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Preface

It is well known that linear dynamical systems cannot adequately describe many
phenomena commonly observed in the real world. With the advancement of science
and technology, practical systems are becoming more complex in order to complete
more advanced tasks. With the increasing requirements for system performance,
linear system theory based study cannot satisfy the practical requirements, and the
mathematical equations used to model real physical and engineering systems have
become more and more complex. In reality, there are many factors which will affect
system performance. To describe and explore various natural phenomena, it is
necessary to consider these factors and thus to investigate complex systems as a
means to model real systems more accurately. This book systemises aspects of the
authors’ recent achievements in the area of variable structure control alongside with
some fundamental knowledge in the area.

This book focuses on the study of complex control systems in which the
complexity mainly stems from nonlinearities, uncertainties, time-delay, faults
and/or coupling among subsystems. It provides rigorous theoretical solutions to the
problem of control of complex systems but has potential application in practical
systems. It should be emphasised that many theoretical studies on control systems
often assume that all system states are available for control design. This assumption
is not valid for real systems in many cases. To implement such control schemes, a
pertinent way forward is to construct an appropriate dynamical system which is
called an observer, to estimate the state variables. Unfortunately, the traditional
separation principle for linear control systems usually does not hold for the non-
linear counterpart, which implies that for nonlinear systems, the properties of a state
feedback control law may not be achieved when the control law is implemented
with the estimated states. In connection with this, this book focuses on output
feedback control design: both static output feedback and dynamical output feedback
strategies, including reduced order dynamical output feedback strategies, are pro-
posed to control complex systems such that the closed-loop systems have the
desired performance.

Variable structure control techniques have been extensively studied, and widely
applied to theoretical research and practical engineering systems due to their high
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robustness. Specifically, as one special case of variable structure controllers, sliding
mode controllers are completely robust to matched uncertainties. Moreover, the
sliding motion is determined by reduced order dynamics, which facilitates the
reduction of the effects of mismatched uncertainties on the whole systems when
compared with other methods. A key development in this book considers variable
structure control for complex systems based on only output information, using
mainly the Lyapunov direct method and sliding mode techniques, with the objective
of enhancing the robustness against uncertainties, reduction of conservatism and
enlargement of the admissible systems. Rigorous stability analysis and design
methodologies are provided from a theoretical perspective for this theme.
Nonlinearities appear in all the considered systems throughout the book. Both the
matched and mismatched uncertainties covered in this book are nonlinear and
bounded by nonlinear functions. Since the considered systems are complex and all
the results are rigorous, the conditions developed for all the main results in this
book are sufficient. As there is no general way to obtain the design parameters for
an output feedback controller, trying to determine ‘easy’ test conditions with low
conservatism, by separating possible known information from the system and then
employing them in the design to reduce the effects of factors such as uncertainties
and time-delay on the system, is one of the main targets throughout this book. The
book also presents novel contributions to deal with nonlinear uncertainties for
time-delay systems by combining the Lyapunov—Razumikhin approach and vari-
able structure techniques for different cases when delay is known and unknown
respectively. It is shown that for interconnected systems, decentralised control
schemes are available to cancel/reduce the effects of the interconnections on the
whole system performance, under certain conditions. One of the characteristics of
this monograph is that many examples and case studies with simulations are given
to help readers understand the developed theoretical results and the proposed
approaches.

The first two chapters present fundamental knowledge used in later develop-
ments. Chapter 1 develops some preliminary ideas regarding variable structure
control. Specifically, the basic concepts and fundamental methodologies for sliding
mode control and decentralised control are provided. Some of them are clarified for
the first time based on the authors’ understanding as a result of the authors’ many
years of research work in the areas. Several practical examples are given to show
the potential application of complex systems. This helps readers understand the
main methods used in the book intuitively from both mathematical and practical
points of view. Chapter 2 presents some preliminary mathematical results and some
results developed by the authors.

Chapter 3 considers static output feedback control design for both nonlinear
systems and interconnected systems. For a class of fully nonlinear systems, a
variable structure control based on Lyapunov methods is designed to drive and
maintain the system in a ‘small’ region of the origin. Then, in the region, the
nonlinear system is linearised and a sliding mode control is designed to stabilise the
system asymptotically. Both controllers combined together stabilise the system
globally. For interconnected systems, decentralised control schemes are developed
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and output variables embedded in the nonlinearity are separated and used in the
control design to reduce conservatism. Case studies relating to a mass—spring
system, coupled inverted pendulums and a flight control system are provided to
illustrate the developed control methodologies.

