this thesis. First of all, the fundamental concepts of observability and controlla-
bility of linear systems are explained. Then, basic knowledge of feedback control, state
observer and SMC are described. Moreover, some important knowledge related to inter-
connected systems is introduced, such as the architecture and different control methods
for interconnected systems. Two different practical systems are also presented in this part.

The necessity and superiority of the decentralised SMC are given in the summary of this

CHAPTER 1. INTRODUCTION
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chapter.

Chapter 4 proposes a novel decentralised robust state feedback SMC which can be used
to stabilise a class of nonlinear interconnected systems with matched and mismatched un-
certainties. A composite sliding surface is designed, and a set of conditions are developed
to guarantee that the corresponding sliding motion is uniformly asymptotically stable.
Then, a decentralised state feedback sliding mode control is proposed to drive the inter-
connected system to the designed sliding surface in finite time, and a sliding motion is
maintained thereafter. The bounds on the uncertainties and interconnections are allowed
to have more general nonlinear forms, which are employed in control design to reject the
effects of uncertainties and unknown interconnections and enhance the robustness. It is
not required either the isolated nominal subsystems linearisable or the interconnections
linearisable. At last, a numerical example and a practical simulation of the two coupled
inverted pendula on carts are presented to demonstrate the effectiveness of the proposed

control strategy.

Chapter 5 presents a dynamic observer which is applied to the complex interconnected
systems with matched and mismatched uncertainties. This dynamic observer can identify
all state variables which are required in the design of the controller. The proposed method
has great identification ability with small state estimated errors for interconnected sys-
tems. A numerical simulation and a practical example of the lateral flight control system

are presented to demonstrate the effectiveness of the proposed observer.

Chapter 6 proposes a variable structure observer-based decentralised SMC which can
be applied to control a class of nonlinear interconnected systems with matched and mis-
matched uncertainties. Based on the estimated states from the dynamic observer, a com-
posite sliding surface is designed, and the stability of the sliding motion is analysed based
on the regular form of the interconnected system. Using the pre-designed observer, a
dynamic decentralised output feedback SMC is presented to drive the interconnected sys-
tems to the designed sliding surface in finite time, and then the sliding motion is main-
tained thereafter. The nonlinear interconnections are employed in the control design to
reduce the conservatism of the developed results. The bounds on the uncertainties are

relaxed which are nonlinear and take more general forms. Finally, a numerical simulation

CHAPTER 1. INTRODUCTION
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example is presented to illustrate the developed strategy.

Chapter 7 presents a summary of the main conclusions of this thesis. Discussion for the

potential future work is also provided in this chapter.

CHAPTER 1. INTRODUCTION



CHAPTER. 2

MATHEMATICAL PRELIMINARIES

In this chapter, fundamental mathematical concepts and definitions are introduced which
will be used in the following chapters. To be specific, the Lipschitz function is explained
in section 2.1. The existence and uniqueness of system solution are described in section
2.2. Definitions related to the Lyapunov stability theory are given in section 2.3, and

section 2.4 provides the converse Lyapunov theory.

2.1. LIPSCHITZ FUNCTION

This section will explain the concepts of the Lipschitz condition and the generalised

Lipschitz condition.

2.1.1. L1PSCHITZ CONDITION

Firstly, two important concepts are introduced which are named as the time-invariant
system and the time-variant system. The time-invariant system means that the character-

istic of the system does not change with time, and the dynamics of the system which is

11
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independent of time only depends on the input signal and the structure of the system [49].
The time-variant system is defined as a system that its characteristic is changing over time

[49].

Theorem 2.1. (Lipschitz condition of time-invariant function [50]). Consider a time-

invariant function f(z). If any two points x1 and x5 in a domain D satisfy

1f (1) = f@2)]| < Lljzy — | (2.1

where L is a nonnegative constant, then, the function (2.1) is called as the Lipschitz con-
dition, L and f(x) are named as Lipschitz constant and Lipschitz function, respectively.
If D = R", it is said that f(x) satisfies the global Lipschitz condition. If D C R", it is

said that f(x) satisfies the local Lipschitz condition.

Theorem 2.2. (Lipschitz condition of time-variant function [50]). Consider a time-

variant function f(t,x), if Vt € [a,b], and V1,29 € D, there is a constant L satisfying

1f(t, 21) = f(E, 22)|| < Lflwy — 22| (2.2)

it is said that f(t,x) satisfies the Lipschitz condition related to t € |a,b] in the domain
D, where a and b are nonnegative constants. L and f(t, ) are named as Lipschitz con-
stant and Lipschitz function, respectively. If D = R", it is said that f(t,z) satisfies the
global Lipschitz condition. If D C R", it is said that f(t,z) satisfies the local Lipschitz

condition.

2.1.2. GENERALISED LIPSCHITZ CONDITION

The Lipschitz condition presented in the previous subsection can be extended to
the vector function. Another important concept called generalised Lipschitz condition is

presented in this subsection.

Theorem 2.3. (Generalised Lipschitz condition [20]). Consider a function f(x1,xo,x3),
where x1 € D1 C R™, x9 € Dy C R™ and x5 € D3 C R™, Dy x Dy x D3 — R",
if there exists the nonnegative continuous functions L (x3) and Lo(x3) in the domain D3

such that the inequality

If(z1, 22, 23) — f(ZT1, T, 23)|| < La(xs)||lwy — 21| + Lo(xs)||ze — T2 (2.3)
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holds for Yx3 € Ds, where Ty € Dy and Ty € Do, it is said that f(xy,xy,x3) satisfies
the generalised Lipschitz condition related to x, and xy uniformly for xs. Moreover, if
Dy = R™ and Dy = R™, f(x1, %2, x3) is said to satisfy the global generalised Lipschitz
condition related to x1 and x5 uniformly for xs. If D1 C R™ and Dy C R, f(x1, 2, x3)
is said to satisfy the local generalised Lipschitz condition related to x1 and x5 uniformly

for x3.

In (2.3), Li(x3) and Ly(x3) are named as the generalised Lipschitz bounds which
are nonnegative continuous functions. This is different from the Lipschitz condition that
L in (2.1) or (2.2) is the constant. Therefore, the generalised Lipschitz condition is an

extension of the Lipschitz condition discussed in the subsection 2.1.1.

2.2. EXISTENCE AND UNIQUENESS OF SYSTEM

SOLUTION

This subsection presents some concepts and definitions related to the existence and

uniqueness of system solution.

Consider a system described as follows
= f(t,x), x(to) =0 (2.4)
where © € R" denotes the system state, and ¢ is time.

Definition 2.1. (Existence and uniqueness of the solution [51]). For the system (2.4), if
there exists a continuous differentiable function z () satisfying (2.4) in [to, t1), then this
function z(¢) is named as a solution of the system (2.4). In the other words, this situation
is called as the existence of the solution of the system (2.4). If there is only one solution
x(t) satisfying by the system (2.4), this =(¢) has the characteristic of uniqueness, and the

system (2.4) is said to have the unique solution.

In the practical application, many mathematical models similar to the system (2.4)

are used to describe the dynamic behaviour of the object from ¢, to ¢;. These mathematical
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models have a unique solution to predict the dynamics of systems in future. If solutions
of mathematical models are multiple, these systems will be unpredictable in the future.

This class of unpredictable systems is very hard to control in practical application.

If f(¢,x) is a continuous function related to time ¢ and state x, then the solution z(t)
of f(t,x) is continuously differentiable. In practical apects, people usually use computers
which only give control signals by sampling. So the closed-loop system is piecewise
continuous related to time ¢. Therefore, the research about continuous systems sometimes

focuses on the time segment continuous situation.

It is very important to make the judgement about the existence and uniqueness of

system solution.

Theorem 2.4. (Local existence and uniqueness of the solution [51]). Consider the
system (2.4), if the function f(t,x) is piecewise continuous related to the time t for

Vo, 29 € D = {x € R"|||x — x¢|| < 0} in [t,t1] and satisfies the Lipschitz condition

1f (1) = J(t xo)l| < |y — ] (2.5)

Then, there exists a positive constant € such that the state equation © = f(t,x) with

x(tg) = xo has a unique solution over [ty, ty + €.

Theorem 2.4 presents conditions under which the system (2.4) has the unique solu-
tion. During the process of the proof for Theorem 2.4, it is easy to get that € < ¢ — 2,

therefore, [to, to + €] C [to,t1] and the solution z(t) € D.

Theorem 2.5. (Global existence and uniqueness of the solution [51]). If the function
f(t,x) in (2.4) is piecewise continuous related to the time t for Y1,y € R™ in [to, 1]
and satisfies the Lipschitz condition (2.5). Then, the state equation © = f(t,x) with

x(to) = xo has a unique solution over [ty, t1].

Compared with the two Theorems 2.4 and 2.5, if the function f(¢, z) in (2.4) satisfies
the local Lipschitz condition related to x and ¢, there exists a locally unique solution for
this system. If the function (2.4) meets the global Lipschitz condition related to x and ¢,
there exists a globally unique solution for this system. For the local Lipschitz condition

in Theorem 2.4, it is easy to realise in practical applications. Theorem 2.5 is usually very
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conservative. In practical applications, some nonlinear systems which may not satisfy
the condition of Theorem 2.5 still have a unique solution. Therefore, it is necessary to
develop some results with more relaxed conditions to determine the global existence and
uniqueness of system solution. Then, another theorem is given to use the local Lipschitz

condition to determine the global existence and uniqueness of system solution.

Theorem 2.6. (Global existence and uniqueness of the solution [51]). If the function
f(t,x) in (2.4) is piecewise continuous in t and locally Lipschitz in x for all t > t, and
all x in a domain D C R". Let W be a compact subset of D, xo € W, and suppose it is
known that every solution of the system (2.4) lies entirely in W. Then, there is a unique

solution that is defined for all t > t,.

Theorem 2.6 is a more general result which can help people to determine the ex-
istence and uniqueness of the solution of continuous systems. This theorem needs all
signals of closed-loop to be bounded. So the unique solution z(t) is bounded. In this
case, we just need to ensure that the systems satisfy the local Lipschitz condition related

to x to guarantee that the systems have a unique solution.

2.3. LYAPUNOV STABILITY THEORY

The Lyapunov stability theory used to analyse the stability of the system was es-
tablished by a Russian mathematician and mechanist named as A.M. Lyapunov in 1892
[51]. With the development of the system theory, the stability theory is very important in
the analysis and the design of controllers for systems. For control design, stability is an
essential issue which needs to be considered as unstable systems can not work in reality.
In the study of linear time-invariant systems, there are many criteria such as algebraic
stability criteria, Nyquist stability criteria and so on, which can be used to determine the
stability of systems. In this thesis, the Lyapunov stability theory is used as one of the main
methods. Therefore, some main results of the Lyapunov stability theory are presented in

this part.
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Take consideration of a general time-invariant system
i = f(x) (2.6)
where © € D C R", and f(-) is a continuous function satisfying Lipschitz conditions.

Definition 2.2. (Stability, uniformly stability and asymptotically stability [20]). The

equilibrium point z = 0 of the system (2.6) is considered to be

(i) stable if there is ( = ((o,t9) > 0 for Vo > 0,

lz(@)ll < ¢ = llz®)] <o, VE>1 >0 2.7)

(1) unstable if it does not satisfy the condition (2.7).

(iii) uniformly stable if there is the { = ((0) > 0 for Vo > 0 which is independent
of to to make (2.7) hold.

(iv) asymptotically stable if it satisfies (2.7), there exists a positive constant m =

m(to) such that z(t) — 0 when t — oo for all ||z (to)|| < m.

Now, take consideration of a general linear system as follows
T = Ax (2.8)
where x € R", A is a matrix with appropriate dimensions.

Theorem 2.7. (Stability of linear system [20]). The linear system (2.8) is
(i) stable if all real parts of eigenvalues of the matrix A are negative.

(ii) unstable if there exists the positive real part of eigenvalues of the matrix A.

Definition 2.3. (Lyapunov equation [20]). The coefficient matrix A in system (2.8) is
stable if for the given positive definite symmetric matrix (), there is an unique positive

definite symmetric matrix P such that
PA+ATP =—-Q (2.9)

Then, the function (2.9) is called as the Lyapunov equation.
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Theorem 2.7 and Definition 2.3 are usually used for linear systems. The following

theorems of Lyapunov stability are for nonlinear systems.

Theorem 2.8. (Lyapunov stability theorem of nonlinear systems [20]). For the system

(2.6) defined in x € D C R". The function V is a continuously differentiable function

satisfying
V(0)=0 (2.10)
V(z) >0, ze D\{0} 2.11)
Then, the system (2.6) is
(i) stable if for Vo € D
V(z) <0 (2.12)

(ii) asymptotically stable if for Vo € D\{0}

V(z) <0 (2.13)

(iii) unstable if for Vo € D\{0}

V(z)>0 (2.14)

Consider a time-varying nonlinear system as follows
&= f(t,x) (2.15)

where x € D C R", and D includes the origin 2o = 0 and f(-) in the system (2.15) is

piecewise continuous related to time ¢ and locally Lipschitz regard of z.

Theorem 2.9. (Expanded Lyapunov asymptotically stability theorem [20]). For the sys-
tem (2.15) defined in x € D C R", ¥t > 0, if there exists a continuously differentiable

function V' satisfying

M (z) < V(t,x) < My(x) (2.16)
ov oV
o + %f(tﬁ) < —M;(x) (2.17)

where M;(x) for i = 1,2, 3 are continuous positive definite functions in domain D, then

the system (2.15) is uniformly asymptotically stable.
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2.4. CONVERSE LYAPUNOV THEORY

In this subsection, the converse Lyapunov theory is to be introduced.

Definition 2.4. (Class K functions [20]). A continuous function « : [0,a) — [0, 00) is

said to belong to class K if it is strictly increasing and a/(0) = 0.

Definition 2.5. (Class K C" functions [20]). A class K function is said to belong to class

ICC! if it is continuously differentiable.

Theorem 2.10. (Converse Lyapunov theorem [20]). Consider a time-varying nonlinear

system as follows
T = f(t,x) (2.18)

where v € H C R", and H = {z € R"|||z|| < n,n > 0}. f(-) is a contin-
uously differentiable function, and the Jacobian matrix Of [0z is bounded in the do-
main H uniformly in t. Choose m, € and 1y as the positive constants, and 1y < n/m,

Hy = {x € R"|||z|| < no}. If the system meets the following condition
|zl < mllz(to)lle™"), Va(to) € Ho, V=19 >0

then, there is a continuously differentiable equation V (t, x) satisfying

Arlllell) < V() < Balllx]]) (2.19)

V() V()
o2+ S ) <~y (el (2.20)
20 < sathat @2

where (;(-) for i = 1,2,3,4 are class K functions in the domain [0, rg). If the system is

autonomous, V' is independent of time t.

Theorem 2.10 shows that there exists a Lyapunov function for the system (2.18) if

all the conditions of Theorem 2.10 are satisfied.
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CHAPTER. 3

FUNDAMENTAL CONTROL THEORY

AND BASIC CONCEPTS

In this chapter, fundamental control theory and basic concepts are to be presented for
readers’ convenience. The basic knowledge of SMC theory as one of the main techniques
used in this thesis will be introduced in this chapter as well. The basic definitions of
stability, observability and controllability of the linear system are described in section
3.1. The concepts of state space and feedback control are presented in section 3.2. A
brief description of the state observer is written in section 3.3. Some basic definitions
and popular control methods of SMC are introduced in Section 3.4. The review related to
interconnected systems is presented in section 3.5. In section 3.6, two practical systems
which will be analysed in the following chapters are described. At last, the summary of

the previous fundamental knowledge is given in section 3.7.

19
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3.1. OBSERVABILITY AND CONTROLLABILITY

OF LINEAR SYSTEM

This section presents the related analysis based on the linear model to describe ob-
servability and controllability. The basic knowledge of observability and controllability is
essential for late analysis and design. Observability and controllability of a control system

need to be considered before the control design [49].

Consider a simple time-variant linear system

©(t) = Az(t) + Bu(t) (3.1)
y(t) = Cx(t) (3.2)

where A € R"™", B € R"!and C' € R, z(-) € R",u(-) € Rand y(-) € R are state,

input and output, respectively.

Definition 3.1. (Controllability) [S2]. A time-variant linear system (3.1)-(3.2) is said to
be controllable at ¢, € 7" if it possible to find the input u(¢) defined over ¢t € T (T is time
interval), which will transfer the initial state x(¢,) to the origin at the finite time t; € T’
and ¢, > t,. If this is true for all initial time ¢, € 7" and all initial states x(t;), the system

(3.1)-(3.2) is completely controllable.

Controllability means that the control signal can control the states of the linear sys-
tem from initial value to final value in finite time. The input signal can not have an impact
on the whole system when the system is uncontrollable. A system (3.1)-(3.2) is control-

lable when the controllability matrix K is full rank [49], where K is defined as
K=[B AB A’B ... A"!'p] (3.3)

Definition 3.2. (Observability) [52]. A time-variant linear system (3.1)-(3.2) is said to
be observable at t, if for any x(to) # 0, it can be determined from the output y(¢), where
t € [to,t1] C T, and t; > ty is the finite time belonging to the domain 7". If this is true

for all ¢y € T and z(ty) # 0, the system (3.1)-(3.2) is said to be completely observable.
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Observability means that states of the linear system can be observed via measured
output. If the system is not observable, it can be stable when the unobservable linear
system is stable. Then, the output feedback controller can not be applied to stabilise
the linear system when this unobservable system is not stable. The system (3.1)-(3.2) is

observable when the observability matrix F is full rank [49], where F is described as

E=[C cA cA* ... oA (3.4)

It is essential to analyse the controllability and observability of the object system be-
fore design of the control law. When partial system is neither controllable nor observable,
then the dynamics of these parts of the system usually can not be changed. A linear system

can achieve high performance when the whole system is controllable and observable.

3.2. STATE SPACE AND FEEDBACK CONTROL

Feedback control is realised as one of the fundamental and important control strate-
gies in control fields. This classic control method is widely applied to practical systems,
such as intelligent robots, mechanical arms and transport networks. Feedback control is
a control mechanism which employs information/data from measurements to manipulate
variables to achieve the desired performance. The control law can be designed based
on the comparison between the actual values and related desired values of system vari-
ables [53]. However, this working mechanism of feedback control is affected by the
disturbances which are inevitable in practical applications. Disturbances and uncertain-
ties must be considered in the design of controller for feedback control. Many researchers

have been working on this field for a long time.

State space is widely used to describe control systems. State refers to an ordered set
that the minimum number of variables in the system, which can determine the dynamics
of the system [53]. The so-called state space denotes the set of all possible states of the
system. In short, the state space can be regarded as a space with the state variable as
the coordinate axis. So states of the system can be expressed as a vector in this space.

State space is a mathematical model including a set of inputs, outputs and states. In the
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state space, the relationship between inputs, outputs and states is expressed by a set of
first-order differential functions. State space provides a convenient and simple method to
analyse the multi-input and multi-output systems. An n-th order system with m inputs

and p outputs is presented in Fig 3.1.

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

state variables

U, — gy {xl,XZ,."’xn} >,

Figure 3.1: State space.

Consider the mathematical formula, which can describe the state space in Fig 3.1, as

follows

xz(t):fl(t7$au)7 i:17273a"' , (35)

where @;(t) = %4, and z(t) = col(zy, 2, ,z,) € R", u € R™ and ¢t € R denote

the state, input and time, respectively. The function f;(-) can describe the system dynam-
ics related to x; for ¢ = 1,2,3,--- ,n. Equation (3.5) is a typical expression about the

n—dimensional state space.

The system output in Fig 3.1 can be described by

Let
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Then the system (3.5) with the output (3.6) can be written in a compact form as

z(t) = f(t,xz,u) (3.7
y(t) = g(t,r) (3.8)

If m,p = 1 in equations (3.5) and (3.6), the system is defined as the single-input single-
output system. If m,p > 1 in equations (3.5) and (3.6), the system is called as the

multi-input multi-output system.

Take consideration of the time-invariant linear system,

= Ax + Bu (3.9
y=Cr (3.10)

where the matrices A, B and C' have the appropriate dimensions. (A, B) and (A, C) are
controllable and observable, respectively. If the control law v = — Kz is designed based
on the accessible states of the system (3.9)-(3.10), where /i is the constant matrix with
appropriate dimensions. This kind of control is defined as state feedback control. The

related closed-loop dynamics can be written as
t=(A— BK,)x (3.11)

Then the main objective is to design an appropriate feedback gain matrix K to make the
matrix (A — BK) become stable. The block diagram in Fig 3.2 shows the structure of

state feedback control framework.

‘bgg—ub B X Integrator | * C L»

Ks

Figure 3.2: Structure of state feedback control.
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In the actual situation, because of the harsh operating environment or intrinsic com-
plexity of the system, values of states for the object system may be unavailable. In this
case, the state feedback control is unsuitable for this class of systems. Instead of state
feedback control, output feedback control which is only based on the measured outputs
is an effective approach used in systems with unknown states. The control law of output
feedback control can usually be expressed as u = —K,y, where K, is the gain matrix.
Based on output feedback control, the corresponding closed-loop dynamics can be de-

scribed as
&= (A—- BK,C)x (3.12)

This strategy needs to guarantee the stability of the matrix (A — BK,C') by designing an

appropriate gain matrix K,. The detailed structure is presented in Fig 3.3.

)
v

—»Q—“» B | X Integrator

A

K,

Figure 3.3: Structure of output feedback control.

Both state feedback control and output feedback control are widely applied in many
practical systems. Lots of researchers have obtained great achievements and make indeli-

ble contributions to this field [54, 55].

3.3. STATE OBSERVER

In this subsection, the concept of state observer is to be introduced. The state ob-

server is a class of dynamical systems in which the estimated states are obtained from
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—>O—“>{ B x Integrator | * C LA
A
M c
» B X Integrator x C Yy
A |e
v

Figure 3.4: Structure of the state observer.

the measured values of the external variables including input variables and output vari-
ables of the original system, which is also known as the state configurator. In the early
1960s, in order to implement state feedback control for systems with inaccessible states,
D. G. Luenberg, R. W. Bass and J. E. Bertrand proposed the concept of state observer
and constructed the corresponding method [56]. This control strategy solved the problem
that states can not be directly measured through sensors. With development of science
and technology, the state observer not only gives a practical possible approach for state

feedback control; but also has been adopted in modern control theories [57, 58, 59].
Now, consider the state observer design. The state observer can be designed for the
system (3.9)-(3.10) as
& = Ai + Bu+ M(Cx — C%) (3.13)
where M is the designed gain matrix. The structure of the state observer is presented by
the block chart in Fig 3.4.

According to equations (3.9) and (3.13), the estimated error e, of states can be given
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as

é, = (A— MC)e, (3.14)

The suitable selection of M lets the matrix (A — M (') be stable if (A, C') is observ-

able, and then the value of ¢, tends to zero when the time tends to infinity.

lim es(t) — 0 (3.15)

t—o00

State observers can be classified as full-order state observers and reduced-order state
observers according to the dimensions of observers. If dimensions of state observers
and original systems are equal, this class of state observers is named as full-order state
observers. If the dimensions of state observers are less than that of the original system,
this kind of state observers is called as reduced-order state observers. In other words,
the reduced-order state observer just estimated the partial states of original systems [60].
These two different kinds of state observers have their advantages and disadvantages,
respectively. People usually choose the appropriate kind of state observer based on system

structures and characteristics of the object systems as well as the practical requirements.

3.4. SLIDING MODE CONTROL

This part is to describe the background and important concepts related to the SMC.

3.4.1. RESEARCH BACKGROUND OF SLIDING MODE CONTROL

In daily life, people will meet various control systems, for instance, water circula-
tion systems, waste recycling systems and air purification systems. These control systems
may belong to different research areas, such as sociology, economics, biology, mechanical
engineering, electrical engineering, etc. In the control theory, it is essential to build math-
ematical models for specific control systems. For different mathematical models, various
control concepts and approaches have been developed, such as optimal control [61], fuzzy

logic control [62], intelligent control [63], etc. However, both the earlier classical control
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theory and the popular modern control theory require that the mathematical model of the
control system is known more accurately. In the practical process of modelling, there
usually exists a deviation between the actual system and the mathematical model. This
deviation may come from unmodelled dynamics, perturbation and approximation of the
considered systems. Therefore, the designed controller must ensure the control system
work with the desired performance under the existence of modelling deviation [64]. This

class of problems is the well-known robust control problem.

SMC is a typical VSC. In the 1950s, a VSC method was proposed for the second-
order linear systems for the first time [64]. Different feedback gains were set for differ-
ent systems. The control system could obtain certain characteristics which could not be
achieved if the controller’s structure was not variable. In the early 1960s, the term named
as variable structure first appeared. The second-order nonlinear system with multiple un-
stable equilibrium points was asymptotically stable where the system states moved on a
hyperplane in the state space to approach zero [65]. The hyperplane was the so-called
sliding surface, and this method was called as SMC. Traditional VSC requires detailed
information about the structure of the system. It is very difficult to be implemented in
high-order systems. In view of this, Emelyanov did some research on the controllable
single-input system with high-order based on the technique of SMC. According to the
sign of the sliding function, the different control gains are selected to change the direction
of the sliding function which is opposite to the sign of the sliding function [66]. Some
characteristics of interference suppression and chattering are also revealed during the re-
search, and many useful conclusions for controllable systems are summarised in related
books [64]. From the 1970s to the early 1980s, this kind of control strategy was gradually
extended to the multi-input systems. However, it could only achieve very conservative
results with the respect to the multi-input systems [66]. Additionally, the characteristics
of the robustness of SMC had not been systematically researched, and thus, in this period,

SMC did not attracted more attention of researchers.

With the publication of a famous review article written by Utkin [67], SMC entered
a new stage of development that ideas of VSC and SMC were known by many researchers

around the world. Especially in the late 1980s, robust control became a hot topic in the
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control field, and SMC was developed rapidly because of its inherent characteristics of
robustness against matched disturbances [68]. From the late 1980s to nowadays, many

great results of SMC have been achieved [64, 69, 70, 71, 72].

3.4.2. EXISTENCE OF SLIDING MOTION

Traditional SMC has two phases exhibiting different responses which are the sliding
phase and the reaching phase. Sliding phase is defined as the period when the object
system enters to the designed sliding surface and keeps the motion on it. The order of
the system will be reduced when the system moves on the sliding surface. This kind of
dynamics is defined as sliding mode dynamics. The reaching phase means the period
that the system starts from the initial point driven by the control law until it arrives at the

sliding surface.

Take consideration of the nonlinear control system written as follows
= f(t,x)+q(t, z)u (3.16)

where © € R" and u € R™ are system states and inputs, respectively. f(-) € R" and

q(-) € R™™ are continuous. Select the control law written by
{u+(t,m), o(x) >0 (3.17)
u =
u (t,x), o(z)<0 (3.18)

where o () is the sliding function defined by
a(x) = col(o1(2),05(), -+, om()) (3.19)

Definition 3.3. (Sliding mode domain [67]). The domain S in the manifold o(x) = 0
can be defined as the sliding mode domain, if for any ¢ > 0, there is a § > 0 such that
any motion from the n dimensional e vicinity of the domain S can only leave there via its

boundary.

Fig 3.5 shows the detailed explanation about the sliding domain.

Theorem 3.1. (Existence of sliding motion [67]). For the (n — m) dimensional sliding

mode domain S, it is sufficient that in the n dimensional domain D, S C D, there is
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Figure 3.5: Sliding mode domain [20].

a continuously differential function V' for (3.16) which is satisfied with conditions as

follows

(i) The continuously differential function V' is positive definite with respect to o and

forany z € S and ¢,

nf V=g (3.20)
sup V =w (3.21)
loll=7

where £ # 0if 7 > 0, and £ and @ depend on 7.

(i) Time derivative of the function V' has negative supremum on small enough
spheres ||o|| = 7 with removed points on the discontinuity surfaces where this deriva-

tive does not exist.

After the confirmation of the existence of sliding motion, then, an appropriate control

law needs to be designed to satisfy the reachability condition to guarantee the system to
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be driven to the sliding surface. This condition can be described as
ol (x)o(x) <0 (3.22)

where o(z) is the pre-designed sliding function. This initial reachability condition can
only ensure the system move to the sliding surface asymptotically. So, several researchers

modified this original reachability condition in (3.22) as follows
ol (z)o(z) < —n|o(z)]] (3.23)

This modified condition is called as 7) reachability condition which can ensure the system
move to the sliding surface in finite time. The constant 7 is named as reach gain which

can be determined in the design of the SMC controller.

3.4.3. EQUIVALENT CONTROL APPROACH

There are two main methods which can be used to analyse the stability of sliding
motion. One is named as the equivalent control, and the other one is called as the regular

form. Firstly, we briefly introduce the approach of equivalent control.

Consider a system described as follows
= Ax + B(u+ ¢(x)) (3.24)

where z € R" is system state, and © € R™ is input, m < n, the matrices A and B are

known with appropriate dimensions. ¢(z) is the unknown matched uncertainty.

If the system (3.24) is driven to the pre-designed sliding function o(x) defined as
o(x)=Fx (3.25)

Based on the fact that in the sliding surface o(z) = 0, then 6(x) = 0, it is easy to get the

related equivalent control as follows
Uy = —(FB) 'FAz — ¢(z) (3.26)

where the matrix F’ is selected satisfying that F'B has full rank. It ensures that this equiv-

alent control has a unique solution. Then, the sliding mode dynamics can be presented
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as

&= (I, — B(FB)'F)Ax (3.27)
Fr=0 (3.28)

This control strategy is widely used in many systems in which states are all accessible
in the ideal situation. In actual projects, the equivalent control technique is sometimes
used to practical systems combined with the identification technology to overcome the

problem of unknown states [66].

3.4.4. REGULAR FORM APPROACH

The other strategy is the regular form method which can also be applied to analyse

the dynamics of the sliding motion.

Consider a simple system as follows
&= Az + Bu (3.29)

where x € R" and u € R™ are state and input, respectively, m < n. the matrices A and
B are known with appropriate dimensions. Assume that rank(B) = m. Then, there exists

a coordinate transformation z = Tz such that

0
TB=| _ (3.30)
B
where B € R™ ™ is a nonsingular matrix. The coordinate transformation matrix 7' is

nonsingular. The system (3.29) can be transferred to a new system via the coordinate

transformation. In the new coordinates z, the system (3.29) can be described by

21 = 1211121 + A]_QZQ (331)

?;'2 = /113;:1 + 1211422 —+ BU (332)

where z; € R"™™, zo € R™, z = col(zy, 2z7) and

|4, A
A= TR —part (3.33)
A13 A14
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and B is given in (3.30).

There is no control signal « in the equation (3.31), the control signal « is only in the
equation (3.32). The equations (3.31)-(3.32) are called as the regular form of the system
(3.29).

Then, select a suitable sliding function as follows
O'(.T) = F1z1 —+ FQZQ (334)

where I, € R™*(=™) and F, € R™*™ are design matrices with F, being invertible.

o(x) = 0 is the sliding surface. On the sliding surface,

Z9 = —F2_1F12’1 (335)

Substitute the equation (3.35) to (3.31), the sliding mode dynamics can be described
by

. i i -1
2= Apnz — A12F2 Fiz

= (An — ApFy ')z (3.36)

The only objective is that find the suitable /' and F3 to ensure the stability of (12111 —
fluFQ_lF 1) Then, the whole system is asymptotically stable. The matrix pair (A7, Ai2)
is controllable if and only if the pair (A, B) is controllable. It is easy to see that the
dynamics of the sliding mode is reduced-order. Therefore, sliding mode dynamics (3.36)

is a reduced-order system when compared with the original system (3.29).

Insensitivity property is another inherent characteristic of the regular form method

[66]. Consider a system with matched and mismatched uncertainties described by
&= Ar+ B(u+ ¢(x)) + ¢(z) (3.37)

where x € R™ and u € R™ are state and input, respectively, m < n, the matrices A and B
are known with appropriate dimensions. ¢(z) is the matched uncertainty, and ¢(x) is the
mismatched uncertainty. Use the transformation z = T’z given above to get the following

system

2= 1211121 + 121122’2 + @1(21, 22) (3.38)
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Zg = 1211321 + Az + B(U + Qg(zla 22)) + P2(21, 22) (3.39)
where z = col(z1, z2) with z; € R"™ and 2z, € R™, and
0
TB=| (3.40)
B
. |4 A
A= |71 T8 —rart (3.41)
Ay A
1 ¢1(21, 22)
P1(21,22) =TT 2) = | (3.42)
902(21, 22)
D(z1,2) = G(T712) (3.43)

where @1(21,20) € R™™ and $y(z1,22) € R™. Then, choose the sliding function

o(x) = F1z1 + Fyzy, where F} € R™*(=m) and Fy € R™*™ are design matrices with F5

being invertible. It is easy to get the dynamics of sliding motion given by

2.;1 = Allzl =+ AlQFQ_lFlzl + @13(21)

where @13(21) = @1(21, Zz)fzgz_F;lFlzl'

(3.44)

From the equation (3.44), the dynamic of the sliding motion is independent of the

matched uncertainty ¢(-) and uncertainty @, (-). This kind of phenomenon is called as the

insensitive characteristic of sliding motion to matched uncertainties.

3.5. INTERCONNECTED SYSTEM

A detailed introduction related to interconnected systems is presented in this section,

including research background, description and main control methods for interconnected

systems.

3.5.1. BACKGROUND OF INTERCONNECTED SYSTEMS

In practical applications, ideal linear systems are very rare because of the wide ex-

istence of nonlinearity in actual control systems. If the degree of nonlinearity in systems
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is not very high to some extent, the nonlinear system can be approximated or simplified
as a linear system using the linearisation technique, and then this nonlinear system can be
analysed and controlled via the control theory for linear systems. However, with the great
development of science and technology, especially, in high-tech fields such as aircrafts
and robots, the requirements of the performance for control systems are increasing. In
order to achieve better control results, the nonlinear system control theory must be es-
tablished to solve the problem of nonlinear systems which can be well modelled for real

systems [51].

At the same time, in various fields of industry and daily life, a variety of large-scale
complex systems widely exist. In order to describe and analyse these systems, people
put forward a concept of interconnected system [73]. The interconnected system is a
composite large-scale system composed of low dimension subsystems interconnected in

a specific way, which generally has the following basic characteristics [74, 75, 76]:

(1) Large scale. Interconnected systems tend to have high dimensions and a large

number of subsystems and variables.

(i1)) Complex structure. Interconnected systems usually can be decomposed into
several isolated subsystems, and dynamics of each subsystem can be integrated to form

the dynamics of the whole system.

(ii1) Multiple controllers. Interconnected systems are generally controlled by more

controllers.

(iv) Suboptimum. It can be controlled suboptimally. In control of interconnected
systems, there may be multiple objectives. These multiple objectives cause that the con-

trollers usually can not achieve the optimal results.

(v) Various influencing factors. Interconnected systems are complex systems with
multiple inputs and outputs with strong uncertainties. The interconnected system may
have strong interconnections between subsystems, and there may be different control
strategies for each subsystem. It makes the analysis and design of interconnected sys-

tems become more difficult.

Interconnected systems usually represent actual complex systems, and their hier-
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archical or multi-level structure is suitable for describing systems related to economic
management, aviation, aerospace, navigation, robotics, etc [77]. The characteristics of
interconnected systems determine that their theories and methods have various applica-
tions. The control strategies of many practical problems of interconnected systems are
based on the inherent characteristics of systems themselves. According to the continuity
of states in interconnected systems, they can be classified as continuous interconnected
systems and discrete interconnected systems. According to the expression of states in
interconnected systems, they can be classified as linear interconnected systems and non-
linear interconnected systems. According to the time term in the interconnected system,
it can be classified as time-delay interconnected systems and non-delay interconnected
systems [78, 76]. In essence, the most important task in studying interconnected systems
is to analyse the interconnections, which describe the influence of each subsystem on the
other subsystems. Therefore, for interconnected systems, the structure of interconnection
comes very naturally to become the main topic of research to distinguish interconnected

systems from the traditional centralised systems.

3.5.2. DESCRIPTION OF INTERCONNECTED SYSTEMS

This subsection gives a brief description of interconnected systems.

Consider the mathematical model of a complex nonlinear interconnected system

which is composed of several subsystems described by

Ty = €i(t, m5) + (¢, 5) (wi + 0i(t, 23)) + Hi(t, x), 1=1,2,---n (3.45)

where z; € ; C R™ (£); denotes a neighbourhood of the origin), and u; € R™
are, respectively, state variables and inputs of the i-th subsystem with m; < n;, r :=
col(zy, g, -+ ,x,) € Q=0 X Oy X -+ x Q. The matrix function ¢;(-) € R™*™ and
the nonlinear vector ¢;(-) € R™. The term g;(-) denotes matched disturbance, and H;(-)

represents the interconnection.

Some definitions for the system (3.45) are to be introduced as follows.

Definition 3.4. (Isolated subsystem [79]). Consider the system (3.45). The following

CHAPTER 3. FUNDAMENTAL CONTROL THEORY AND BASIC CONCEPTS



3.5. INTERCONNECTED SYSTEM 36

system
& = €;(t, @) + it ) (u; + 0i(t, 23)), i=1,2,---,n (3.46)
is called the i-th isolated subsystem of the system (3.45).
Definition 3.5. (Nominal isolated subsystem [79]). From the system (3.45), the system
;= €(t, ;) + (L, zy)uy, i=1,2,---,n (3.47)
is called the ¢-th nominal isolated subsystem of the system (3.45).

Each subsystem has its own control law u;, and the interconnection denotes the mu-

tual influence of each other.

3.5.3. MAIN CONTROL METHODS FOR INTERCONNECTED SYSTEMS

Control methods for interconnected systems mainly include centralised control, dis-
tributed control, hierarchical control and decentralised control, among which the decen-
tralised control method is widely used in the control of interconnected systems. These

methods are to be briefly discussed in this subsection.