Chapter 4 considers dynamical output feedback control design for systems with
mismatched uncertainties/disturbances such that the corresponding closed-loop
systems are asymptotically stable. Compared with Chap. 3, all the uncertainties
involved in this chapter are bounded by nonlinear functions of the system state
variables instead of the output variables. The bounding functions are assumed to be
known and thus it is possible to use them for control design and system analysis to
reduce the effects of uncertainties. In Sect. 4.2, a sliding surface is designed which
is independent of the designed observer, and then a sliding mode control is syn-
thesised based on the estimated states from the designed observer and the system
outputs. The controller design and the observer design are separated. The designed
control can be implemented with any appropriate observer but the developed
approach requires that the considered system is minimum phase. In Sect. 4.3, a
dynamical compensator is designed first. A sliding surface is then designed for the
augmented system formed by the considered system and error dynamics. It is not
required that the nominal system is minimum phase. Applications to control of the
High Incidence Research Model (HIRM) aircraft are given in Sect. 4.4. Both
longitudinal and lateral aircraft dynamics based on different trim values of Mach
number and height are employed in the simulation study.

Chapter 5 continues to consider dynamical output feedback controller design. It
focuses on large-scale interconnected systems and uses reduced order compensators
to form the feedback loop which is particularly important for large-scale systems as it
may avoid ‘the curse of dimensionality’. In Sect. 5.2, sliding mode dynamics are
established and the stability is analysed using an equivalent control approach and a
local coordinate transformation. A robust decentralised output feedback sliding
mode control scheme is synthesised such that the interconnected system can be
driven to the predesigned sliding surface. This approach allows both the nominal
isolated subsystem and the whole nominal system to be nonminimum phase. In Sect.
5.3, a similar structure is introduced to identify a class of nonlinear large-scale
interconnected systems. By exploiting the system structure of similarity, the pro-
posed nonlinear reduced order control schemes allow more general forms of
uncertainties. Specifically, based on a constrained Lyapunov equation, the effect of
matched uncertainties is canceled completely. The study shows that a similar
structure can simplify the analysis and reduce the amount of computation. Numerical
simulation examples and a case study on river pollution control are provided to
illustrate the results developed.

Chapters 6 and 7 consider complex systems with time-delay. A Lyapunov—
Razumikhin approach is employed to deal with time-delay throughout the two
chapters. All the developed results are suitable for time-varying delay and there is
no limitation to the rate of change of the time-varying delay as with the Lyapunov—
Krasovskii approach. Chapter 6 requires that the time-delay is known and thus the
time-delay can be used in the design to reduce conservatism. Therefore the
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controllers are delay dependent. Chapter 7 removes the assumption that the time-
delay is known but the results obtained are usually conservative when compared
with Chap. 6. In Chap. 6, both static and dynamical output feedback control
schemes are presented for complex time-delay systems; decentralised static output
feedback sliding mode controllers are designed to stabilise complex interconnected
time-delay systems where delay exists in both the interconnections and the isolated
subsystems. In Chap. 7, local stabilisation is considered for affine nonlinear control
systems with uncertainties involving time-varying delay. It is not assumed that the
nominal system is either linearisable or partially linearisable. Section 7.4 focuses on
the stabilisation problem for a class of large-scale systems with nonlinear inter-
connections. A decentralised static output feedback variable structure control is
synthesised and a set of conditions is developed to guarantee that the considered
large scale interconnected systems are stabilised uniformly asymptotically.
Section 7.5 provides some examples to demonstrate the results developed in Sects.
7.2-7.4. Numerical simulation examples and a case study on a mass—spring system
are provided to demonstrate the theoretical results.

Chapter 8 considers fault detection and isolation (FDI) for nonlinear systems with
uncertainties using particular sliding mode observers for which the design param-
eters can be obtained using LMI techniques. In Sect. 8.2, a sliding mode observer
based approach is presented to estimate system faults using bounds on the uncer-
tainties, and as a special case, a fault reconstruction scheme is available where the
reconstructed signal can approximate the fault signal to any accuracy. Section 8.3
considers sensor FDI for nonlinear systems where a nonlinear diffeomorphism is
introduced to explore the system structure and a simple filter is presented to
‘transform’ the sensor fault into a pseudo-actuator fault scenario. Both fault esti-
mation and reconstruction are considered. Case studies on a robotic arm system and
a mass—spring system demonstrate the effectiveness of the proposed FDI schemes.