X Regglator = Subsgstem

1 1

—] Regulator |* _|Subsystem

Central ™ R S
. ki 2
Coordinator wlt.) 2
Xy
—— Reg;lator Uy Subsgstem
|uN(t,x) N N

Interconnection

Figure 3.6: Centralised control method [80].

Centralised control: Firstly, centralised control is introduced. Fig 3.6 gives an

explanation of centralised control for an interconnected system [80]. In the design of
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centralised control, based on the traditional control theory and methods, people usually
consider the overall interconnected system as the research object, then they analyse the
characteristics of the overall interconnected system and adopt the overall modelling, order
reduction to analyse and calculate the whole system before proposing the control strategy
[80]. Common control methods include feedback control [81], optimal control [82], PID
control [83], robust control [84], intelligent control [63], neural network control [85],
fuzzy control [86], etc. These control strategies are fully developed and widely used. Lots
of practical applications have proved that centralised control has satisfactory performance
for centralised systems with low dimensions. However, for interconnected systems with
high dimensions and complex structures, there are many constraints which should be
considered in the process of control design. In some cases, the dimension of the designed
controller is very high which will cause the problem of dimension disaster. For large-
scale interconnected systems, centralised control makes the information exchange of the
whole system become extremely complex, which leads to an increase in the calculation
of integration and operation for the control system. Moreover, when local faults occur
in one or several subsystems of the interconnected system, it is necessary to analyse the
dynamics of the whole system, which leads to the poor reliability and low fault tolerance

of the entire interconnected system [87].

~—

Regulator |«,(z, x)[Subsystem
R, » S

1

~—

Regulator [u,(7. x Subsystem
R S

2

2

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

N

Network Interconnection

Figure 3.7: Distributed control method [88].

CHAPTER 3. FUNDAMENTAL CONTROL THEORY AND BASIC CONCEPTS



3.5. INTERCONNECTED SYSTEM 38

Distributed control: In the distributed control method, controllers of subsystems
in the interconnected system are distributed according to the detailed situation of subsys-
tems. The control objectives of the interconnected system are allocated to the subsystems
in a certain way, and there is limited information exchange between them [88, 89]. This
distributed layout improves the reliability and flexibility of the related controllers. More-
over, it reduces the communication cost between subsystems. In essence, distributed
control is a control method between centralised control and decentralised control. Fig 3.7

presents the structure of the common distributed control for interconnected systems [88].

_x, | Regulator | «_| Subsystem
P ol R o S
x, x, |Decision |, i d
<+— Maker
x DM-1 <« Regulator | # | Subsystem
uz' Rz 32
Coordinateor
:x‘;' Regulator |¥~-1| Subsystem
Xy . > R o S
+. |Decision| “¥- N1 N1
—| Maker
X
DM-k <x‘; Regulator | ¥y | Subsystem
u,vV RN SN

Interconnection

Figure 3.8: Hierarchical control method [90].

Hierarchical control: The fundamental idea of hierarchical control is to let each
controller of the interconnected system not only construct its own dynamic compensator
independently; but also establish a high-level dynamic coordinator to determine the re-
lated control strategy of the subsystem, this characteristic enhances the performance of
each controller of the subsystem [90]. Fig 3.8 gives an example of hierarchical con-
trol [90]. Interconnected systems usually have two general structures. One is called as
the multi-layer structure, which divides the interconnected system into multiple layers
according to its functions. The lowest layer is the direct control layer, which directly
controls the subsystem of the interconnected system. The related parameters of the di-

rect control layer are determined by its upper layer named as the layer of optimization.
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The parameters related to the environment are set in the layer of optimization, which is
calculated by the adaptive function layer. In the multi-layer structure, the lower layer
is only directly controlled by the corresponding upper layer, and there is no information
exchange between the same layers. The second structure is called the multi-level struc-
ture. This structure is to add a coordinator to the local controller of subsystems to solve
the problem of cooperation between subsystems. The coordinator is designed to provide
necessary information for each controller of the local subsystem [91]. The hierarchical
control, which can get global optimization via achieving local optimization, has a lot of
information exchange between the upper and lower layers. In some cases, the complex-
ity of the hierarchical system may lead to the decline of the reliability of interconnected
systems, and it is mainly used to the open-loop control system. So the applications of the
hierarchical control are limited [92]. In addition, the hierarchical control law requires to
collect the information from all subsystems. In a sense, hierarchical control is a gener-

alised centralised control.

Decentralised control: Complex characteristics of interconnected systems inevitably
lead to the appearance of decentralised control. Decentralised control theory as an impor-
tant branch of large-scale system control theory has achieved great development since it
was proposed at the end of the 1960s [93]. Currently, decentralised control is still one of

the hot topics in control theory research of interconnected systems.

Most interconnected systems are multi-input multi-output systems. For example,
there are many control substations in the power system, and each substation is responsi-
ble for its own function. In the process of control system design, this situation is called
as decentralisation. Fig 3.9 describes the structure of decentralised control [94]. When
designing a controller for the subsystem, it is necessary to determine a structure and al-
locate the input of the subsystem to a local controller. This controller only uses the state
or output of the subsystem, and such a kind of control methods is called as decentralised
control [94]. In other words, in a decentralised control system, the interconnected sys-
tem is decomposed into several subsystems which are controlled by independent local
controllers. The cooperation of these local controllers helps the interconnected system

meet the requirements of the performance. Each subsystem is only controlled based on
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Figure 3.9: Decentralised control method [94].

its own information. Therefore, in decentralised control, local controllers do not need
to exchange information with other subsystems, which can save transmission cost [95].
It can also improve the reliability of the entire interconnected system, and overcome the
problem caused by the collection of information of storage [96]. In practical engineer-
ing applications, the idea of decentralised control can be effectively used to deal with the

problems of dimension, uncertainty and structure constraints.

3.6. SEVERAL PRACTICAL SYSTEMS

This section introduces several practical systems which are typical interconnected

systems.

3.6.1. COUPLED INVERTED PENDULA ON CARTS

Take consideration of a coupled inverted pendulum connected via a spring on two
carts which is a typical nonlinear interconnected system described in Fig 3.10 [20]. In this
system, the pivot position of the spring can be changed with the variation of the length

[ of two pendulums due to the equation regarding time ¢. The input signal u; of two
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pendulums is the torque applied at the pivot [97]. In the common situation, this input

signal is produced by the external force F;.

/ r 4 / / / /// / /

Figure 3.10: The general structure of coupled inverted pendula on carts [20].

Consider the dynamic mathematical model for this system as follows

X 0 1 T11 " 0 n 0 0 T21
513'1 == ul
0
— . (3.48)
ol sin gy + %(51 — 89)
X 0 1 T921 n 0 n 0 0 T11
Ty = Ug
D ) ™= O
0
a ka(t)(a(t)—cl) (3.49)
%5552 sin oy + “c,‘;—pc(sQ — 51)

where 21 = col(x11, z12) and z9 = col(za1, T22), 11 and 12 denote the angle and angular
velocity of 6, respectively. x5 and x4, denote the angle and angular velocity of 65,

respectively. s; and s» are the positions of carts,

M
C =
M+m

(3.50)

k and g are spring and gravity constants, respectively.

3.6.2. LATERAL FLIGHT CONTROL SYSTEM

This part has the simple introduction of the lateral flight control system for aircrafts,

which is widely used in civil airliners (see Fig 3.11). For easy implementation of the
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control of lateral flight control systems, linearisation technology is adopted to this kind of
complex flight control systems. The dynamics of the aileron and the rudder actuator need
to be modelled in this progress. The yaw rate which can be applied as the input to deal
with the problem of damping can be measured by a class of high pass filters [98]. The

dynamics of aileron and rudder actuators for aero craft are generally expressed as

Figure 3.11: The civil airliner [99].

2
Aileron: 28 _ % (3.51)
ou(s) s+25
w(s) 20
Rudder: = 3.52
e wu(s) s+20 (3.52)

where o(s), 0.($), @(s) and w,,(s) are aileron deflection, the perturbed aileron deflection

command, rudder deflection and the perturbed rudder deflection command, respectively.

The high-frequency yaw manoeuvring components of the yaw rate can be achieved

via the high pass filter named as washout filter, which is described as follows

((s)  os
0(s)  os+1 (3.53)

where ((s) and v(s) denote the output of washout filter and yaw rare, respectively. o

denotes a time constant.
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Based on the equations (3.51)-(3.53), the lateral flight control system at the cruising

flight condition can be described as linear equations via the linearisation technology,

i = Ar + Bu (3.54)
y=Czx (3.55)
where
z = col(w, 8,0,6,¢, 0, @) (3.56)
u = col( oy, wy) (3.57)
y = col(0,¢, 0, ™) (3.58)

The variables «, 5, v, 0, ¢, o and w are sideslip angle, roll rate, yaw rate, bank angle,
washout filter output, aileron deflection, and rudder deflection, respectively. o, and =, are
the perturbed aileron deflection command and the perturbed rudder deflection command,
respectively. The matrices A, B and C, which are dependent on the structure of the

aircraft, are constants with appropriate dimensions.

According to [20], the lateral flight control system can also be described in the form

of interconnected systems as follows

i = Ay + Buuy + Hy(2) (3.59)
y = Chay (3.60)
&9 = Asxe + Baus + Ho(x) (3.61)
Y2 = Cowy (3.62)

where x; = col(x11, X129, x13) and x5 = col(za1, Ta2, T23, T24) denote roll rate, bank angle,
aileron deflection, sideslip angle, yaw rate, washout filter output and rudder deflection,
respectively. Input signals u; and us are the perturbed aileron deflection command and
the perturbed rudder deflection command, respectively. Functions H;(-) and Hs(-) are
interconnections. Outputs y; = col(y11,y12) and y2 = col(¥ya1, Y22) denote bank angle,
aileron deflection, washout filter output and rudder deflection, respectively. The matrices
Ay, By, C1, As, By and (5, which are dependent on the structure of the aircraft, are

constants with appropriate dimensions.
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The lateral flight control system is just related to the lateral movement of the aircraft.
The complete flight control system includes pitch, roll and yaw control [99], lift and drag
increase control [100], manual trim [101], direct force control [102] and other configura-
tion change control of aircraft [103, 104]. Different control systems composed of many
subsystems have the cooperation with each other to realise the objective of controlling

aircraft.

3.7. SUMMARY

In this chapter, the fundamental knowledge of observability, controllability, feed-
back control, state observer, SMC and interconnected systems has been presented. SMC
is an effective method for interconnected systems due to its advantages, such as the fast
response, reduced-order dynamics and insensitivity to variation of parameters and distur-
bances in systems. After a preliminary understanding of the four main control strategies
for interconnected systems, decentralised control due to its simple structure, low cost of
calculation and reliability is a better choice compared with the other three methods for
interconnected systems. Besides to overcome the problem of unknown states in intercon-
nected systems, the technique of state observer is also essential. Based on these reasons,
SMC, state observer and decentralised control are considered as the main methodology

for interconnected systems in the following chapters.
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CHAPTER. 4

DECENTRALISED STATE FEEDBACK

SLIDING MODE CONTROL FOR

INTERCONNECTED SYSTEMS

In this chapter, a novel decentralised robust state feedback SMC is presented to stabilise
a class of nonlinear interconnected systems with matched uncertainty and mismatched
unknown interconnections. In section 4.1, the introduction of the research background
is presented. Section 4.2 is about the system description and problem formulation. In
section 4.3, a composite sliding surface is designed, and a set of conditions are developed
to guarantee that the corresponding sliding motion is uniformly asymptotically stable.
Then, a decentralised state feedback SMC is proposed to drive the interconnected systems
to the designed sliding surface in finite time, and a sliding motion is maintained thereafter.
In section 4.4, a numerical simulation example and a practical simulation example of two
coupled inverted pendula on carts are presented to demonstrate the effectiveness of the

proposed control strategy. The summary is given in section 4.5.
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4.1. INTRODUCTION

With the advance of scientific technology, many industrial and commercial systems
are modelled by interconnected systems with high complexity and large-scale. These sys-
tems usually consist of a set of composite objects through interactions, which are possibly
different sorts of physical, natural, and artificial dynamics. Such a class of systems widely
exist in the real world, for instance, modern power systems, transportation systems, air-
crafts and robots [20, 105, 106]. In reality, the existence of nonlinearities, uncertainties
and interconnections increases the difficulty of analysis and design for interconnected
systems. Besides that, practical systems are affected by internal and external disturbances
including modelling errors, parameter variation, temperature change, pressure and me-
chanical loss etc. Therefore, the exploration of complex interconnected systems with

unknown uncertainties and disturbances is full of challenges.

Due to the advantages of SMC and decentralised control, many researchers have fo-
cused on the decentralised SMC of interconnected systems recently. [107] applied the
decentralised SMC to the distributed simulation of differential-algebraic equation sys-
tems. But the proposed method could not be applied to general nonlinear systems. An
adaptive decentralised SMC for a class of non-affine stochastic nonlinear interconnected
systems was presented in [108], which was used to estimate one adaptive parameter of
each subsystem. Moreover, uncertainties were not considered in [108]. A kind of novel
decentralised state-feedback adaptive SMC was proposed in [109] for large-scale inter-
connected systems with nonlinear interconnections and time-delay. The global decen-
tralised discrete SMC for interconnected systems based on output feedback was employed
by [110]. These two strategies achieved good results for specified interconnected systems,
though all isolated subsystems are linear. A decentralised integral SMC combined with
PID was proposed in [111] for unmanned aerial vehicles, where the control sensitivity
with respect to the network topology was analysed, but the mismatched uncertainties
were not considered. [112] investigated a sliding variable-based decentralised static out-
put feedback SMC for interconnected descriptor systems, where it required that the in-

terconnected systems was linear. [113] presented a strategy of SMC for load frequency
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problems in two area interconnected power systems, though SMC was only applied to
specific interconnected systems without considering mismatched uncertainties. Although
many researchers have obtained the remarkable achievements of decentralised SMC, few
people concentrated on the nonlinear interconnected systems with mismatched uncertain-
ties and unknown interconnections at the same time. Due to the complexity of nonlinear
systems, the technology of SMC combined with decentralised control for nonlinear inter-

connected systems with unknown interconnections is challenging and significant.

In this chapter, a state feedback decentralised SMC scheme is proposed to stabilise
a class of nonlinear interconnected systems. The considered interconnected systems pos-
sess both nonlinear interconnections and nonlinear isolated subsystems. A coordinate
transformation is applied to transform all the isolated subsystems into the regular form to
facilitate the controller design as well as the interconnected system analysis. Then, for the
transformed system, a composite sliding surface is designed, and a set of conditions are
developed to guarantee that the corresponding sliding motion is uniformly asymptotically
stable based on the Lyapunov theory. A state feedback SMC law is established to drive
the system to the sliding surface in finite time and maintain the sliding motion after that.
The bounds on all uncertainties and interconnections have general nonlinear forms related
to system states, which are employed in decentralised control design to reduce the effects
of uncertainties. It is shown that under certain conditions, the effect of the unknown in-
terconnections can be completely cancelled by an appropriately designed decentralised
controllers with regard to the reachability analysis. At last, a numerical simulation and a
practical example are provided to demonstrate the effectiveness of the proposed control

strategy.
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4.2. SYSTEM DESCRIPTION AND PROBLEM FOR-

MULATION

Consider nonlinear time-varying interconnected systems with matched disturbances

and unknown interconnections consisted of n interconnected subsystems,

where z; € ; C R™ (£); denotes a neighbourhood of the origin), and u; € R™
are, respectively, state variables and inputs of the i-th subsystem with m; < n;, z :=
col(zy, Ta, -+ ,x,) € Q= Q1 X Qy X -+ x Q. It is assumed that the matrix function
gi(+) € R"™*™i is known and has full column rank; the nonlinear vector f;(-) € R™ is
known. The term ;(-) denotes matched disturbance, and h;(-) represents the unknown
interconnection. All nonlinear functions are assumed to be continuous in their arguments

in the considered domain to guarantee the existence of system solutions.

Now, consider a nonlinear transformation,
zi = Ti(z;), i=1,2,---,n 4.2)

which is a diffeomorphism. The Jacobian matrices 07;/0x; are nonsingular in the consid-

ered domain for ¢ = 1,2, - - - , n. Then, the transformation (4.2) defines a new coordinate
z = col(zy, 22, - , z,). In the new coordinate z, system (4.1) can be described by
. [GTZ- : }
Zi = | =—;
Oz; o =T; " (z)
o, (4.3)
= (fi(t x;) + gi(t, i) - (wi + it ;) + hi(t, 93)) :
al’l xi:TL'71 (ZL)
1=1,2,---,n

It is assumed that system (4.1) in the new coordinate z can be described by

zn =Fa(t, zin, zi2) + Ha(t, 2) 4.4)

Zio =Fia(t, zi1, zia) + Gi(t, zin, zi2) - (0 + @i(t, 21, 2i2)) + Hia(t, 2) 4.5)
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where Zi1 € inl C Rni_mi, Zio € Qzﬂ C Rmi, z = COl(Zl, 29, ,Zn), Zi = COl(Zil, Zig) €

QTi C R™,

QTi = inl X Qm = {(Zi17zi2) ’ (Zi17zi2) = Ti(flfi),% S Qz}

and
Fii(v) oT;
Ep(") i =1} (=)
Hi (- oT;
ey = |0 [ Bt ac)] 4.7)
Ho()| 107 5T )
0 oT;
Gi(+) i zi=T; ' (2i)
q)z() = [(,Ol<t, IZ)]mzzT;l(zl) (49)
where G;(-) € R™*™ is nonsingular in the considered domain Qr, fori = 1,2,...,n.

It should be noted that systems (4.4)—(4.5) are in the traditional regular form, which

is very useful for the constructive application of the sliding mode paradigm.

Remark 4.1. 1t should be pointed out that there is no systematic method to find a coordi-
nate transformation (4.2) to transfer system (4.1) to the regular form (4.4)-(4.5). But the
work in [114] and [115] can be referred to construct the corresponding transformation in

certain cases.

In the following, the nonlinear interconnected system (4.4)-(4.5) is focused on. The
objective of this chapter is to develop a state feedback decentralised SMC scheme, such
that the controlled systems (4.4)—(4.5) are uniformly asymptotically stable irrespective
of disturbances and unknown interconnections. It should be emphasised that the results
developed in this chapter can be easily extended to all interconnected systems (4.1) which

can be transformed to the systems (4.4)—(4.5) by a known nonsingular transformation.
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4.3. SLIDING MOTION ANALYSIS AND CONTROL

DESIGN

In this section, the sliding surface will be designed and the corresponding sliding
motion is to be analysed. Then, a novel decentralised SMC strategy is to be proposed

under the assumption that all system states are accessible.