Chapter 9 provides a decentralised strategy for the excitation control problem of
multimachine power systems which are formed from an interconnected set of lower
order subsystems through a network transmission. Both mismatched uncertainties
in the interconnections and parametric uncertainties in the direct axis transient short
circuit time constants, which affect the subsystem input distribution matrix, are
considered. The proposed approach can deal with interconnection terms and
parametric disturbances with large magnitude. The results obtained hold in a large
region of operation if the control gain is high enough. This allows the operating
point of the multimachine power system to vary to satisfy different load demands.
Simulations based on a three-machine power system are presented to illustrate the
proposed control scheme.

Chapter 10 makes some concluding remarks. Several specific examples are
presented to show the complexity of the systems considered in this book. Some
comments offer suggestions for future work. Finally, Appendixes A to D provide
some results (with rigorous proofs), which are used in the book, and Appendix E
presents notation and the parameters of the multimachine power system considered
in Chap. 9.
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The book aims to disseminate recent results in the area of variable structure
control of complex systems. It is suitable for scientists and engineers in academia
and industry who are interested in either variable structure techniques or complex
systems including nonlinear control, decentralised control, time-delay systems,
robust control and fault detection and isolation. It is particularly valuable to have a
combined set of references at the end of the book for ease of access to many
important theoretical and practical applications. It contains many case studies and
numerical examples with simulations to help readers understand and apply the
developed theoretical results. The analysis and design methodologies are also useful
for both undergraduate and postgraduate students in the field of nonlinear control
systems design. We believe mathematicians and control engineers will find this
book useful.

Last but not least, we would like to point out that this book only attempts to
present part of the authors’ recent achievements in the area of complex variable
structure control, which is obviously built on many other previous results. Although
we have tried to cover most of the recent important ideas and results in the area, the
exposition is far from a complete overview of the associated subjects. The bibli-
ography includes only the literature which has been actually used in the book. We
sincerely apologise for any serious omissions, large or small.

Canterbury, UK Xing-Gang Yan
Canterbury, UK Sarah K. Spurgeon
Exeter, UK Christopher Edwards

April 2016
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Chapter 1
Introduction

Control systems widely exist in the real world. Increasing requirements for system
performance and reliability have resulted in increasing complexity in the dynamic
systems used to model reality. Control engineers are faced with increasingly com-
plex control systems. The development of computer science and technology coupled
with developments in mathematical theory has provided the possibility for study of
complex systems from both theoretical and practical viewpoint.

This book systemises some of the authors’ recent research works along with fun-
damental concepts and methodologies in the area of variable structure control for
complex systems. The complexity resulting from nonlinearities, uncertainties includ-
ing modelling error, time-delay, and interconnections between subsystems is con-
sidered. For various complex systems, theoretical analysis and control design using
static output feedback, observer-based output feedback, and decentralised control
ideas is presented based on variable structure techniques. The fault detection and
isolation problem is also investigated, using sliding mode observers, where recon-
struction and estimation schemes for both system faults and sensor faults will be
presented. Numerous numerical examples and case studies with accompanying sim-
ulations are provided to help readers understand and apply the developed strategies
and approaches.

1.1 System Complexity

Linear dynamical systems cannot describe many commonly observed phenomena
well. In the real world, nearly all systems exhibit nonlinearity. In order to reveal
complex phenomena and study complex systems, it is necessary to investigate non-
linear dynamical systems as a means to model real systems more accurately.

A dynamical control system usually can be expressed by the following differential
equation
© Springer International Publishing AG 2017 1
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X = f(t,x,u) (1.1)

where x € R” denotes the system state, u € R” represents the system input/control
and r € R* is time. If a particular system output is of interest, then an algebraic
equation

y = h(t, x) (1.2)

or
y=h(t, x,u) (1.3)

is used, where y € R” represents the system output. Equation (1.1) is called the state
equation while Eq. (1.2) or (1.3) is said to be the output equation.

In this book, only the output Eq. (1.2) is considered which means that the output
equation considered in this book does not involve the control variable u. The system
(1.1)—(1.2) is called a single-input single-output (SISO) system if both # and y are
scalars. It is called a multi-input multi-output (MIMO) system if the dimensions of
either u or y are bigger than one.