4.3.1. STABILITY OF SLIDING MOTION

Based on the specific structure of the system (4.4)-(4.5), the switching function for
the i-th subsystem can be selected as
si(zi) = zi, 1=1,2,---,n (4.10)

Then, the composite sliding function for the interconnected system (4.4)—(4.5) is given

as
S(z) =col(s1(z1),82(22), -+, Sn(2n))
(4.11)
= col (Z127 222y, ZnZ)
So, the composite sliding surface is written by
{col(z1, 29,...,2,) | 2o =0 for i=1,2,...,n} (4.12)

When the interconnected system is limited to moving on the sliding surface (4.12), z;5 =
0 for: = 1,2,...,n. It follows from the structure of the system (4.4)-(4.5) that the

corresponding sliding mode dynamics can be described by
Zin = Fius(t, za) + Has(t, 211, 2215+ 2n1), t=12,...,n (4.13)

where z;; € )., C R™ ™™ denotes the state of the sliding mode dynamics, and

-Fz'ls(') = Fﬂ(t, Zil, Zi2)|zi2:0 4.14)
Hii(+) == Hi(t, 2)]210=0, 2020 (4.15)
where Fji(-) and H;;(-) are defined in (4.6) and (4.7), respectively. From (4.7), it is

clear to see that the term H;;s(-) comes from h;(¢,z), which represents the unknown

interconnection of the ¢-th subsystems in (4.13) for: =1,2,...,n.
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In order to analyse the sliding motion governed by interconnected system (4.13) and

related to the composite sliding surface (4.12), the following assumptions are needed.

Assumption 4.1. There exists the continuously differentiable functions Vi(t, z;1) : RT X
Rri=™i s RT fori =1,2,...,n, such that for any z;; € §),,, the following inequalities
hold:

(i) piy(llzanll) < Vi(t, zaa) < pia(llzn

);
T
(ii) 8‘(/9;;') + <86VZ+1(1)> Firs(t, za) < —p123(”zi1

(iii) H (%V—“)T' )

where the functions py(-) for 1 = 1,2,3, 4 are class KC Y functions.

);

< pi4(||zi1

There are continuous functions ¢;(-) such that for any z;; € €2, pu(-) can be de-

composed as
palllzall) = salllza|)|lzall, 1=1,23,4 (4.16)
where ¢;(+) are continuous functions in R* fori = 1,2,...,nand [ =1,2,3, 4.

Remark 4.2. Assumption 4.1 implies that all nominal isolated subsystems of the inter-
connected system (4.13) are uniformly asymptotically stable. It is worth clarifying that
Assumption 4.1 is usually required when the nominal sliding mode dynamics are fully
nonlinear [115, 116]. Moreover, if the nominal system is exponentially stable, then As-
sumption 4.1 will be satisfied. It should be mentioned that, the fact that 2,1 = Fj15(¢, z;1) is
uniformly asymptotically stable does not mean that the nominal system (4.4) is uniformly
asymptotically stable. It should be pointed out that in [110, 112, 116], the whole inter-
connected systems need to satisfy the constraint conditions to ensure all nominal isolated
subsystems of (4.4)-(4.5) are asymptotically stable, while only (4.13) needs to satisty the
related conditions to guarantee that nominal isolated subsystems of the reduced-order sub-
systems (4.13) are asymptotically stable. Therefore, the approach proposed in this chapter
can reduce the constraint conditions and calculate burden compared with the work men-

tioned above in this regard.

Assumption 4.2. The interconnection term H;i4(-) in the system (4.13) satisfies

[ Hins(t, 211, 201, -+ 2) | < Bilts 211, 201, -+ 5 201) D05y 20l (4.17)
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where [3;(-) are known continuous functions fori =1,2,---  n.

Remark 4.3. Assumption 4.2 ensures that the interconnections in (4.13) are bounded by
known functions related to states of the system (4.13). However, the method developed in
this chapter can be applied to a wider class of interconnections, for example, (4.17) can

be replace by

[ Hirs()l < Bul)llzull + Bai()llz21ll + -+ + B () |z ||

It is required that 3;; are the constants forz, j = 1,2,--- ,nin [110]. Note, in this chapter,
f;i(+) are known continuous functions which include the interconnections considered in
[110] as a special case in this regard. In reality, the bounds on uncertainties for a specific
practical system usually can be obtained/estimated based on the prior knowledge and
engineering experiences as well as statistical/historical data collected for the considered
system. It should be noted that under certain conditions, the method proposed in [117]

can be applied if the bounds on uncertainties are unknown.

The following result is ready to be presented.

Theorem 4.1. Under Assumptions 4.1 and 4.2, the sliding motion associated with the
sliding surface (4.12) of the system (4.4)—(4.5) is uniformly asymptotically stable if the
function matrix MT (-)+ M (-) > 0 in the considered domain z;; € ),,, C R™ ™, where
M = (myj(+))nxn is a n X n function matrix with its entries defined by
2 . .
Ga() —<a()Bi(), =
—<u()Bi(), i F£ ]
where g;3(+) and G;4(+) are givenin (4.16) and f3;(-) is defined in (4.17) fori,j = 1,2,...,n.
Proof. From the analysis above, it is clear to see that system (4.13) is the sliding mode

dynamics related to the composite sliding surface (4.12). The remain is to show that the

system (4.13) is uniformly asymptotically stable.

Under the condition that p;(-) is class C ! function, the equations in (4.16) hold.

For system (4.13), consider the candidate Lyapunov function

V(t, 211,221, 1 2m1) = ZVz‘(t, Zi1) (4.19)
i—1
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where V;(+) is defined in Assumption 4.1. The time derivative of V' (-) along the trajectory

of system (4.13) is described as

n

V(tyzn,zm, e Zpy) = Z “/;(tazil)
i—1

5 (%0 (B )
(%50 () o5

i=1
From Assumptions 4.1 and 4.2, the equation (4.20) can be written as follows

- ||Hils(')||> (4.20)

V(t, 211,201, 2 <Z< pa(lzall) + pulllzal) - Bi(- Z”%l”) (4.21)

According to equation (4.16), it follows that

V(t, 211,721, " ° 7Zn1)

<Z ( Z(lzalDllzall? + sia(llza )| 2 18 (- Z ||zﬂ||)
=— Z (E(lzall) = salllza DB () |zl
=1

=S3 qulllzall) - B lzall -zl

i=1 j=1,j#i
1
=— 5ZT (M"+ M)z (4.22)
where Z := col(||z11, [|z21]], - - - , ||2n1]|) and M is the n x n matrix with entries defined
in (4.18). Hence, the result follows from M” + M > 0. [

Remark 4.4. Theorem 4.1 provides a set of sufficient conditions under which the sliding
mode is uniformly asymptotically stable. The function matrix M in Theorem 4.1 only
depends on g;3(-), G;4(+) and f;(+), which are determined by the given system. The condi-
tion that M7T + M > 0 with M defined in (4.18) implies the limitation to the mismatched

interconnections.
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4.3.2. REACHABILITY ANALYSIS

A set of conditions have been developed in Theorem 4.1 above to guarantee the slid-
ing motion stability of the considered interconnected systems (4.4)—(4.5). The objective
now is to design a decentralised state feedback SMC such that the interconnected system

is driven to the sliding surface (4.12) in finite time.

For the interconnected system (4.4)—(4.5), the corresponding reachability condition

based on the composite sliding surface is described by
ST(2)$(2) < —nlIS(2)] (4.23)
where S(z) is defined by (4.11), and 7 is a positive constant.

Consider the system (4.4)—(4.5), the following assumption is introduced for further

analysis and control design.

Assumption 4.3. The uncertainty ®;(t, z;1, zi2) and the interconnection Hy(t, z) in (4.5)

satisfy

| @i(t, 21, 2i2) || < & (L, za, 2i2) (4.24)
[ Hia(t, 2)|| < Z €i5(t, 25) (4.25)
=1

where &;1(t, 21, zi2) and €i;(t, z;) are known continuous functions.

It should be noted that Assumption 4.3 is the limitation to system uncertainties as
well as interconnections. It is clear to see that the bounds on the uncertainties and inter-
connections are fully nonlinear, which are to be employed in the control design to reject

the effects of them on system performance. Construct the control law
ui = — Gt 200, 2i2) Fia(t, 21, 2i2) — Gy H(E, zin, zi2) ki - sgn(ziz)
— Gy H(t, z, 2in) <||Gz'(t, zin, Zi2)|§in (F, zin, ziz)sgn(2i2) (4.26)

n 1 Zi2 - 2 .
+ 2o+ 3 e'i(thi))a 1=1,2,....n
2 2 [|zi21? ; ’

where Fis(+) is given in (4.6), §i1(+) and D7, €;;(t, z;) are given in (4.24) and (4.25),
respectively, sgn(-) is the usual signum function, and k; is the control gain which is a

positive constant.
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Remark 4.5. From the control structure in (4.26), it follows that the functions €;;(t, z;)
need to be vanished at z; = 0 for 4,5 = 1,2,...,n. This implies that the unknown
interconnections H;,(t, z) must be vanished at the origin z;; = 0 fori = 1,2,...,n.

Otherwise, it may result in infinite control due to the term ”;#
Theorem 4.2. Under Assumption 4.3, the nonlinear interconnected system (4.4)—(4.5)

can be driven to the sliding surface (4.12) in finite time by the designed controller in

(4.26) and maintains a sliding motion on it thereafter.
Proof. From the definition of S(z) in (4.11) and the system (4.5), it follows that
=2 st

Z ( it zi1, zin) + Gi(t, 2’1172@2)(%‘ + (I)i(tyzilazﬂ)) + HiQ(t7Z>>

=1

(4.27)

Substituting the control u; in (4.26) into equation (4.27),

ST<z>S<z>=Zz£< <>+G<>( G () Fa()

=1

=67 O (IOl (senze) + 7o + H 2;2”2 >oa ) @)

- G (k- senlea) + () ) + Hal)
Rearrange the associated terms in (4.28), it follows that

ST(2)S(z2)

n

-y (zﬁ@(-)@(-) GO ()2 sgn(zn)

=1

n 1 zl Zio
+2L Hip(-) — (252% 5 ||222||2 Z e ( ) — kizgsgn(zig))

= 3 (GRG0l ()ehsen(za) )

i=1
- T g 1 22 € (

(St - 5 - 3 A g
i=1

— Z kizhsgn(ziz) (4.29)
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Based on (4.24), (4.25) and the fact that s”sgn(s) >|| s || for any vectors s (see Lemma 1
in [118]), it follows that

n

Y (ZBGIO)B() = [Gi() 1€ () zhsgn(z))

< Z (zell - NGO N2 = Nlziall - I GiO] - €a () <0 (4.30)

Then, by similar reasoning as in (4.30), and from (4.25)

n

1 2552
IETRIE S SRS B o 2

i=1 i=1 j=1
<Zuzﬁu |Hia()l —ZZ—HmHQ 222 2 (t,2)
=1 j=1 =1 j=1
—ZHZQH [ Hio(- H—ZZ—HZqu ZZ €t %) (4.31)
=1 j=1 =1 j=1

From the fact that “2—;“’2 > |al |b|, it follows that

) S)DEIERLES 5} QLI
2 2

i=1 j=1 i=1 j=1
Y el )
i=1 j=1
>3zt 2)
i=1 j=1
= Z [ 22| Z € (t, 2;)
i=1 j=1
>zl - [1Ho O (4.32)
i=1
From (4.32) and (4.31),
= - 1 2%z
T 12 12 2
ZZi2Hi2(~) - Z 5 Zinzin — 3 Tzl ]Z <0 (4.33)
=1 i=1 i=1 j=1

Substituting (4.30) and (4.33) into (4.29) yields

ST(2)S(z) < — Zkizigsgn(ziz) < —nZziTzsgn(zig) < —nl| S| (4.34)
i=1 i=1
where 7 is chosen such that n < min{ky, k2, -+ , k, }.
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The inequality (4.34) shows that the reachability condition (4.23) is satisfied, and
thus the interconnected system (4.4)—(4.5) can be driven to the sliding surface (4.12) in

finite time and maintain a sliding motion on it thereafter. Hence, the result follows. O

According to SMC theory, Theorems 4.1 and 4.2 together show that the closed-loop
system formed by applying control law (4.26) to interconnected system (4.4)—(4.5) is

uniformly asymptotically stable.

Remark 4.6. From the proof of Theorem 4.2 above, it is clear to see that both the matched
uncertainties and the mismatched interconnection terms can be cancelled by the designed
decentralised controllers in the reachability analysis, which is one of the main contri-
butions in this chapter. Such controllers can enhance the robustness against unknown
interconnections even in the framework of decentralised scheme. Moreover, the devel-
oped decentralised controllers can guarantee that the interconnected systems are driven to
the composite sliding surfaces in finite time. As for how to estimate the finite reaching
time, refer to the recent work in [119]. It should be noted that the effect of the mismatched
interconnections can not be rejected by designing controller. Actually the limitation to the
mismatched interconnection is necessary for sliding phase, which can be seen from the

comments in Remark 4.4.

Remark 4.7. 1t should be emphasised that in this chapter, the considered systems are fully
nonlinear with nonlinear disturbances and nonlinear interconnections. It is not required
that the nominal subsystems are linear, or the nominal subsystems are linearizable or par-
tial linearizable. This is in comparison with the most of existing work [120]. Therefore,
the methodology developed in this chapter can be applied to a wide class of interconnected

systems.

4.4. SIMULATION EXAMPLES

This section presents the simulation results of a numerical example and a practical

example to prove the effectiveness of the proposed method.
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4.4.1. NUMERICAL SIMULATION

Consider the nonlinear interconnected system which is composed of two third-order

subsystems

2 .2 2
S 2 1 2 2
Ty = —31'121513 — 3]712 + 1_6(‘1.12 — 3311)

31’%21’13 - 3.%‘13 - %(I%Q - IH) exp{—t} COS(LUlgt)

. J/
-~

f10)

—4(z35sin’t + 1)

+ 0 (Ul + ®1 (t, .2131)) + hl (t, .23) (435)
0

—81‘21 + Zo3 0
Ty = | =Ty + T3 | + |0 (U2 + @a(t, 22)) + hat, z) (4.36)

T21 1

£20)

where x; = col(x;1, T, 73) € R? and u; € R are, respectively, the state variables and
inputs of the i-th subsystem for i = 1,2. The terms ¢;(-) and h;(-) for i = 1,2 are

matched disturbances and unknown interconnections, respectively.

Consider the transformation 7} and 75 defined by

a a
11 = T2 Z91 = T21
. b _ .
Tl : 211 = T13 and T2 : 231 = To1 + T2
2
212 = Zl(iﬁlg - 51311) 222 = T23

It is easy to find that the Jacobian matrices of 7} and 75 are given by

0 10 10 0
0 0 1 and 1 1 0
—(1/4) (1/2)z12 0 0 0 1

which are nonsingular in whole state space. By direct calculation, the system (4.35)-(4.36)
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in the new coordinates is given by
i gen, (0,) — 320, + 22, L0 @37)
3(2%)% 2, — 328, — 215 exp{—t} cos (201)
210 = —2z19 + %zflzfz + (1+ (211) sin®t)(u; + ®1(+)) + Hia(+) (4.38)
Zy) = [—8231 4 299 — T2, — 23 + 2222} + Ha (+) (4.39)
Zog = 25 + (U2 + Po(+)) + Haa(+) (4.40)

where H;(-) € R* and Hj»(-) € R! fori = 1,2.

In order to demonstrate the theoretical results obtained in this chapter, it is assumed

that the uncertainties in (4.37)-(4.40) satisfy

@10 < (llri)l + 1) exp{~t}
[Hull < [l2f)]sin® ¢ + [Jzi2] + |22l
1Hull < ) et 2) < 0.25(]|28 | sint + [|z1a]] + [[z22])

2
Yo eiltiz) < 0.06(]12 |l sint + || zial| + [|222])

g
IN

|25, || sin® 22

=
IN

1.618(2% + (2%)° — 4212)? sin? 29

=
IN

0.32(2% + (2%)° — 4z12)* sin? 205

(]
™
NN
<.

—~
S+

e

~—

IN

2
Z (t, ;) < 0.40(2% + (29)% — 4215)? sin® 299

4.41)

(4.42)

(4.43)

(4.44)

(4.45)
(4.46)

(4.47)

(4.48)

For (4.37)-(4.40), select the switching function S(z) := col (212, 222). When the

sliding motion occurs, 215 = 222 = 0. It can be obtained by direct calculation that the

sliding mode dynamics are written as follows

-—32“ 2b 2 324
in = H (2 Hb) bH + His(+)
i 3(211)" 211 — 3213
—825
Zo1 = 2t + Hos(+)
_7Z31 — 291

(4.49)

(4.50)
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Figure 4.1: Time responses of the switching function s; and control signal u; of the
subsystem (4.35) (Upper); time responses of the switching function s, and control signal

usy of the subsystem (4.36) (Bottom) for £y = 0.2 and ky = 1.5.

It is clear to see from (4.42) and (4.46) that
[His ()] < [l2f | sin* ¢ < 12 (4.51)
[ Ho1s ()| =0 (4.52)
and thus 8; = 1 and 3, = 0.

For the system (4.37)-(4.40), consider the candidate Lyapunov function as

V() =Vi(-) + Va(")
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Figure 4.2: Time responses of the state variables of the subsystem (4.35) (Upper); time

responses of the state variables of the subsystem (4.36) (Bottom) for £y = 0.2 and ky =

1.5.

where Vi = (2%)° + (zlfl)2 and Vs = (24,)° + (231)2. By direct calculation,

pzl(szl”) - Til||zi1||7 1= 1727 [ = ]-a 27374 (453)

where 7; for ¢« = 1,2, [ = 1,2,3,4 are the positive constants. It is easy to find that
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Assumption 4.1 holds and the p;;(-) satisfy (4.53) with
1 = T2 = 1, 7'132\/67 T4 = 2
To1 =To2 = 1, To3 = V13, 7oy =2

Then from (4.18), it follows by direct calculation that
M"+ M >0 (4.54)

According to Theorem 4.1, the designed sliding mode is asymptotically stable.

Based on (4.26), the designed control is given by
w ( ) . —3212 + 0.52?12%2 klsgn(zlg)
() = _

1+ (2%1)2 sinft 1+ (211’1)2 sin?¢

(b ety + 20 Ll )
11
| 2122 <1 + (zi’l)Qsin2 t>

a 4.55)
U2() = Z91 — kgsgn(,ng) — 222
[| 2222

where constants k; and k, are chosen as

4
— (||231|| sin? Z998gN(299) + 23 + (z‘fl)2 — 42’12) - sin? 222)

k;=02 and ky=1.5

From Theorems 4.1 and 4.2, it follows that the controller (4.55)-(4.56) can stabilise the

interconnected system (4.37)-(4.40) uniformly asymptotically.

For simulation purposes, the initial states are chosen as x1p = (—2,7.5,5) and 299 =

(6,2,3.5), and the uncertainties and interconnections are chosen as

—0.5 (|22 |l sin® t + [|z1o|| + ||z

o — (EA 212/ + [|222]]) 457
0.7 (|| 28|l sin® t + || z12] + [|222]))

Hyp = 0.05(][ 21, [| sin® £ + [|z12]| + [|22]]) (4.58)

®1(-) = 0.9 (|21, ]| + 1) exp{—t} (4.59)

—0.647(2% 4+ (2%)% — 42;9)2sin? 2

Hy = i HZ ) s (4.60)
0323(21111 + (Z%l) — 4212)2 Sil’l2 Z99

Hyy = 0.32(2% + (28)% — 4212)? sin? 2y, (4.61)
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Dy(-) = 0.7||25, || sin? 29 (4.62)

Fig 4.1 shows the control signals and the sliding functions with respect to time. The
simulation results in Fig 4.2 show that the closed-loop system formed by applying con-
trol (4.55)-(4.56) to the interconnected system (4.37)-(4.40) is uniformly asymptotically

stable which is in consistence with the obtained theoretical results.

_ 20
e 4
ke
g s 0f
E 9
(@)}
£ | S 20
E 0
:
-2 -40
0 1 2 3 0 1 2 3
time (s) time (s)
. 20
g 4
0
E :5N 0r
3 7 s
o c
s 9 -20
:CB 0
E
2 40
0 1 2 3 0 1 2 3
time (s) time (s)

Figure 4.3: Time responses of the switching function s; and control signal u; (Upper);
time responses of the switching function s, and control signal u, (Bottom) for k; = 2.5

and ky = 5.

It should be noted that the reachability constant depends on the parameters k; and k-
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Figure 4.4: Time responses of the state variables of the subsystem (4.35) (Upper); time

responses of the state variables of the subsystem (4.36) (Bottom) for £y = 2.5 and ko = 5.

which affect the convergent rates of sliding functions as well as system state variables. In
order to demonstrate this, keep all the other parameters the same but increase k; and k5 to
k1 = 2.5 and k; = 5. The simulation results are presented in Figs 4.3 and 4.4. It is clear
to see, by comparing Figs 4.1 and 4.2 with Figs 4.3 and 4.4, that the bigger the values of
ky and k- are, the faster the sliding functions and system state variables converge. In the
practical situation, k; is selected according the actual systems, and values of k; are not

infinity. Excessive values of k; can cause the problem of the chattering.

Remark 4.8. 1t should be noted that the interconnected system (4.35)-(4.36) are fully non-
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linear where both matched uncertainties and unmatched interconnections are involved.
Therefore, the methods proposed in the recent work [121, 122] cannot be applied to
system (4.35)-(4.36). Although the considered interconnected systems are nonlinear in
[121, 122], it is required that the nominal subsystems have a triangle structure and the
uncertainties/interconnections have a linear growth rate in [121]. Moreover, it is required

that the interconnections are matched in [122].

4.4.2. SIMULATION RESULTS OF TWO COUPLED INVERTED PEN-

DULA ON CARTS

Consider a nonlinear interconnected system of the two coupled inverted pendula on

carts [20] as follows

. T12
T =
0.25sin(3t) — 0.25sin(2t) + 0.75x1; — 0.022%, sin x1;
£10)
0 0
+ Uy + (4.63)

0.5 hl (t, l’)
. L22
Ty =

0.25sin(2t) — 0.25sin(3t) 4 0.75x9; — 0.02x3, sin x9;

N J/
-~

f2()

0 0
+ Uy + (4.64)
0.5 h2 (t, .T)

where x; = col(z;1, ) € R? and u; € R are the state variables and inputs of the i-th
subsystem for ¢ = 1, 2, respectively. z;; and z;, denote the angle 6; and angular velocity
0; fori = 1,2. h;(-) € R for i = 1,2 are unknown interconnections. Fig 4.5 shows the

structure of this nonlinear interconnected system.

It is easy to find that the system (4.63)-(4.64) has the regular form. So choose the

transformation 7} = I and T, = I,. The system (4.63)-(4.64) is rewritten in the regular
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Figure 4.5: The structure of the two coupled inverted pendula on carts [20].

form as follows

.I"H = T12 (465)

#1p = 0.25sin(3t) — 0.25sin(2t) + 0.75x1; — 0.0223, sin 21, + 0.5u; + hy (¢, 7)
(4.66)

3'721 = T92 (467)

.I"QQ =0.25 sm(2t) —0.25 sm(3t) -+ 0.751'21 — 0021‘32 sin To1 + 05U2 + hg(t, ZL’)
(4.68)

It is assumed that the interconnections h;(+) for i = 1,2 in (4.65)-(4.68) satisfy

WE

[Pall < ) ej(t, 25)

1

S (025”3711” —+ 05”.’1712” -+ 05||.T21|| -+ 0.5”1’22”)0'5(2!1711 + x12)0'5 sint (469)

.
I

WE

[| bz | €25(t, ;)
=1

< (0.7)|lz11 | + 0.6||z12|| + 0.25|zor || + 0.4||wo2||)*? (2221 + 222)? sint  (4.70)

<
Il
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Figure 4.6: Time responses of the switching function s; and control signal w; for the
subsystem (4.63) (Upper); time responses of the switching function s, and control signal

uy for the subsystem (4.64) (Bottom).

For (4.65)-(4.68), select the switching function S(z) := col(sy, s2), where s; =

2z + ;o for i = 1, 2. When the sliding motion occurs,

25611 + T2 = 2(1’)21 —+ Too — 0 (471)

It can be obtained by direct calculation that the sliding mode dynamics are written

as follows

.’i?n = —2$11 (472)
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Figure 4.7: Time responses of angle #; and angular velocity 0, (Upper); time responses

of angle 6, and angular velocity 0 (Bottom).

T = —2T21 4.73)

It is easy to achieve that 5; = 0 and 5 = 0.

For the system (4.65)-(4.68), consider the candidate Lyapunov function as
V() =Vi() + Va()
where V; = 2%, and V4 = 23,. By direct calculation,

pzl(szlH) = Til||36’i1”, 1=1,2, 1=1,2,3,4 (4.74)
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where 7; for ¢« = 1,2, [ = 1,2,3,4 are the positive constants. It is easy to find that

Assumption 4.1 holds and the p;(-) satisfy (4.74) with

T =Ti2 =1, Ti3="T14 =2

7'21:7'22:1, Tog = Toq = 2

Then from (4.18), it follows by direct calculation that
M" +M >0 (4.75)

According to Theorem 4.1, the designed sliding mode is asymptotically stable.

Based on (4.26), the designed control is given by

ui(-) = — 0.5s8in 3t + 0.5sin 2t — 5.501; — 6215 + 0.042%, sin x1, — 2k;sgn (21, + 12)

_ (251311 + $12)2(0.25”$11“ + O5||£L‘12|| + O5HZE21|| + 05”1’22”) sin2t (4 76)
2“21‘11 +1‘12||2 '

uy(+) = — 0.58in 2t + 0.58in 3t — 5.509; — 6299 + 0.0423, sin 19; — 2kosgn (291 + o)

(21‘21 -+ ZE22>2(0.7HZE11H + 06“1’12“ + 025”%21” + 04”1‘22H) sin2t
_ 5 “4.77)
2”22}21 +$22H

where constants k; and k-, are chosen as
ky=0.5 and ky=0.6

According to Theorems 4.1 and 4.2, it follows that the controller (4.76)-(4.77) can sta-

bilise the interconnected system (4.65)-(4.68) uniformly asymptotically.

For simulation purposes, the initial states are chosen as x19 = (0.7,0.5) and x9y =

(0.2,0.9), and interconnections h, and hy are selected as

hi = 0.2(0.25||z11 || + 0.5]|z12]| + 0.5]|z21 || + 0.5]|202]|)*® (2211 + 712)* " sint  (4.78)

hy = 0.3(0.7||211]| + 0.6]|212]| + 0.25]|2a1|| + 0.4]|202]|)*° (2201 + 292)*° sint  (4.79)

Fig 4.6 shows the time responses of control signals and the sliding functions. The
simulation results in Fig 4.7 show that the closed-loop system formed by applying con-
trol (4.76)-(4.77) to the interconnected system (4.65)-(4.68) is uniformly asymptotically
stable. Simulation results for the two coupled inverted pendula on carts prove the effec-

tiveness and feasibility of the proposed method. It is mentioned that there is the chattering
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in Fig 4.6, which is a general phenomena in SMC. It will not cause the unstabitily of sys-
tems, when the amplitude of the chattering is within a reasonable range. The future work

of this chapter will be focused on solving the problem of chattering.

Remark 4.9. For this nonlinear interconnected system of the two coupled inverted pendula
on carts (4.65)-(4.68), the sliding surface is selected as 2x;; + z;, instead of x;5 in (4.10)
due to the specific structure of this system. The proposed method in this chapter can adopt
any sliding surface related to the states, because all states of object system are available.

In the common situation, choosing s; = ;2 can reduce the cost of calculation.

4.5. SUMMARY

A class of fully nonlinear interconnected systems with unknown nonlinear inter-
connections has been considered in this chapter. A composite sliding surface has been
designed, and a set of conditions has been developed to guarantee that the corresponding
sliding motion is uniformly asymptotically stable. A novel decentralised state feedback
control law is designed for the nonlinear interconnected systems to ensure that the inter-
connected system is driven to the designed sliding surface in finite time. The proposed
strategy supplies an approach to improve the robustness of nonlinear interconnected sys-
tems in that effects of all matched uncertainties and mismatched interconnections can be
rejected by the designed decentralised control regarding the reaching phase using fully
nonlinear bounds of uncertainties and interconnections. This chapter focuses on fully
nonlinear systems, the proposed method does not need to use the technique of linearisa-
tion, which is widely used in existing works to deal with nonlinear interconnected systems
with uncertainties. Finally, numerical and practical simulation results have been presented

to show the effectiveness of the proposed methods.
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DYNAMIC OBSERVER FOR

NONLINEAR INTERCONNECTED

SYSTEMS WITH UNCERTAINTIES

In this chapter, a dynamic observer for a class of complex nonlinear interconnected sys-
tems with matched and mismatched uncertainties is presented. The research background
and the system description are given in sections 5.1 and 5.2, respectively. In section 5.3,
the dynamic observer is applied to estimate the states of the nonlinear interconnected sys-
tems. The simulation results of a numerical example and a practical example called as the
lateral flight control system are presented to demonstrate the effectiveness of the proposed

strategy in section 5.4. Section 5.5 concludes this chapter.

5.1. RESEARCH BACKGROUND

In recent years, systems in both industry and daily life have become larger and more

complex. They are usually not simple which just has a single function. Most of these
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complex systems are composed of several subsystems, and all subsystems are interacted
with each other. Some of these complex systems can be named as interconnected systems.
Interconnected systems which widely exist in practical world consist of many subsystems
with various functions and structures. For instance, quadrotors, smart cars and electronic
monitoring systems are all typical interconnected systems which are popular in daily life.
Because of nonlinearity, uncertainties, high dimensions and complex components in these
interconnected systems, it is very hard to get the accurate values of system states. So, it is

difficult to analyse and control the interconnected systems effectively.

In practical cases, some states of practical systems are unavailable due to inaccurate
modelling or poor operating environment. Many classic control theories based on the
accurate values of states in systems can not achieve high performance in this situation.
In the case when system states are not available, one way is to establish an observer to
estimate the system states, and then the estimated states are used to form feedback loop if
possible. The observer is a kind of dynamic system which is dependent on the inputs and
outputs of the original system. With the development of control theory, there are many
different kinds of observers which are applied in the practical systems, such as unknown
input observers, deadbeat observers, SMC observers and backstepping observers etc. A
novel state observer for nonlinear systems with non-negligible and different time delays
was proposed in [123]. Cascade high-gain observer was applied to output feedback con-
trol which overcame the problem of high dimension in traditional high-gain observers in
[124]. An actuator fault and disturbance estimation scheme using sliding mode observer
based on TS fuzzy system model was proposed in [125]. State observers whose conver-
gence rate was faster than the standard asymptotic observers for reaction systems were de-
scribed in [126]. A sensor-less speed estimator based on an adaptive non-linear high gain
observer which only used the measured stator currents and control voltages was presented
to estimate the speed of an induction motor in [127]. Event-triggered observers were de-
signed for output-sampled nonlinear state affine systems in [128]. A strategy related to
the reduced-order observer of the Boolean control networks for fault diagnosis using the
semi-tensor product of matrices was proposed in [129]. State estimation using a network
of distributed observers with unknown inputs for a class of linear time-invariant systems

was presented in [130]. The output feedback SMC based on dynamic gain observer for an
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uncertain linear system with unstable zeros was considered in [131]. It should be noted

that these observers mentioned above are only for centralised control systems.

It is a common situation that values of states are not available for complex nonlin-
ear interconnected systems. Therefore, the observer is required to identify/estimate state
variables for interconnected systems. A full-order nonlinear observer-based control for
interconnected power systems was proposed in [132]. The approach of feedback lineari-
sation was used to design the nonlinear observer when the power system was fully lin-
earised. However, the linearisation of the nonlinear interconnected systems could greatly
reduce the accuracy as well as the resulting performance. A novel distributed observer
for interconnected multi-rate systems was presented and achieved great results in [133].
But it ignored the existence of matched uncertainty, and the interconnection of the system
was in linear form. The new method for designing distributed reduced-order functional
observers of a class of interconnected systems with time delays was considered in [134].
In this strategy, interconnected systems without matched uncertainty were not fully non-
linear. Besides that, it had several restrictive conditions due to using the reduced-order
observer. Observer-based fuzzy adaptive optimal stabilization control for completely un-
known nonlinear interconnected systems was presented in [135], this strategy did not
consider the matched uncertainty, and the interconnections had the specific form which
needed to satisfy the conditions of fuzzy logic. [136] investigated a decentralised track-
ing control problem for a class of strict-feedback interconnected systems with unknown
parameters, the interconnected systems needed to meet several conditions which might
not be used in the complex interconnected systems. Based on these reasons above, the
dynamic observer design for nonlinear interconnected systems with matched and mis-

matched uncertainties is full of challenges and meaningful.

In this chapter, the dynamic observer is applied to complex nonlinear interconnected
systems in the presence of both matched and mismatched uncertainties. This dynamic ob-
server can estimate the states which may not be available for control design. The proposed
method has great identification ability with small estimated state errors for nonlinear in-
terconnected systems. It is pointed out that the uncertainties of nonlinear interconnected

systems considered in this chapter have general structures, which indicates that the pre-
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sented strategy can be effectively used in generalised nonlinear interconnected systems

with uncertainties.

5.2. SYSTEM DESCRIPTION

Consider the system

t; = Axi + Bi(u; + Gipi(w,t)) + B, fi(xi, t) + Z Hij(zj,t) (5.1)

Jj=1

yZ:CZ:EZ7 Z:1727 , (52)

where x; € €); C R™ (£); is a neighbourhood of the origin), u; € R™ and y; € R%
with m; < ¢; < n; are the state, input and output of the i-th subsystem, respectively.
A;, B;, C;, E; and G; are known constant matrices with appropriate dimensions, where
B; is of full row rank, and C; is of full column rank. E; f;(z;,t) and G;p;(z;, t) are mis-
matched uncertainty and matched uncertainty, respectively, where f;(z;,t) and ;(x;,t)
are unknown functions with appropriate dimensions, and the matrices G; and FE; are
used to describe the structure of matched and mismatched uncertainties, respectively.
> i—1 Hij(x;,t) is the known nonlinear interconnection of the i-th subsystem. It is as-
sumed that all nonlinear terms involved in this chapter are continuous in the considered

domain to guarantee the existence of the solutions of the system (5.1)-(5.2).

Assumption 5.1. The unknown functions f;(x;,t) and @;(x;,t) satisfy

| fi(zs, )| < e, t) (5.3)
i@, )| < Vil t) (5.4)

where €;(z;,t) and 9;(x;, 1) are known Lipschitz functions with respect to x; in the domain
Q; C R™ and uniformly about t. The known nonlinear interconnection H,;(-) is Lipschitz

with respect to x; in the domain §); C R" and uniformly about t fori,j =1,2,--- ,n.

From Assumption 5.1, it follows that for any x;, ;, x; and Z; in the considered

domain,

lei(i 1) = €@, )| < Lo (O)|2i — &4 (5-3)
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[0s(wi, 1) = 0u(@i, )] < Lo, ()| 2: — 24 (5:6)
[Hij(xj,t) = Hij(25,8)]| < L, ()| — 24 (.7)

where L, (t), Ly,(t) and Ly, (t) are nonnegative functions in R* = {t|t > 0}.
Remark 5.1. The matrices F; and G; are employed to describe the structural character-
istics of the nonlinear mismatched and matched uncertainties, respectively. f;(x;,t) and

wi(x;,t) are unknown functions with known bounds which will be used in analysis and

observer design later.

Assumption 5.2. The matrix pair (A;, C;) is observable fori =1,2,--- ,n.

Assumption 5.2 is a basic limitation for the matrix pair (4;, C;). A dynamic observer

is to be designed in next section.

5.3. DYNAMIC OBSERVER DESIGN

In view of the observability of the pair (A;, C;) in Assumption 5.2, there exists a
matrix L; such that (A; — L;C;) is stable and thus for any (); > 0 the following Lyapunov

equation has a unique solution P; > 0,
(A; — LiCy)" P, + Pi(4; — L,Cy) = —Q; (5.8)

Assumption 5.3. There exists known matrices F;, J; and P; such that [E; B;G;)T P, =
[F;  J;|C; holds, where P; satisfies (5.8), and the matrices B;, C;, E; and G; are given in
equations (5.1) and (5.2).

Consider the following dynamic system
;= Ay + Bi(ug + Ti(di,yi, 1)) + Li(yi — Cite) + Wil i, 5, 1) + Z Hij(2;,1)
j=1

(5.9)

where z; € R", L; € R™*% gatisty (5.8), and

E -Fi(yi - Ciiz’)
0, Fz(yz - Cijji) =0 (5.11)

Gi(ii, t)a Fz(yz - Ciii) #0 (5.10)
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el Jz-(yi - Oi@i)
Ti(Zi,yit) =< iy — Cii) ||

Vi(2i,t),  Ji(yi — Cidii) # 0 (5.12)

where E;, F;, G; and J; satisfy Assumption 5.3, the known functions ¢;(-) and 9J;(+) are

given in Assumption 5.1.

Let state estimated error e; = x; — ;. It follows from (5.1) and (5.9) that the error
dynamic is given by
& =(Ai — LiCy)ei + (Eifi(wi t) — i@, yi, ) + Bi(Gipi(wiy t) — Ti@i, 91, 1))

n

+ Z(Hij(UEw t) — Hij(i;,t))

(5.14)

The following results are presented to underpin subsequent analysis.

Lemma 5.1. Suppose that Assumptions 5.1-5.3 are satisfied, the following results hold:
(i) el Bi(Eifi(i,t) — Uil @i, 93, 1)) < Lo, ()| ECil ] es]|”
(i) ] PiBi(Gipi(wi, t) — Ti(&i, yi, 1)) < Lo, ()| iCill el
(iii) ef Py Y20y (Hij(j,t) — Hij(25,)) < 355 MP) L, () lle el

where L,(t), Ly,(t) and Ly, (t) are satisfied (5.5), (5.6) and (5.7), respectively. \(P;) is

the maximum eigenvalue of the matrix P,.