The complexity of a control system depends on the controlled plant and the
environment. Higher requirements on the controlled system’s performance usually
require more advanced control techniques, which will introduce additional com-
plexity. There are many factors which may affect control system’s performance and
result in complex phenomena, such as nonlinearities, uncertainties/modelling errors,
time-delay and any interconnections existing in the system.

e Nonlinearity: Compared with linear systems, the study of nonlinear systems is
much more difficult. Analysis and design of nonlinear control systems usually
involve more advanced mathematics. Due to the existence of nonlinearities in
dynamical systems, phenomena such as finite time escape, multiple isolated equi-
libria, limit cycles, harmonic oscillation, chaos and multiple modes of behaviour
may appear [91]. These rich behaviours which exist in nonlinear dynamical sys-
tems greatly increase the complexity of the problem.

e Uncertainty/modelling error: Real systems unavoidably experience various
uncertainties such as mechanical wear and changes in the external environment.
The former may result in parametric uncertainties while the latter may result in
unstructured uncertainties. Moreover, it may be impossible to model a system
accurately. If these modelling errors and uncertainties or disturbances are not con-
sidered, the developed strategies may not work well or may even fail to meet the
design objective. Specifically, for a large-scale interconnected system, a perturba-
tion of one subsystem can affect other subsystems and the overall performance of
the network. This increases the complexity in the problem.

e Time-delay: With the increasing expectations for the closed-loop system’s dynam-
ical performance, it is required that the established system model behaves more like
the real process. Thus time-delay has to be considered as many processes include
after effect phenomena in their inner dynamics: for example, biology, population
dynamics, economics, viscoelasticity and engineering science [130, 141]. For a
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time-delay system, the future evolution, usually, not only depends on the present
state but also on its history. Even a small delay may greatly affect the performance
of a system; a stable system may become unstable, or chaotic behaviour may
appear due to delay in the system [126].

e Interconnection: In order to complete a complex task, systems have to be com-
bined together to provide the desired performance. For example, in amanufacturing
process, in order to produce the same engineering components in sufficiently large
quantities, many machine tools (isolated subsystems) are interconnected together
and monitored to form a large-scale system to complete the task [202]. A complex
system may also be formed by interconnections between a collection of simple
systems. In this case, although each subsystem may exhibit good performance in
isolation, the whole system may not work well due to the interactions between the
subsystems. To reduce, minimise or even employ the effects of the interconnec-
tions on the whole system is challenging. Moreover, these subsystems are usually
distributed geographically in space, which results in problems such as data trans-
fer, the reliability of the network communication channels and economic cost etc.
[2,210].

In this book, the factors mentioned above will be considered. In order to deal with
the effects of uncertainties, variable structure control techniques will be employed.
The Lyapunov—Razumikhin approach will be used to deal with time-delay. For inter-
connected systems, decentralised strategies will be developed whenever possible to
avoid the reliability problem caused by network links.

1.2 Variable Structure Control

Consider the control system (1.1) in the domain D € R". A corresponding variable
structure control can be expressed as

ui(t, x), (t,x) e Rt x D,
uy(t, x), (t,x) e Rt x D,
u= . . (1.4)
ug(t, x), (t,x) e R" x D,
where the functions u; (¢, x) are continuous fori = 1, 2, ..., g. The structures of the

functions u; (t, x) and u ; (¢, x) are different fori # jandi, j =1,2,...,q (¢ = 2).
The domains D; € R” fori = 1,2, ..., g satisfy

(i) DiUD,U---UD, = D;
(i) DiND; =0ifi # jfori,j=1,2,...,q.
When the variable structure control in (1.4) is applied to the system (1.1), the

corresponding closed-loop system becomes a variable structure system. Literally
speaking, variable structure control is a control whose structure is changed or keeps
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changing in order to obtain and maintain the desired system performance during the
control process.

For example, in real control design, when the response error/accuracy e(t) is over
the threshold, a proportional control is used to increase the response speed; when the
response error/accuracy e(t) is within the threshold, an integral control is employed
to guarantee that the steady error requirement is satisfied. In this case, the control
law may be described by

"y — kpe(t), le@®I >k
~ | ki [ewydt, e < k.

Here the positive constants k, and k; are called the proportional gain and integral
gain respectively which are tuning parameters, and the positive constant k is called
the threshold.

This example shows that sometimes it is desirable to change the control structure
in order to get the desired system performance. As pointed out in [12], nonholo-
nomic systems cannot be stabilised by continuously differentiable, time invariant
state feedback control laws. However, a discontinuous control law is available to
stabilise nonholonomic systems (see, e.g., [1]). This motivates the need for discon-
tinuous control.

When the variable structure controller (1.4) is applied to the system (1.1), itusually
produces a discontinuous right-hand side in the corresponding closed-loop dynamical
system which consists of a set of ordinary differential equations. This produces an
interesting mathematical problem: the traditional definition and existence conditions
for the solutions of the closed-loop system are not applicable. It is necessary to
extend the classical solution. In this case the solution of the equations is defined in
the Filippov sense [46] throughout the book.

In order to reject/reduce the effects of uncertainties and disturbances, different
variable structure approaches have been proposed, for example, the approach based
on the direct Lyaponov method in [202, 210, 214] and a discontinuous control law
for nonholonomic systems in [1]. However, variable structure control which leads to
a sliding motion, has underpinned the development of a systematic research method-
ology, which is the well-known sliding mode control paradigm. Sliding mode control
has dominated the literature in the area of variable structure control and thus when
people talk about variable structure control, they usually mean sliding mode control.
Here, it should be pointed out that not all variable structure control will lead to a
sliding motion.

1.3 Sliding Mode Control

Sliding mode control, as a particular type of variable structure control, evolved from
the pioneering work in Russia of Emel’yanov and Barbashin in the early 1960s. The
ideas did not appear outside of Russia until the mid 1970s when a book by Itkis [81]
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and a survey paper by Utkin were published in English [175]. The ideas underlying
the modern analysis and design of sliding mode controllers may be further dated
back to publications in the early 1930s. At that time, concerns on relay systems with
sliding modes for controlling the course of a ship had been proposed [55] where the
terms phase plane, switching line, and even sliding mode appear [172].

Relay systems have been found in many control engineering systems. Relay con-
trol systems are a simple nonlinear system which is effective and has low cost.
Sometimes they have better dynamical performance than linear systems [171]. Early
rigorous studies on relay systems are found in contributions in the 1960s which were
presented celebrating Filippov’s achievement for differential equations with discon-
tinuous right-hand sides [47]. The study of relay systems stimulated the study of
sliding mode control.

In the initial stage (before 1962), nearly all studies focused on second-order lin-
ear systems. Later work was extended to higher order systems (i.e., systems with
order greater than 2) but most work was still limited to linear systems with single
input control. The study of nonlinear systems in state space form commenced in
1970 and multi-input control systems have been widely considered since then. The
development of this state space description and multivariable control system theory
greatly promoted the development of sliding mode controllers, which also motivated
the application of sliding mode techniques in practical systems [172].

In recent decades, various control approaches have been proposed and research
on sliding mode control has become very active. Due to its high robustness against
uncertainties/disturbances, sliding mode control has been widely combined with
other approaches to provide better results in both theoretical research and practical
engineering. Many interesting results have been created in adaptive sliding mode con-
trol [4, 18, 176], fuzzy sliding mode control [168, 178], backstepping based sliding
mode control [162] and decentralised sliding mode control [200, 201] with appli-
cations in wide areas such as engineering systems, aircraft control, energy systems,
communication networks and biology [7, 77, 82, 129, 153, 172].

1.3.1 Sliding Mode Control Methodology

Sliding mode control changes the system dynamics by employing a discontinuous

control signal. This approach has been well developed and extensively used in theo-

retical research and practical engineering design. It has been successfully employed

to solve various control problems in combination with other control approaches.
The sliding mode control method consists of two steps:

e the design of a sliding surface such that the system considered possesses the desired
performance when it is restricted to the surface;

e the design of a variable structure control which drives the system trajectory to the
sliding surface in finite time and maintains a sliding motion on it thereafter.
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A concise description is available in [38, 173]. In view of these two steps, the system
motion can be separated into two phases: the reaching phase and the sliding phase.
The former refers to the motion when the system trajectory moves towards the sliding
surface and the latter concerns the motion when the system trajectory moves on the
sliding surface.

1.3.1.1 Sliding Phase
Consider System (1.1). In order to design a proper switching/sliding function
s =s(x)

such that the resulting sliding motion has the desired performance, one way is to find
the dynamical equations which will govern the sliding motion, and then synthesise the
sliding surface based on the characteristics of the sliding mode dynamics or sliding
motion. Itis assumed that the sliding motion exists. The following two approaches are
usually employed to find the sliding mode dynamics and in this way the stability of
the sliding motion is transformed to the problem of ensuring stability of an unforced
system.

e Equivalent control: When the considered system (1.1) is limited to and moving
on the sliding surface,

s(x) =0, and s(x) =0.