Proof. From Assumptions 5.1 and 5.3, combining with equations (5.10) and (5.11), if
FiCie; # 0,

e; Pi(E; fi(zi,t) — Wi(Z4, y:, 1))
(Eoiei)TECiei A
EZ'(ZL'i, t)
| F5Cie]]
< ||FiCiesllei(zi, t) — || FiCieillei(2, t)

= (F,Cie;)" fi(w;, t) —

< Lo, (O ECilllle|? (5.15)
Otherwise if F;C;e; = 0, then from EI P, = F;C; in Assumption 5.3, there is
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Therefore, from analysis above,
e; P(Efi(wi,t) = Wilii, i, 1) = 0 < Lo, ()| ECil]|eil? (5.17)
Hence the conclusion (i) follows.
From Assumptions 5.1 and 5.3, combining with the equations (5.12) and (5.13), if
JiCie; 7é 0,

¢; PiBi(Gipi(wi, t) — Ti(d, yi, 1))
(J;Cies)T J;Cie
[ i Cieil
< | Ceil|9i (x4, t) — || JiCies||94(24, t)

= (Jz‘Ciez')T%(%, t) — Vi(24,1)

< Lo, ()| T:Cillles ] (5.18)
Otherwise if .J;C;e; = 0, then from (B;G;)T P; = J;C; in Assumption 5.3, there is
el P,B;G; = (B;G;)" Pie;)" = (J:Cie))" =0 (5.19)
Therefore, from analysis above,
¢; PiBi(Gipi(wi, t) = Ti(ds,yi, 1)) < Lo, (0| L Cill e (5.20)

Hence the conclusion (ii) follows.

Based on (5.7), it follows

el i) (Hij(xj,t) — Hy(i,1))
j=1

< NellAP) Y (Lo ()5 — 1)

j=1
= > AP)La, Olles el (5.21)

j=1
Hence conclusion (iii) follows. ]

Theorem 5.1. Suppose that Assumptions 5.1-5.3 are satisfied. Then, there exists positive

constants o1 and o such that

ei] < avexp{—aut} (5.22)
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if (M + M7) is positive definite with M = (m;;)nx,, defined by
{A(Qi) = 2L, (OIFCl = 2Lo, O LCill = 2X(P) Lo, (1), i =5 (5.23)
m;;, = _
TolxeLn, ). it (5.24)
where Q); is satisfied in equation (5.8), F; and J; are defined in Assumption 5.3. \(Q;) is

the minimum eigenvalue of the matrix Q;, \(P;) is the maximum eigenvalue of the matrix

P.

Proof. For the system (5.14), consider a Lyapunov function candidate Vi = > | el Pie;.

Then, the time derivative of V; along the trajectories of system (5.14) is given by

n

Vi=) ( — ¢; Qie; +2¢] Bi(Eifi(wi, 1) — Wi(25,y5, 1)) + 2¢f BiBi(Gipi(;, 1)

=1
— (&, yi, 1) + 2] Py (Hig(ay, ) — Hij(&, t)))
j=1

where equation (5.8) is used above. From conclusions (i)-(iii) of Lemma 5.1, it follows

that
Vi <Z Qi)llell? + 2L, (1) || FiCill |l es]?
+ 2L, (O)IICilllei]* + 2> AP L, (1)l eilllles])
j=1
= Z {(ONFC| = 2Ly, ()| J:Cil| = 2X(P) L, (£))]]es ||
+Z Z 2M(P) L, (t)leilllles]
i=1 j=1,j#i
1
=—llelllezl- - lleall) (M + M) [[lexllllez]] - - llenll]”
1 n
< —= T |12 :
< =AM + M );Hez\l (5.25)
Given that
ZeTPe, < max; {\(P, }ZHelH? (5.26)
=1
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then, according to (5.25) and (5.26), it follows that

AM + MT) z”: p
2maxz{/\
MM+M5

:_—_1

2max; {\(P;)}
=—aW

where
MM +MT)

2max; {\(P,)} 6:27)

ap =
Based on the analysis above, it follows that
Vi(t) < Vi(O)exp{—ont}

Since min; {\(P;) }||e:]|? < el Pie; < S0 | el Pie; = V4, the conclusion ||e;]| < azexp{—ast}

follows by letting

0> > /TA(0) /mini{A(P,)) (5.28)

Hence, the result is obtained. OJ

Remark 5.2. Theorem 5.1 shows that the dynamic observer in (5.9) is an exponential
observer for the system (5.1)-(5.2). This can be seen from the inequality (5.22). The

proof is also constructive and provides a method to determine the values of «; and a.

5.4. SIMULATION RESULTS

This part shows the results of both numerical and practical simulations to demon-

strate the effectiveness of the presented observer design above.

5.4.1. NUMERICAL EXAMPLE

Take consideration of the interconnected system composed of two subsystems as
follows
-7 0 1| |1
T1=0 —6 1| |z

1 0 0 13
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0 0.9126 1.1776 0.14(Hx21\|+sin(x13))
+ 0| (ur +pi(t,21)) + | 1 1.2 | filw,t)+ 0
1 0.5 1 0.07(sin(z21) + [|lz11])
(5.29)
r Z11
110
U = T12 (530)
0 0 1
- x13
. -2 1 T21
To =
1 0 T2
0 4.5 2.25 0.05(]||x + ||z
I foent) + [z || + llz22l]) (531
1 1 0.5 O.O4sin($12)
r T
v = |1 1] 2 (5.32)
) Z22

where x1 = col(z11, 12, 713) and x5 = col(x;, x29) denote states of subsystems. The

uncertainties are assumed to satisfy

1A < e (-) = 0.2(sin(x12) + ||z13]) (5.33)
1f20)] < €2(+) = 0.02|z22]] (5.34)
o1 (]| < 91(-) = 0.13sin(x1;) (5.35)
Le,()=04 (5.36)
Le,(-) =0.02 (5.37)
Ly,(-) =0.13 (5.38)
and

L, (-) =0.313 (5.39)
L, () = 0.108 (5.40)

where

014(||$21|| + SiIl(lL'13))
Hy() = 0 (5.41)

0.07(sin(z1) + ||lz11]|)
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0.05(||z11]| + [|z22])

Hy;(-) = ‘ (5.42)
0.04sin(x12)
T T T T T T T
% X1 i
+—
) ———-hale
! | ! ! ! 1 1
2 3 4 5 6 7 8 9 10
T T T T T T T
% X120 |
+—
73] - — = ha1x12
5 | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
4 T T T T T T T T T
(] X
E 2 h13 -
7] - —— ab(13
0 = | ! | | | | ] ]
0 1 2 3 4 5 6 7 8 9 10
4 T T T T T T T T T
L 5k X2 i
+—
1) ———-halx21
0 >~ T L ! ! ! 1 1
0 1 2 3 4 5 6 7 8 9 10
2 T T T T T T T T T
% ] X2 i
=
173} /,—\\\\\ ———-ha1x22
0 | e — ! | | ] ]
0 1 2 3 4 5 6 7 8 9 10

Figure 5.1: Time responses of the estimated states of the system (5.29)-(5.32).

In the system (5.29)-(5.32),

-7 0 1
0 —6 1 (5.43)
1 0 0
—2 1

(5.44)
1 0
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0

B =10 (5.45)
1
0

B, = (5.46)
1
1 10

C, = (5.47)
0 01

Cy = [1 1} (5.48)

By direct verification, (A, C}) and (Ay, Cy) are observable, thus Assumption 5.2 is sat-
isfied.

Choose

—3.5979  5.3943
Ly = 02988 —1.7078 (5.49)
1.3056  2.2992

—0.5
Ly = (5.50)
1.0000

By calculation, (A; — L1C}) and (Ay — LyCy) are stable. For Q1 = I3 and Q3 = 1o,

the solutions of Lyapunov equation (5.8) are

0.1497  0.0668 —0.0960
Pr=110.0668 0.1339 —0.0789 (5.51)
—0.0960 —0.0789 0.3081

0.3333 0.2000

P, = (5.52)
0.2000 0.8000
Let
0.9126 1.1776
E, = 1 1.2 (5.53)

0.5 1
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1 0.6 2
1.5
- 05 N 04 o«
(] (] (]
S 5 5
o 0 o 02 o
/ 0.5
-0.5 0 0
0 5 10 0 5 10
time (s) time (s)
2 1
1.5
~N N
(] (]
§ 1 § 0.5
] ]
0.5
0 0
0 5 10 0 5 10
time (s) time (s)

Figure 5.2: Time responses of observation errors.

0.1554 —0.0125
F =
0.1604 0.1004
4.5 2.25
E2:
1 05
1.7
FQI
0.85

J1 = [—0.0875 0.3081

Gi=1

According to (5.23)-(5.24),

. 1.0658  —0.3111
(M+M") =
—0.3111  1.4084

o

5
time (s)

10

(5.54)

(5.5%)

(5.56)

(5.57)

(5.58)

(5.59)
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1

control variable u
control variable u 5

-5 ' -1.6 '
0 5 10 0 5 10

time (s) time (s)

Figure 5.3: Time responses of control laws.

where (M + M) is positive definite, thus Theorem 5.1 is satisfied. Based on (5.27) and
(5.28), oy = 1.1 and ay, = 0.15.

Then, for simulation purpose, the control law is selected as follows

Uy = _(:%11 + 8@‘13) (560)

Uy = —(i’gl + 3@’22) (561)

The initial conditions are selected as z; = col(2,4,2), x5 = col(3,1), ; = col(1,4,0)

and Zo = col(1,0). fi(-), f2(+) and ¢y (+) are selected as

f1(> == 0.05(sin(m12) + ”5(313”) (562)
@1(-) = 0.13sin(x1) (5.64)

Fig 5.1 shows the time responses of the estimated states, Fig 5.2 shows the time responses
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of observation errors, and Fig 5.3 presents the time responses of control laws. The results

of this numerical simulation show the effectiveness of the presented observer.

5.4.2. OBSERVER DESIGN FOR LATERAL FLIGHT CONTROL SYS-

TEM

Consider a lateral flight control system. The nominal aircraft lateral mode at the

cruising flight condition can be presented as (see [98])

—1.588 0 —0.883| |[z11
-7::1: 1 0 0 19

0 0 —25 13

0 —0.2164 —-0.1625 0.07z91 + 0.045z95 + 0.037x94
+ 10| u+ 1 0.75 | filz1,t) + 0
25 2 1.4 0
(5.65)
B T11
010
Y = XT12 (566)
0 0 1
B T13

—5.446 —0.386 0  —2.185| |z

1:2 -
—5.446 —0.386 —0.5 —2.185| |xa3
0 0 0 —20 Toy
0 1 0.4 0.02217 + 0.01212
0 —3.685 —1.474 0.01xq;
+ U9 + fQ(IL‘Q, t) + (567)
0 —5.741 —2.2964 0.01x11
20 1.2 1.9 0
T21
0010 T9292
Yo = (5.68)

00 01 To3

TL24
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where x; = col(x11, X129, x13) and x5 = col(za1, Ta2, T23, T24) denote roll rate, bank angle,
, sideslip angle, yaw rate, washout filter output and rudder deflection, respectively. It is
assumed that bank angle, aileron deflection, washout filter output and rudder deflection are
available which take as the outputs of the system (5.65)-(5.68). Input signals u; and u, are
the perturbed aileron deflection command and the perturbed rudder deflection command,
respectively. The dynamic coefficients represent a Boeing 707 aircraft cruising at the

specific speed [98]. The uncertainties are assumed to satisfy

[N < e(-) = 0.045(sin(z11) + [[212]]) (5.69)
HfQ( )H () = 0.0Q(SiIl(l’Ql) + Sil’l(l‘gg) + ||ZL‘23||) (570)
L ()= (5.71)
Le,(-) = (5.72)
and

£H1j(-) =0.2 (5.73)
EHQJ.(-) = 0.07 (5.74)

where

0.07[1’321 + 0045$22 + 00371}24
Hy;() = 0 (5.75)
0

0.023711 -+ 0.011’12

0.0].1‘11
0.01!1311

0

In the lateral flight control system (5.65)-(5.68),

—1.588 0 —0.883
A = 1 0 0 (5.77)

0 0 —-25
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5 T T T T T T T T T
% 0:/ X11 —
1)
-5 1 1 1 | | | | 777—hatx”_
109 1 2 3 = 2 & / 8 210
f‘é oF X, o -
%)
-10 1 1 1 | | | | 7777hab(12_
(0] 1 2 3 4 5 6 7 8 9 10
10 T T T T T T T T T
;% OK_/\ I ER
0 N hatx
-10 | | | | | | | —— —-ha 13 [
0 1 2 3 4 5 6 7 8 9 10
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0 1 2 3 4 5 6 7 8 9 10
5 T T T T T T T T T
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g OR~__~ T X3
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_5 1 1 1 1 1 1 1 —
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:% 0 X1
[72) = =
s N . . . . . . —77—hatx24_
0 1 2 3 4 5 6 7 8 9 10
time (s)

Figure 5.4: Time responses of the estimated states of the lateral flight control system.

—0.161

—5.446
Ay =

—5.446

0

0
Bi=10

25

1
—0.386
—0.386

0

0

0
—0.5

0

—0.052
—2.185
—2.185

—20

(5.78)

(5.79)
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Cy =

Cy =

—_
(@]

(5.80)

(5.81)

(5.82)

By direct verification, (A, C) and (A, Cy) are observable, thus Assumption 5.2 is sat-

isfied.

Choose

Ly

L,

—0.0363 —0.8830
1.9120 0
0 —24.0000

—0.8884 —0.0520
4.0914  —2.1850
4.9530  —2.1850

0 —19.0000

(5.83)

(5.84)

By calculation, (A; — L,C4) and (Ay — LyCy) are stable. For (); = I3 and Q2 = 1,

the solutions of Lyapunov equation (5.8) are

0.3646 0.0789 0

Py =10.0789 0.2630 0

0

1.1772

Py
0.4704

0

0 0.5000

—0.4134 0.4704

—0.4134 0.8277 —0.6033

—-0.6033  0.6210
0 0

0.5000

(5.85)

(5.86)
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Figure 5.5: Time responses of observation errors of the lateral flight control system.

Let

Ey

Fy

—0.2164 —0.1625
1 0.75
2 1.4
_0.2459 1
_0.1844 0.7
[ 1 0.4 ]
—3.685 —1.474
—5.7141 —2.2964
1.2 1.9
_—0.8716 0.6

—0.3486 0.95

(5.87)

(5.88)

(5.89)

(5.90)
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control variable u :
control variable u 5

1
N
T
I

_6 1 1 1 _4 1 1 1
0 5 10 15 20 0 5 10 15 20

time (s) time (s)

Figure 5.6: Time responses of control laws of the lateral flight control system.

According to (5.23)-(5.24),

. 1.1468 —0.4637
(M +M") = (5.91)
—0.4637 1.1378

where (M + MT) is positive definite, thus Theorem 5.1 is satisfied. Based on (5.27) and
(5.28), oy = 0.18 and avs = 0.3.

Then, choose the control law for simulation as follows
uy = —(—0.085021; — 0.1359215 — 0.8835113) (5.92)

uy = —(0.4032%91 + 0.0057Z99 — 0.1465Z95 — 0.7024294) (5.93)

The initial values of simulation are selected as 1 = col(2,4,2), o = col(3, 1,2, 1.5),

&y = col(1,1,0) and Z5 = col(1,0,0,0). f1(-) and f5(-) are selected as

fi(-) = 0.0112(sin(z11) + || z12]]) (5.94)
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fQ() = 0005(8111(.7}21) + Sin($22) + H.IQgH) (595)

Fig 5.4 describes the time responses of the estimated states of the lateral flight control
system, Fig 5.5 shows the time responses of observation errors related to states of the
lateral flight control system, and Fig 5.6 presents time responses of the control laws for
the lateral flight control system. The simulation results of the lateral flight control system

demonstrate that the proposed dynamic observer is effective.

5.5. SUMMARY

In this chapter, the dynamic observer is presented for complex nonlinear intercon-
nected systems with matched and mismatched uncertainties. This dynamic observer can
estimate the values of states which can not be accessed for controller design. The pro-
posed method has great identification ability with small estimated state errors for non-
linear interconnected systems. It should be mentioned that the uncertainties of nonlinear
interconnected systems have general structures, which means that the proposed method

can be effectively used in generalised nonlinear interconnected systems.
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ROBUST DECENTRALISED SLIDING

MODE CONTROL FOR NONLINEAR
INTERCONNECTED SYSTEMS USING A

DYNAMIC OBSERVER

In this chapter, a variable structure observer-based decentralised SMC will be proposed,
which can be applied to control a class of nonlinear interconnected systems with matched
and mismatched uncertainties. The observer developed in chapter 5 will be used in this
chapter to form the decentralised dynamical controller to stabilise the considered non-
linear interconnected systems. The background is introduced in section 6.1. Section
6.2 gives the problem formulation and basic concepts. In section 6.3, a composite slid-
ing surface is designed, and the stability of the sliding motion is analysed based on the
regular form of the interconnected system. Using the pre-designed observer, a dynamic
decentralised output feedback SMC is presented to drive the interconnected systems to the

designed sliding surface in finite time, and then the sliding motion is maintained there-
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after. In section 6.4, the simulation of a numerical example is given to demonstrate the

effectiveness of the presented approach. The summary is described in section 6.5.

6.1. INTRODUCTION

In recent decades, nonlinear large-scale interconnected systems have widely ap-
peared in the real life. This class of complex systems consists of many subsystems with
different functions and structures. However, it is difficult to analyse and control the in-
terconnected systems because of the existence of nonlinearity, uncertainties and intercon-

nections between subsystems [20, 137].

In practical systems, states of dynamic systems are sometimes not available, and
in this case, state feedback can not be applied. Therefore, an observer is required to
estimate the value of states for dynamic systems. Observers, such as unknown input
observers, deadbeat observers, reduce-order observers etc [138], are the special useful
tools for control design when system states are not available. A unified Hoo dynamic ob-
server was presented for linear systems with unknown inputs and disturbances in [139].
[140] proposed a variable structure observer-based control design which could guarantee
asymptotic convergence of the trajectory of the object to the equilibrium in the presence
of both matched and mismatched uncertainties. [141] designed a linear observer for a
multi-link flexible manipulator to overcome the difficulty of parameter uncertainties, un-
known nonlinearities, and exogenous disturbances input. [142] adopted an extended state
observer and adaptive dynamic programming approach to solve the problem of spacecraft
output feedback attitude control. [143] presented four sliding mode observers based on
Takagi-Sugeno fuzzy modelling of multi-input multi-output nonlinear systems with non-
differentiable operating points. All of these observers mentioned above are for centralised

control systems.