The time derivative of s(x) along the system (1.1) is given by

. as . as
= A= t,x, .
S 8xx 8xf( X, u)
In the sliding motion,
0
—:ﬂhmu)=0. (1.5)
0x

Suppose there is a solution for u to the Eq. (1.5) denoted by

Ueqg = ueq(h Xx)

which is the so-called equivalent control (see, p.14 in [174]). Then, the sliding
mode dynamics governing the sliding motion may be obtained by

X = f(t,x,uy(t, x))
[su)=0 g . (1.6)
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Now, assume that System (1.1) is in the following affine nonlinear form,
X =F(,x)+ G(t,x)u. (1.7)

Then, for the sliding surface s(x) = 0, it follows from s(x) = O that the corre-
sponding equivalent control is given by

Uey = —(s(x)G(x,t))fls(x)F(t,x) (1.8)

where s(x) should be chosen such that s(x)G(x, t) is nonsingular for all x in the
considered domain and ¢ € R*. Substitute u,, from (1.8) into the system (1.1), it
follows that the corresponding sliding motion can be described by

x=F@t, x)— G, x)sx)Gx, 1)) 's(x)F(t, x)
s(x) =0 ’

Remark 1.1 It should be noted that the equivalent control is used only to analyse
the sliding motion. It is not the control signal which is actually applied to the system
but it may be thought of as the control signal which must be applied “on average” to
maintain the sliding motion [38, 174].

e Regular form: Another approach to find the sliding mode dynamics relating to
the sliding function s = s(x) for System (1.1) is to employ the well-known regular
form. Suppose that there exists a coordinate transformation z = T (x) such that in
the new coordinate system z, the sliding surface s(x) = 0 can be described in the
form

22 =0(z1)

where z; € R, z, € R™, z := col(z1, z2) and System (1.1) can be described by

2= Fi(t. 21, 22) (1.9)
2 = Fo(t, 21, 22, u) (1.10)

where u € R” is the control. The Jacobian matrix Z20:2:29 jg agsumed to be
nonsingular in the considered domain. Note that System (1.9) is independent of
the control signal and the dimension of z; is the same as the dimension of the
control u. System (1.9)—(1.10) is the so-called regular form.

Based on the regular form in (1.9)—(1.10), it is clear to see that the corresponding
sliding mode dynamics of System (1.1) is described by

21 =Fi(t,z1,0(21)) (1.11)
which is a reduced-order system when compared with System (1.1).

Note, if System (1.1) is in the following affine form as given in (1.7), then, the
corresponding regular form can be described by
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21 = Fi(t, 21, 22) (1.12)
2 = F(t,z1,20) + Ga(t, 21, 22)u (1.13)

where the functions F;(-) and F>(-), and G,(-) are dependent on the coordinate
transformation z = 7 (x) and the functions F(-) and G (-) respectively.

1.3.1.2 Reaching Phase

In order to guarantee that the system trajectory can be driven to the sliding surface
s(x) = 0 in finite time and a sliding motion can be maintained on it thereafter, a
proper discontinuous control

u=u(t,x)

needs to be designed such that the following condition is satisfied [38, 173]
sT(0)$(x) < —nlls@)]| (1.14)

for some constant 7 > 0. The inequality (1.14) is the so-called reachability condition
and 7 is called the reachability constant.
From Eq. (1.1), it follows that

. as . as I )
§ = —X = — X, u).
ox gx ) o

Therefore, Inequality (1.14) is equivalent to

0
sT<x>£f<t,x,u) < —nls@)l| (1.15)

which explicitly contains the variable u. The sliding mode controller guaranteeing
reachability can usually be synthesised from (1.15).
The following condition
sT(x)$(x) <0

is also called a reachability condition but it cannot guarantee that a sliding motion
takes place in finite time and thus a sliding motion may not occur in this case.
It should be emphasised that, when the designed sliding/switching function is
time varying, for example,
s =s(t, x)

it is straightforward to see that the condition (1.15) used to synthesise the sliding
mode control law should be updated to
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sT(t, x) (8—s+8—sf(t x u)) < —nlls@ x|l
' ar  ox T - ' '

For this case, a design approach has been provided in [27].

1.3.2 Sliding Mode Control of a Mass—Spring Damper System

In order to illustrate the sliding mode control methodology, consider the simple
mass—spring damper mechanical system in Fig. 1.1 where the mass M slides on a
smooth surface. In Fig. 1.1, X denotes the displacement from the reference position,
m is the mass of the object M sliding on a horizontal surface, k is the coefficient of
spring K, b is the coefficient of the damper B and F is an external force which is
considered as the control input u (1 = F).

It is assumed that the mass—spring damper system experiences a hardening spring
which produces a restoring force described by (see [91])

k(1 +a*’XHX.