SMC, because of its outstanding advantages, for instance, fast response and insensi-
tivity to variation of parameters and disturbances in systems, is a preferred selection for
many complex systems with uncertainties [20]. Especially, decentralised control based

SMC including the merits of both SMC and decentralised control has widely been ap-
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plied to many fields. An observer-based fuzzy neural SMC scheme was designed for
interconnected unknown chaotic systems though they ignored the matched uncertainty
[144]. Global decentralised SMC of interconnected systems using only output informa-
tion was considered in [145], where neither matched nor mismatched uncertainties were
considered. A decentralised control was designed to stabilise a class of fully time de-
lay nonlinear interconnected systems in [146] where strong conditions were imposed on
the considered systems and interconnections due to the static output feedback employed.
A new decentralised SMC strategy for the complex interconnected systems subjected to
non-smooth nonlinearities was presented in [147]. This strategy could achieve the results
only under the condition that the interconnection had linear structure. A reduced or-
der observer-based integral SMC was proposed for the interconnected descriptor systems
where the mismatched uncertainty was not considered, and the interconnected system
needed to have the specific structure [148]. Decentralised SMC for nonlinear intercon-
nected systems was designed using static state feedback, and thus all states of the intercon-
nected systems needed to be known [149, 79]. Although the great results of decentralised
SMC have been achieved, the results for nonlinear interconnected systems with unknown
states, matched and mismatched uncertainties are few. So decentralised SMC for nonlin-
ear interconnected systems with unknown states, matched and mismatched uncertainties

deserves to be studied.

In this chapter, a dynamic observer-based decentralised SMC strategy is specifically
proposed to stabilise a class of nonlinear interconnected systems with matched and mis-
matched uncertainties. The dynamic observer proposed in chapter 5 is used to estimate
the states of interconnected systems. A coordinate transformation is used to transform
each isolated subsystem into the regular form which is convenient for the design of SMC.
Using the pre-designed observer, a composite sliding surface is designed, and sufficient
conditions are developed to ensure that the sliding motion is uniformly asymptotically
stable via the Lyapunov theory. A dynamic decentralised output feedback SMC law is
designed to drive the object to the sliding surface in finite time and maintain the sliding
motion on it. The impact of matched and mismatched uncertainties can be completely re-
moved during the reachability analysis under the certainty conditions, and the presented

method can reduce the conservatism of the developed results. The bounds of the uncer-
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tainties are relaxed which are nonlinear and take more general forms. Finally, the results
of the numerical simulation are used to demonstrate the effectiveness of the proposed

approach.

6.2. PROBLEM FORMULATION AND DYNAMIC

OBSERVER DESIGN

Consider the system

& = Aiwi + Bi(ui + Gipi(wi, 1) + Ei fi(ws, t) + Z Hij(x;,1) (6.1)

J=1

yl:Clxla 221727 y (62)

where x; € €); C R™ (£); is a neighbourhood of the origin), u; € R™ and y; € R% with
m; < q; < n; are the state, input and output of the i-th subsystem for ¢ = 1,2,--- n,
respectively. A;, B;, C;, E; and GG; are known constant matrices with appropriate di-
mensions, where B; is of full row rank, and C; is of full column rank. FE;f;(x;,t)
and G;p;(z;,t) are mismatched uncertainty and matched uncertainty, respectively, where
fi(z;,t) and ;(z;, t) are unknown functions with appropriate dimensions, and the matri-
ces (G; and F; are used to describe the structure of matched and mismatched uncertainties,
respectively. 7 | H;j(w;,t) is the known nonlinear interconnection of the -t/ subsys-
tem. It is assumed that all the nonlinear terms involved in this chapter are continuous in

the considered domain to guarantee the existence of the solutions of system (6.1)-(6.2).

Assumption 6.1. The matrix pair (A;, B;) is controllable fori = 1,2,--- ,n.

Assumption 6.1 is a basic limitation for the matrix pair (A;, B;). The related assump-
tions about the unknown functions f;(z;, t) and p;(z;, t) are described in Assumption 5.1
in chapter 5. The conditions of matrix A; and C; are presented in Assumption 5.2 in chap-
ter 5. The detailed design and results of dynamic observer is presented in section 5.3 in
chapter 5. This chapter focuses on the decentralised SMC based on the previous dynamic

observer for nonlinear interconnected systems with uncertainties.
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6.3. SLIDING MOTION ANALYSIS AND CONTROL

SYNTHESIS

In this section, the dynamic observer (5.9) is used to form the dynamic feedback
control to stabilise the system (6.1)-(6.2). The stability of sliding motion is analysed at

first. Then, the controller is designed to satisfy the reachability condition.

6.3.1. SYSTEM TRANSFORMATION

Consider the system (6.1)-(6.2), since B; is full row rank, there exists a coordinate

T; such that

0
;B = | _ (6.3)
B;
where B; € R™ ™ is a nonsingular matrix for: =1,2,--- ,n.

For systems (5.9), (6.1) and (6.2), consider a transformation

2 T 0 |z
= (6.4)
2 0 T;| |z
where T; is the nonsingular matrix satisfying (6.3). Let ¢; = z; — 2;, from (6.4) and

e; = x; — Z;, it follows that

¢ = Tiw; — Tix; = Tie; (6.5)

In the new coordinates, the system (5.14), (6.1) and (6.2) can be rewritten as

n

s = Apzin + Az + fil(zih Zio, ) + Z ]:fm(zjb Zjo, 1) (6.6)
=1

& = (Az — Eiéi)éi + (fz’(zilu Zig, t) — @z’('%ila Zi2, Yis t))

+ Bi(@ilzn, 20, 1) = VilZar, 2o, win 1) + > (Hij(20, 20, 1) — Hig (21, 242, 1))
7j=1

(6.7)
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Zip = /L‘:;Zil + /L‘42i2 + Bz(uz + @iz, zia, t)) + fn(zih Zi2, t) + Z lf]m(zjh Zjo, t)

j=1
(6.8)
yi = Ciz; (6.9)
where z;; € Q. C R™"™™, 25 € 0, C R™, 2; = col(241, 22) € Q; C R™, and
Qp =, X Qs = {(2i1; 22)| (2015 2i2) = Tywi,x; € Q; C R}
21‘1 € Qéil C RM—ma, ﬁig & chﬂ C R™, ZA’Z = COI(ZA’il, 212) c Qﬁ C R™, and
Qp = Qs X Qs = {(2i1; 202)|(Zir; 2i2) = Ty, T € R™}
and
o= CT! (6.10)
Ly =T.L, (6.11)
U (2,5, t) = T0(T; 2, 43, 1) (6.12)
Gi(zi,t) = Gipi(T; "2, 1)) (6.13)
Ti(éia i t) = To(T7 "2, yi, 1) (6.14)
E; = T,E; (6.15)
fizit) = fi(T; 'z, t) (6.16)
~ Azl AZQ 1
Ai=| | = GATS (6.17)
Ai3 Ai4
filzi,t) = Ji“(') = E;fi(zi,1) (6.18)
fia(+)]
Hij(z,t) = | _ nO) THiy(T; ' 2, t) (6.19)
Hija(-)

where Ail € Rmimma)x(ni=mi) 12112 e Rni—ma)xmi /LB € Rmix(ni—mi) /LA € Rmaxmi
fir(-) € Rm=mi, fio(-) € R™, Hy;(-) € R and Hyj(-) € R™.
In the following part, the interconnected system (6.6)-(6.9) is to be focused using the

sliding mode technique.
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6.3.2. SLIDING SURFACE DESIGN AND STABILITY OF SLIDING MO-

TION

From the Assumption 6.1, the matrix pair (A;, B;) is controllable. Therefore, from
[150], the matrix pair (A;;, A;2) is controllable. Then, there exists matrix K; such that
(Ajq — A K;) is stable, and thus for any Q; > 0, the following Lyapunov equation has a

unique solution P; > 0,
(A — ApKy)" P+ P(Ay — ApK)) = —Q; (6.20)

Based on the specific structure of the system (6.6)-(6.9), the switching function for

the system (6.6)-(6.9) can be selected by
0i(2;) = SinZin + SioZia, 1=1,2,---,n (6.21)

where S;; € R™i*(ni—mi) and S,y € R™*™i are designed parameters with S;, being

nonsingular. The matrix S;; is selected as
Sy = SipK; (6.22)
where ;5 is a nonsingular matrix to be designed later, and fQ satisfies (6.20). Then, from
(6.20) and (6.22),
(Aj — AinSpSn) P + Pi(An — AnS5'Sin) = —Q; (6.23)

Then, the composite sliding function for the interconnected system (6.6)-(6.9) is

given as

o(2) =col(o1(21),02(22), -+ ,on(2n)) (6.24)
where o;(-) fori = 1,2,3,---  n are defined in (6.21). So, the composite sliding surface
is written as

{001(51, Zg, 73n)’<7i(5’i) = SiZi1 + SiaZiz = 0, 1=1,2,--- ,n} (6.25)

Let éﬂ = Zij1 — Z;fil and éiQ = Zijo — 21'2, where éil € Rni_mi, éig € Rmi, éz =
col(é;1, €;2) € R™. The sliding surface can be rewritten as
0i(2) = SiZa + SieZio = Sinzin + Siozia — Si1€i1 — Sin€ia, 1=12,---,n

(6.26)
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When the system is limited on the sliding surface (6.25), 0;(2;) = 0. Thus, from
(6.26),

zio = =S Sinzin + S Sit€in + Eia, 1=1,2,---.n (6.27)

Therefore, the sliding mode dynamics of the system (6.6)-(6.9) corresponding to the slid-

ing surface (6.25) can be described by
21 =(An — 4S5 Si)zin + AinSp' Snéin + Anén

+ firs(zin, €,t) + > Hijia(zjn, 85, 1) (6.28)
j=1

& :(Az — iz@)éz + (ﬁs(zil, €i,t) — ‘i’i(éil, Zio, Yir 1)) + Bi(Pis(2i1, €, 1)

— YilZu, Ziz, v ) + > (Higa(21, &5, 1) — Hij(21, 242, 1)) (6.29)

j=1

where

fils(') = fa (Zila 242, t)|Zi21—5515i12i1+5i515i15i1+éi2 (6.30)
Hijis() = Hijt1 (2515 2j2, )] e 508500055, S 10 (6.31)
Bis(+) = Gilzin, 22, 1))y 5161 s Sunen i (6.32)
fzs() = fz’(zila 242, t)|ZiQZ—Si;lSilzil"FS;ngiléil+éi2 (6.33)
Hij's(.) - HZ]<ZJ1’ ZJQ’ t)|ZjQZ—Sj_ZlS]'1Zi1+sj_215j1€]'1+éj2 (6'34)

From Assumption 5.2 and equations (5.8), (6.10), (6.11), (6.15) and (6.17), it is easy
to get
(T AT, = T LiGT) P+ BT AT, = T LiGT) = —Qs

AN Y PT ! - CTLN (T YT P + (T )T PTTH A — (T YT PTG

= —(1T7) Q1! (6.35)

Let
(TR =P (6.36)
(TH'QIT =@ (6.37)

Then, equations (6.35)-(6.37) imply that for any Q; > 0, the Lyapunov equation

(4; — L,C)T P, + B(A; — L.C)) = —0; (6.38)
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has a unique solution P; > 0.

Assumption 6.2. It assumed that
| .fils(zilaéivt) | < xi(zi1, €, ) || zin || +xa2(zi1, €, 8) || € ] (6.39)

S I sz e ) < (e (21, 65.8) || 20 | +oi2(zin, &5, 8) 1165 1) (6.40)
P =1
where xi1(+), Xi2(+), 0ij1(-) and g;j2(-) are known functions.

Theorem 6.1. Suppose Assumptions 5.1-5.3 and Assumption 6.2 are satisfied. Then, the
sliding motion dynamics (6.28)-(6.29) are asymptotically stable if W + W7 is positive
definite with W defined by

ws. W
w=|"Y Y (6.41)

wfj w;;
) {A( i) = 2MP)xan (1) = 2M(P)ein (1), i= (6.42)

Wi; = _
T L2X B (), i# (6.43)
, {—(21\2111\ +2M(P)xia() + 2M(P)aipa(), i=j (6.44)
Wiy = _

T L=2NP)oi(), i (6.45)

AMQi) — 2L, ()| FCil| = 2L5, (DI JiCill = 2M(P) Ly, (8),i = j  (6.46)
—2X\(P)Lg, (1), i#j (647

3

where &z, t) = ;(T, 2, 1), Vi(2i,t) = (T, 2, t) and D; = [Ai2sz‘_2152’1; AzZ] P, and
Q. are defined in (6.23). P; and Q; satisfy (6.38). MQ;) and A(QZ) are the minimum
eigenvalues of Q; and Q,, respectively. \(P;) and X(P;) are the maximum eigenvalues
of P; and P, respectively. xi1(-), Xi2(-), 0i1(-) and 0;jo(-) are given in Assumption 6.2.

Le(t) = LoOITTL L5,() = Lo,MIT and Ly, (t) = |TillLa, (OIT | are

i

nonnegative continuous Lipschitz functions, where L, (t), Ly, (t), and Ly, (t) given in

(5.5)-(5.7), respectively.

Proof. For the system (6.28)-(6.29), consider the Lyapunov function candidate V, =
S (28 Pz + €I Pé;). Then, the time derivative of V5 along the trajectories of the

dynamic system (6.28)-(6.29) is given as

V= Z(Z;quzzl + 28 Pz + ET P, + L Pé;)
i=1
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= Z ( — 21 Qizin + 223;151‘(/1@‘255151'151‘1 + Al + firs() + Z ~ijls('))
i1 =1

— é?@iéi + Qé?ﬁ)i(wl + @y + w3))
where

wy = fz’s(zilaéiat) — ‘i’z‘(i’ih Zi2, Yis t)
wy = Bi(@is(zih é;,t) — Ti(éilv Zio, Ui 1))

n

@y = Y (Higo(z1,85,t) = Hij(21, 250, 1))

j=1
From é; = col[é;1, €;2]
Zle (AQS22 Si1€i1 + Azgeﬁ) ﬁPiDiéi
where D, = [AZ-QS;SH, fl@»g]. Then,

2h P(AnSy' Snén + Anéin) < | BiDil||2a |||l

According to (6.39), it follows

Zh P firs () < MNP xar ()l zal® 4+ X)Xz ()| €l |z |

From (6.40),

zﬂRZﬁms( ) < llzal| AP ZQZJI Mzl + llza AP, ZQUQ )&
j=1

where H;;1,(-) is the first n; — m; rows of H;;(z;, t)|zj2:7sjglsjlzjl+s

Based on equations (5.10), (5.11) and (6.12),

U,(2i1, Zio, ¥i, t) = ﬁli(éiayiat)

- ECié; . =
S Ez'%ﬁi(zia t), FiCié; #0
V(2,3 t) = | 5 Ciéi|

0, FiCie; =0

where &(%;,t) = (T, 12, 1).

(6.48)

(6.49)
(6.50)

(6.51)

(6.52)

(6.53)

(6.54)

(6.55)

(6.56)

(6.57)
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From equations (5.12), (5.13) and (6.14),

0:(2,1), JiCig; 0 (6.58)
0, JiCié; = 0 (6.59)
where U;(%;, ) = 0;(T; 4, ).

7

According to Assumption 5.3, and equations (6.10), (6.15) and (6.36),
(T, BT PT, = F,C/T,
EI'P, = F,C; (6.60)
By the similar reasoning as (6.60),

GTBTP, = JC; (6.61)

From (6.56) and (6.60), if F;C;é; # 0,

N _ . EC.é
~T 1101~ A
€; Py = ( i fis (2117 €i, )—Eifﬁi(zi,t))
| FiCiéi|

e (FiCie)) " F,Cie;
= (F,Ci&:)" fis(2zi1, €1 t) — =
| FiCiéi|

< NECiE||| fis(zin, €, V)| — || FiCiéil|é (2, 1)

(2, t)

< |FCi&i||| filzi, )| — || FiCiéil| (%, t)
< ||FiCiéil|éi(zi,t) — || FiCiéi||€i(2i, 1)
< L ()| FC ] (6.62)

where fis(zilv €, t) = fi(zila Zi2; t)|z¢2=*5i_2151‘12¢1+S¢_21»5'¢157;1+é¢2' If FiCié; = 0,

&l Prooy = (F,Ci6)" fis(zi1, 61, 1) = 0 < Lo, (8)|| FCill || €12 (6.63)
So, from (6.62) and (6.63),
& Py < Lo, (1) ||IECi 1€ (6.64)

Following the similar reasoning as (6.64), it follows from (6.58), (6.59) and (6.61),

& Py < L5, (O] LCill &) (6.65)
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According to (5.7), (6.19) and (6.51), similar as (6.65),

é] Prws < ZA @®lelllell (6.66)
Substituting (6.53)-(6.55) and (6.64)-(6.66) into (6.48), V2 can be described as
V; < Z ( Qi)llzall* + 21 P.Ds || lzallllé:ll + 2A(P)xa ()2 |1
+ 2MP)xaz (€l llzanll + 2]z [M(F) i i ()2l

+ 2zl AP Z@m gl = A@a))lleill + 2Le, O ECilllé]1?

7=1
22, OGN +2ZX(E)E@].@)H@HIIéjH>
j=1

n

S ( (0:) = 2X(P)xa () — 2X<P,~>g,-ﬂ<->) o

=1

[>~

By (mi) 9L (| EC — 25, ()| 1G] — 2NB)L, <t>) P

=1

+ Z 2| PiDil| + 2M(Py)xiz () + 2A(Pi) iz () l€:ll| 2l

+Z Z 2M(P)gijn (- HZnHHZﬂIHZ Z 2X(P)ei2 () |z 1161

111 1175% i=1 j=1,j#i
£33 2P, WG
i=1 j=1,j#i
——%[HZnHHZnH---HzanHélHHézl\---\!én\!](W+WT)
Menlllznll - lzmlllleliezll - - el (6.67)
Hence, the conclusion follows from W + W71 > 0. O

Theorem 6.1 shows that the sliding motion of the system (6.6)-(6.9) relating to the
sliding surface (6.25) is asymptotically stable. In the next section, sliding mode controller

will be designed to drive the system to the sliding surface (6.25).
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6.3.3. DYNAMIC SLIDING MODE CONTROLLER DESIGN

The objective now is to design a control law such that the reachability condition [20]
" T (3G (5
Yo T CLACH (6.68)

is satisfied where o;(Z2;) is the composite sliding function given in (6.25). If condition
(6.68) is satisfied by some controllers, the system (6.6)-(6.9) will be driven to the sliding

surface and maintained a slding motion on it.

Based on the estimated state Z; = col(Z;1, Z;2) and €; = col(€é;1, €;2) given by (6.6)-

(6.9), the following decentralised SMC is proposed

U; = — (Sisz‘)fl ((Silfziil + Sz‘2z‘~1¢3)5i1 + (51'11217;2 + Sz'2121i4>2'£2

U ~
o, E %H (1511 01+ 152 i )1+ D ISl (0]

7 o
1S BilITiC g O+ 3 1Sl | Ha2i, )] + m,t))) (6.69)

j=1
where k;(Z;,t) is the control gain to be determined later. \ifﬂ(é"i, yi, t) is the first n;, — m;

rows of U; (%, v, t), and \I~12-2(73i, y;, ) is the last m; rows of ‘i!i(éi, Ui t).