The simple viscous damper produces a damping force described by »X . From New-
ton’s second law, the motion of the object M can be described by

mX = —bX — k(1 +a*X*)X + u. (1.16)

Letx = col(xy, x2) = (X, X). Then, x; = x, and X, = X".FromEq.(l.16),itfollows

that
) b k k 55
Xp)=——Xo— —X; — —a’xj +u
m m m

which can be rewritten by

NONONNNNNNN

Fig. 1.1 A mass—spring damper mechanical system
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Choosem = b = k = a = 1 for simplicity. Then, the system (1.16) can be described
in the form of (1.1) by

P X2
r= |:—(1 +xP)x; —x2 +ui| (A.17)

S (x.u)

which is a nonlinear system.
The objective is to design a sliding mode control law such that the system (1.17)
is asymptotically stable.

(i) Sliding phase: Design a linear switching function
s(x) =yx; +x (1.18)

where y is a design parameter. When System (1.17) is limited to the sliding
surface, s(x) = 0. It follows from (1.18) that

Xy = —YX1.

Considering the structure of System (1.17), it is straightforward to see that the
corresponding sliding mode dynamics are

).61 = —YXI. (119)

Therefore, the sliding motion governed by the sliding mode dynamics (1.19) is
asymptotically stable if the parameter y is chosen to satisfy y > 0.
(i) Reaching phase: Consider the sliding mode controller

u=(1+x71)x1 +x2 — yx — nsgn(yx; + x2) (1.20)

where n > 0 is a constant. Then the closed-loop system obtained by applying
the control in (1.20) to System (1.17) is given by

)‘Cl = X2 (121)
X2 = —yx2 — nsgn(y x| + x2). (1.22)

By direct computation, it follows from Eqs. (1.21)—(1.22) that

s(X)$(x) = —s(x)(yx1 + X%2)
= —ns(x)sgn(s(x)) < —nls|.

This guarantees that the control (1.20) can drive the trajectories of System (1.17)
to the sliding surface s(x) = 0 with s(-) defined in (1.18), in finite time and
maintain a sliding motion on it thereafter.
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From sliding mode control theory, (i) and (ii) above together show that the cor-
responding closed-loop system is asymptotically stable. For simulation purposes,
choose

and the initial condition xy = col(2, 1).

Figure 1.2 shows the phase plane portrait of the displacement x; and velocity x;.
From Fig. 1.2, the system states (x;, x) are driven to the sliding surface from the
initial point xo = (2, 1), and then move along the sliding surface to converge to the
origin.

The time responses of the displacement and velocity of the object are shown in
Fig. 1.3. Figure 1.4 shows the control signal imposed on the system.

It is clear to see that chattering appears due to the discontinuity in the control.

Chattering may be undesirable in practice because it may result in unnecessary
wear and tear on the actuator components and result in unnecessary energy consump-
tion. One way of overcoming this drawback is to introduce a boundary layer about
the discontinuous surfaces (see [13]) which may affect the control accuracy. Another
way is to use higher order sliding mode techniques but this requires the considered
system to have a certain structure.

In this book, higher order sliding mode techniques will not be discussed. Detailed
information about higher order sliding mode control can be found in [5, 45, 100,
153] and the references therein.

phase plane plot X, =X

2
2
1.5} ‘o
sliding surface L .
initial point (2,1)
1
<" 05 f_
= s
2 ¥
S s
g @& o
-05
-1} £
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Fig. 1.2 The phase plane portrait



12

2.5

1.5

0.5

Fig. 1.3 The time responses of the displacement x| and velocity x

16

14

12

10

1 Introduction
displacement X,
— . — . velocity X,

10 15 20 25

time [sec]
| control signal u(t)l

10 15 20 25

time [sec]

Fig. 1.4 The time response of the control signal

1.3.3 Characteristics of Sliding Mode Control

It is observed that sliding mode control has the following characteristics:

e The sliding mode dynamics are a reduced-order system when compared with the

original system dynamics.
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For System (1.1) with sliding surface s = s(x), the corresponding sliding mode
dynamics can be described by (1.6) or (1.11). It is clear to see that the order of the
system (1.6) or (1.11) is n — m where n is the dimension of the original system
and m is the dimension of the control. Therefore, during the sliding motion, the
system exhibits reduced-order dynamics when compared with the original system.
e The sliding motion is insensitive to matched uncertainty.