Theorem 6.2. Suppose that Assumptions 5.1-5.3 and Assumptions 6.1-6.2 are satisfied.
The control law in (6.69) drives the system (6.6)-(6.9) to the sliding surface (6.25) and

maintains a sliding motion on it thereafter if
ki(2i,t) >|Til|azexp{—aut} (Hsz'l/iil + SipAis|| + 11Si1 Ais + Sia |
+ (1Sall + 1Sl Ai = L@H) (6.70)

where oy and oy are given in (5.27) and (5.28), respectively.

Proof. From the definition of ¢;(2;) in (6.21) and the system (6.6)-(6.8), it follows that

- UiT(éi)UZ(éz)
; loi (2|
- -T(')
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+ Sio (Aﬁzu + Aizip + Bi(w; + ¢i(+) + fia () + Z lffm())

j=1
—Sﬂ( i1€; + (fu() (Zzlazz%yz: t))
+ ) (Hijn(-) = Hijn (21, 252, 1))
j=1
- Sm( i2€; + (sz() (2’11,212,%7 t))
+ Bi(@i(-) — TiZi1, 2in, yir t)) + Z ij2(+) — UQ(%l;%Qi))))
N _y
= o0l (S Air + SioAiz)zin + (Si1Aia + SizAis) ziz
i=1 ¢
+ Sil\ifil(ﬁi, Yist) + St Z gijl(éja t)+ SioBiu; + Si2‘1~’i2(§i7 Yi, 1))
j=1
+ SiZBiTi<2i7 Yi, t) + Sio Z Hm(%, t) — (Si2Di2 + SilDil)éi> (6.71)
j=1

where D;; is the first n; — m,; rows of (/L- - LC‘Z-). D;s is the last m,; rows of (fli — f}ié’i).

Substituting the control law (6.69) into (6.71),

2 Loas

= il ||00—T—(())|| (S Aiy + SinAi3)én + (SitAs + SinAig)éso
+ (Sl t) = T2 ISl G, D)
<&§@mw—ﬁ|ZMmmmwn
+ (S 0) = 1 rlSal 19t v )

# (SaBi TG t) = 2 IS BTG 1)
ﬂ%é%%@—%MZMmmmwn

i)

— (SiuDia + SiaDi2)é; — ki(Z, t)) (6.72)

[EAQI

where éil = Zi1 — éil and éiQ = Zij2 — 22'2.
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From (6.4)
1T (2 = 20) || = I éil = lled (6.73)

Then, from (5.22) and (6.73),
el < ITIINT el < T lasexp{—ast} (6.74)

In equation (6.72),

n T . B B 5 5
Z ”‘(7;(())” ((SinAin + SipAiz)éin + (SinAia + SiaAia)€i2)

< Z(Hsilleil + SiQAzB” + ||Si1121i2 + SiQAMH)HéiH (6.75)
—1

From (6.56) and (6.57),

”ﬂ.~.g.._ai_('),~,2'
; llos ()] (511‘1111( i Yir ) X8I 1Ss |11 ( “y“t)H)

o) o o
= e Saa o )~ ISall¥a (o i, 0 ) <0 (6.76)

i=1

Based on equation (6.19), and from the fact that

Zzsﬂﬁiﬂ(zﬁ Zzsjl jil Zza (677)

i=1 j=1 =1 j=1

It follows that

Hiji(3,

Sy ‘”(j) §j||sﬂ||||ﬁm<z,t>||
= loi()]] &=

_Z< ( Z ij1 Z], E HSﬂHH gil Zz> )”) <0 (6.78)
Jj=1

Take consideration of (6.56) and (6.57),
Uz‘(') AN
oy t) — 2 S0, <zi,yi,t>n)
ZII I( o ()]

_Z <H01(())\| 2 W2 (2, i, 1) — Hsiguypifﬂ(zi,yi,t)\!) <0 (6.79)

Following similar reasoning as used to obtain (6.79), it follows that

n O—ZT() ( ~ N Ul() - N X )
SieBii(Zi, yiy t) — =[S Bill || Ti(2i, yi, t <0 6.80
2 Ton \SeBTiCow ) = S Bl TG i ) (6.80)
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" o) ( L 0i(") < -
2O (5 S a1 - ISaflalz0l) <0 68D
2 o\ 52 2 550 = oy 2 15Tl
", o7() : s
Z o] (Si1Di1 + SiaDi2)é; < (||Sill + ||Siel)|Ai — LiCi|| || €] (6.82)
i=1 ¢
Based on (6.75)-(6.76) and (6.78)-(6.82),
zn: o (2)di(%)
2 oGl
<> ((Hsuflu + SipAis|| + 1S Az + SiaAia]) ||
i=1
+ (I1Sall + 1Sl 1A — LiCill &l — ki(,é,-,t))
= Z ((Hsz’ljlil + SiQAi?)H + ||Si1Ai2 + S,»2f~1i4||
i=1
(1l + 182 = LEI el - k() (653
Hence, from (6.70), (6.74) and (6.83),
n T ,\‘ .
Yy G)oil%) (6.84)
—~ loi(Z)|
Then, the composite reachability condition is satisfied. 0

Remark 6.1. In this section, a dynamic decentralised output feedback SMC is presented to

drive an interconnected system to the designed sliding surface in finite time using the pre-

designed observer. The sliding motion is then maintained thereafter. The interconnections

are employed in the control design to reduce the conservatism of the developed results.

The bounds of the uncertainties, which are nonlinear and take more general forms, are

relaxed. This strategy improves the robust of the whole system and manages the impact

of matched and mismatched uncertainties by appropriate reachability analysis.
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6.4. SIMULATIONS

Take consideration of the interconnected system composed of two subsystems

-7 0 1 T11
fL:l = 0 —6 1 T12

1 0 0 T13

0 0.9126 1.1776 0.14(|| w1 || + sin(z13))
+ 10| (ur + @it 1)) + 1 1.2 | filze,t) + 0
1 0.5 1 0.0?(Sin(l'Ql) -+ H.Z'UH)
(6.85)
r x11
1 10
0 0 1
- Z13
. -2 1 T21
To —
1 0 292
0 4.5 2.25 0.05(||x + ||T
ol bty 4 | V05l + sl 657
1 1 05 0.04sin(zy5)
r T21
p=1 1 (6.88)
) T22

where x1 = col(x1, 19, 213) and xo = col(za1, 92) denote the states of subsystems. The

uncertainties are assumed to satisfy

11O < e(-) = 0.2(sin(z12) + [|z15]) (6.89)
[f20)] < €2(+) = 0.02|z22]] (6.90)
o1 (DI < 91(-) = 0.13sin(211) (6.91)
Le()=04 (6.92)
Le,(-) = 0.02 (6.93)
Ls,(-) =0.13 (6.94)
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and

Ly, (-) = 0313 (6.95)
L, (-) = 0.108 (6.96)

where

0.14(||za1 || + sin(z13))

Hii() = 0 "
0.07(sin(w1) + ||z )

_0.05(Hx11|] + ||222]])

Hyi(+) = (6.98)
0.04Si1’1(l’12)

In the interconnected system (6.85)-(6.88),

70 1

Ai=10 -6 1 (6.99)
1 0 0
9 1

Ay = (6.100)
1 0
0

B = |0 (6.101)
1
0

By — (6.102)
1
110

Cy = (6.103)
00 1

Cy = [1 1} (6.104)

By direct verification, (A;, By) and (As, By) are controllable, thus Assumption 6.1 is
satisfied. (A;, C}) and (As, Cy) are observable, thus Assumption 5.2 is satisfied.

CHAPTER 6. ROBUST DECENTRALISED SLIDING MODE CONTROL FOR
NONLINEAR INTERCONNECTED SYSTEMS USING A DYNAMIC OBSERVER



6.4. SIMULATIONS 110
Choose
_—3.5979 5.3943
Li =1 0.2988 —1.7078 (6.105)
I 1.3056  2.2992
L=| " (6.106)

1.0000

By calculation, (A; — L;Cy) and (Ay — LyCy) are stable. For Q1 = I3 and @2 = 1o,

the solutions of Lyapunov equation (5.8) are

0.1497

0.0668  —0.0960
Py =10.0668 0.1339 —0.0789 (6.107)
—0.0960 —0.0789 0.3081
0.3333  0.2000
P, = (6.108)
0.2000 0.8000
Let
0.9126 1.1776
E, = 1 1.2 (6.109)
0.5 1
0.1554 —0.0125
Fy = (6.110)
0.1604 0.1004
4.5 2.25
Ey = (6.111)
1 05
1.7
Fy = (6.112)
0.85
J1=1-0.0875 0.3081 (6.113)
Gi=1 (6.114)
According to (5.23)-(5.24),
. 1.0658 —0.3111
(M + M") = (6.115)
—0.3111  1.4084
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where (M + MT) is positive definite, thus Theorem 5.1 is satisfied. Based on (5.27) and
(5.28), a1 = 1.1 and g = 0.15.

The system (6.85)-(6.88) satisfies the equation (6.3), so consider the transformation
Ty and T selected by

T, = I (6.116)
T, =1, (6.117)
Then,
z T, 0 €T
o= | ! (6.118)
7:’1 0 T1 :%1
z T5 0 x
I =77 ? (6.119)
,7:’2 0 TQ Zi'g

where 21 = CO](Z%I,Z%I,ZQ) = COl(fL‘H,l‘lQ,ZL’lg), 29 = C01(221,222) = COl(IQl,ZEzg),
21 = COl(éfl,éll)l, 2’12) = COl(i’H,i’lg,i’lg) and 22 = COl(ézl, 222) = COl(i’Ql,ilA’JQQ). From

(6.116)-(6.119), it is straightforward to determine that, for ¢ = 1, 2,

R

. =C; (6.120)
Li=1; (6.121)
I (6.122)
fi(-) = Eifi(:) (6.123)
A = A, (6.124)
B; = B; (6.125)
Hy(-) = Hy(") (6.126)
Le()=Le(") (6.127)
L, (1) =Lo,(") (6.128)
Ly, () =L, () (6.129)
Based on equations (6.56)-(6.59),
By = El\lﬁlﬂ:i%il\gl(')’ FCié #0 (6.130)
0, FiCyé =0 (6.131)
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~ F2@2é2 ~ =
~ 2 =~ 62('), FQCQ@Q 7é 0 (6132)
\I’2< ) = HF202€2||
L0, FyCoéy =0 (6.133)
. -
J1Cré; =
= 1 =~ 191(')7 chlel 7é 0 (6134)
Tl( ) - ||J101€1||
L0, J1Ché; =0 (6.135)
Consider (6.39)-(6.40),
x21(+) = 0.1006 (6.137)
01j1(-) = 0152(-) = 0.14 (6.139)
02j1(+) = 02j2(+) = 0.1 (6.140)
2 4 3
_ 1.5 N 3 " 2
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Figure 6.1: Time responses of the states of the interconnected system (6.85)-(6.88).
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Figure 6.2: Time responses of the control laws v, and uy (Upper); time responses of the

switching functions o; and o, (Bottom).

Choose Q1 = Iy and Qy = I;, Si1 = 0, S1o = 1, So1 = 2, Sss = 2. According to
equation (6.23)

_ 0.0714 0

P = (6.141)
0  0.0833

P, =0.1667 (6.142)

And based on the equations (6.36) and (6.37), it can be seen that ﬁl = P, }32 = P,
Ql = (1 and Qz = Q.
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Based on the equations (6.41)-(6.47), it follows that

1.8052 —0.0567 —0.6659 —0.0567
T —0.0567 1.8662 —0.0567 —1.1436
W+ W* = (6.143)
—0.6659 —0.0567 0.8201 —0.4339

—0.0567 —1.1436 —0.4339 1.4084

where W + W7 is positive definite. Then, Theorem 6.1 is satisfied. From (6.70), k1 (-)

and ko(-) are selected as

ki() = 1.97952¢ 11 + by (6.144)
ko() = 2.59864e 11 + by (6.145)

where b; and b, are selected as 0.1 and 0.1, respectively. Then, the control law can be
described as

o, o1l
w=-(m+ 29,

(] (112 ()] + TGN+ 110.07(sin(Za1) + (|25 D]+ k‘l))

(6.146)

os(")
o2 (-)]

+0.08][sin(2%)) || + k:Q)) (6.147)

Uy = — 0-5( — 2291 + 2295 + (211 ()] + 2/ T2 ()| + 0.1 251 ]| + 1|Z22])

where 01 (+) = 212, 02(+) = 2291 + 2299, \iflg(-) is the last row of \i’l() \1121(-) is the first
row of Wy(+), Wgy(-) is the last row of Wy(-).

For simulation, the initial conditions are selected as z; = col(2, 4, 2), zo = col(3,0),
z1 = col(0,4,0) and 23 = col(1,0). Fig 6.1 presents time responses of the states of the
interconnected system (6.85)-(6.88), and Fig 6.2 presents time responses of the control
laws and sliding functions. The results of this numerical simulation show the effectiveness

of the presented approach.

6.5. SUMMARY

A dynamic observer-based decentralised SMC strategy is proposed to stabilise a

class of nonlinear interconnected systems in the presence of both matched and mis-
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matched uncertainties. The dynamic observer is designed to estimate the states of inter-
connected systems. A coordinate transformation is used to transform each isolated sub-
system into the regular form which is to facilitate the decentralised SMC design. Then, a
composite sliding surface is proposed incorporating the states from the dynamic observer.
A decentralised feedback SMC law based on the estimated states and outputs of the sys-
tem is designed to drive the interconnected system to the sliding surface in finite time
and maintain sliding motion on it. The nonlinear interconnections are employed in the
control design to reduce the conservatism of the developed results. The bounds of the un-
certainties, which are nonlinear and take more general forms, are relaxed. The presented
method improves the robustness of nonlinear interconnected systems in the presence of

uncertainties.
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CHAPTER. 7

CONCLUSIONS AND FUTURE WORK

This chapter is to summarise the contributions of this thesis and give brief discussions of

relevant potential future work.

7.1. CONCLUSIONS

In this thesis, the research background of the whole thesis has been presented in
Chapter 1. The survey of research background gave some reasonable motivations to make
the research on decentralised SMC for nonlinear interconnected systems with uncertain-
ties. Some necessary mathematical concepts, definitions and theorems which were used
in the following chapters were given in Chapter 2. After that, many fundamental con-
trol theories and concepts which played an important role in control analysis and design
have been introduced in Chapter 3. Besides that, a simple introduction of some practical
systems which were analysed in the following chapters was described in Chapter 3 at the

same time. Chapters 2 and 3 have built the fundamental knowledge for this thesis.

In Chapter 4, decentralised state feedback stabilisation for nonlinear interconnected

116



7.1. CONCLUSIONS 117

systems using SMC has been presented. For systems with matched uncertainty, mis-
matched uncertainty and unknown interconnections, a state feedback decentralised SMC
strategy, under the assumption that all system states were accessible, was proposed to
eliminate the effect of uncertainties by using the bounds on uncertainties and intercon-
nections. The bounds used in the design were fully nonlinear which could have a higher
applicability for complex interconnected systems. Especially, for fully nonlinear systems,
the proposed method did not need to use the technique of linearisation, which was widely
used in the existing work to deal with nonlinear interconnected systems with uncertainties.
The results of numerical and practical simulations related to coupled inverted pendula on

carts demonstrated the effectiveness of the proposed method.

In Chapter 5, the dynamic observer has been applied to the complex nonlinear inter-
connected systems with matched and mismatched uncertainties. This dynamic observer
could estimate the system states which could not be achieved during the design of the
controller. The proposed method had great identification ability with small estimated state
errors for nonlinear interconnected systems. It should be pointed out that the considered
uncertainties of nonlinear interconnected systems had general forms, which meant that
the proposed method could be effectively used in more generalised nonlinear intercon-
nected systems. The results of numerical and practical simulations related to the lateral

flight control system proved the superiority of the presented strategy.

The research in Chapter 6 was based on the achievement of Chapter 5. A variable
structure observer-based decentralised SMC has been proposed to control a class of non-
linear interconnected systems with matched and mismatched uncertainties. Based on the
designed dynamic observer, a dynamic decentralised output feedback SMC using outputs
and estimated states was presented to control the interconnected systems. The nonlinear
interconnections were employed in the control design to reduce the conservatism of the
developed results. The bounds of the uncertainties were relaxed which were nonlinear
and took more general forms. Moreover, the limitation for the interconnected system was
reduced when compared with the existing results. In this chapter, the proposed strate-
gies adopted the full-order observer. Besides that, the presented method improved the

robustness of nonlinear interconnected systems to be against the effects of uncertainties.
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The results of the numerical simulation example proved the availability of the proposed

approach.

7.2. FUTURE WORK

In practical systems, due to the error of measurement, time-space lag switch, system
inertia, system delay and other factors, the sliding motion can travel back and forth around
the ideal sliding surface, instead of accurately occurring on the ideal sliding surface. This
situation can produce chattering. The chattering of SMC actually comes from the dis-
continuous switching characteristics of SMC. The problem of chattering can reduce the
control accuracy and performance, result in unnecessary wear and tear on the actuator
components, increase energy consumption, stimulate the unmodelled high-frequency dy-
namics of the system, or even destroy the stability of the system resulting in unpredictable
serious disasters sometimes. Therefore, one of the important issues of SMC is to elim-
inate the effect of chattering. There are two main methods to deal with the problem of
chattering. One method of overcoming this drawback is to introduce a boundary layer
about the discontinuous surfaces which may affect the control accuracy. Another strategy
is to use higher order sliding mode techniques, but it requires the considered system to

have a certain structure.

For uncertain nonlinear systems, SMC is robust and adaptive to uncertainties and
external disturbances on the premise that the uncertainties are bounded. In this thesis,
all uncertainties of nonlinear interconnected systems are assumed to be bounded and have
certain bounds. However, there are many nonlinear systems with uncertainties which have
unknown bounds due to the special structure or tough operating environment. Methods
proposed in this thesis are hard to be applied to such a kind of systems. In this situation,
the neural network can be used to approach the uncertain dynamics, which does not need
to know the bound of uncertainty. The theory of the neural network has developed for
many years. It combines the research results of modern neurobiology, which simulates
the biological evolution process to reflect the computing structure of some characteristics

of the human brain. The neural network can change the weight or topology to make the
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network output constantly close to the expected output. The obvious merits of neural
networks are abilities of strong learning and highly parallel computing, which can fully
approximate any complex nonlinear systems and enhance strong robustness. Besides that,
fuzzy logic control is also an effective method to deal with the unknown bound of uncer-
tainties, it can use a fuzzy system to estimate the uncertainties of the system to construct
an equivalent control dynamically. The decentralised SMC for nonlinear interconnected
systems combines with the neural network or fuzzy logic control can improve the perfor-
mance of the whole control strategy and overcome the problem of unknown bounds of

uncertainties.

In this thesis, the selection of the sliding surface can be optimised so that the dynamic
sliding surface can be applied. It adds an additional integral term to the sliding surface,
which can provide one more degree of freedom. Moreover, time delay which widely exists
in practical systems can be considered in the design of decentralised SMC for nonlinear
interconnected systems. In general, there is still a lot of work which can improve the
proposed methods in this thesis, I will continue to modify and improve the strategies of

decentralised SMC for nonlinear interconnected systems with uncertainties in future.
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