Suppose System (1.1) experiences an uncertainty/disturbance. If the uncertainty
or disturbance acts in the input/control channel or the effects are equivalent to an
uncertainty acting in the input channel, it is called matched uncertainty. Otherwise
it is called mismatched uncertainty. For example, assume that the nonlinear affine
control system (1.7) experiences uncertainties ¢ (¢, x) and ¥ (¢, x) described by

%= F(t,x)+ G, x)u + ¢(t, X)) + ¥ (1, x). (1.23)

Then, the term ¢ (¢, x) is called matched uncertainty. In addition, if the uncertainty
Y (¢, x) can be modelled as

vt x) =G, x)x(t, x)

where y (-) represents the uncertainty, it is clear to see that the uncertainty of the
term v (-) is reflected by the uncertainty x (-) which is exactly acting in the input
channel. In this case ¥ (¢, x) is also called matched uncertainty.
From Eq. (1.6) or (1.11), it is straightforward to see that the dynamics governing
the sliding motion are completely independent of the control and thus the system
is robust to matched uncertainty.

e Uncertainties/disturbances will affect reachability.
In order to guarantee that the trajectory of the considered system is driven to
the predesigned sliding surface, the reachability condition must be satisfied—
which is interpreted as (1.15). It is clear that (1.15) involves all of the right-hand
side of Eq.(1.1). Therefore, uncertainties/disturbances may affect the reaching
phase no matter whether they are matched or mismatched, but the effects of some
uncertainties may be completely rejected by an appropriate control.

e The process of designing the sliding surface and sliding mode control can be
‘separated’.
The main target of sliding surface design is to ensure that the resulting sliding
motion has the required performance. The main objective of the control design is
that the reachability condition is satisfied so that the system can be driven to the
sliding surface. In view of this, sliding surface design and sliding mode control
design can be completed separately. This property is called the design ‘separation’
property in this book.
The design of a sliding surface is usually not dependent on the process of the
sliding mode control design. Once the sliding surface is specified, the study of the
stability of the sliding motion and the reachability can be carried out separately.
This has advantages when compared with other control approaches. For exam-
ple, the steady-state response is totally dependent on the sliding mode dynamics
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which is independent of the control. Therefore, in order to improve the steady-
state response of the control system, it is only necessary to consider the sliding
mode dynamics instead of the original system. In the reaching phase, by adjusting
the parameters in the sliding mode control law, the reaching time can be reduced
which may produce a fast time response, and will also maximise robustness.

1.4 Decentralised Control

In the real world, there are a number of important systems which can be mod-
elled as dynamical equations composed of interconnections between a collection of
lower-dimensional subsystems. Such classes of systems are called large-scale inter-
connected systems, which are often widely distributed in space [111, 117, 145]. A
fundamental property of an interconnected system is that a perturbation of one sub-
system can affect the other subsystems as well as the overall performance of the
entire network. Decentralised control has been recognised as an effective method to
control such systems.

1.4.1 Background

Large-scale interconnected systems widely exist in society. A typical large-scale
interconnected system is the multimachine power system [182, 201]. Other exam-
ples of large-scale interconnected systems that present a great challenge to both
system analysts and control designers include power networks, ecological systems,
biological systems and energy systems [117, 158].

For interconnected systems, the presupposition of centrality fails to hold due
to either the lack of centralised information or the lack of centralised computing
capability. When the number of subsystems is large, the computation time increases
significantly if centralised control is employed. In the extreme case when informa-
tion transfer among the subsystems is blocked, centralised control schemes simply
cannot be applied. Even with engineered systems, issues such as the economic cost
and reliability of communication links, particularly when systems are characterised
by geographical separation, limit the appetite to develop centralised systems. From
the perspective of economics and reliability, decentralised strategies are pertinent
for large-scale interconnected systems. This has motivated the application of decen-
tralised control methodologies to interconnected systems [87, 106, 192]. A survey
paper [2] has covered several decomposition approaches such as disjoint subsystems,
overlapping subsystems, symmetric composite systems, multi-time scale systems
and hierarchically structured systems to simplify the analysis and synthesis tasks for
large-scale systems to reduce the computational complexity.

Decentralised control for large-scale interconnected systems has been studied
extensively. Research on large-scale interconnected systems analysis and synthesis
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can be traced back to at least the 1970s, and the survey paper [145] clearly shows the
development of this topic at that time, when almost all of the work focused on linear
cases. With the advancement of technology and increasing requirements for high
levels of performance, specifically in recent years, the dynamic systems used to model
reality have become more complex involving nonlinearities, uncertainties, time-delay
and interconnection. Therefore, the study of complex interconnected systems has
become increasingly important. The interest in this subject has been revived by new
developments in nonlinear systems and control. The recent survey paper [216] has
shown the progress made in the area of decentralised control where some of the work
associated with sliding mode control, adaptive control and backstepping control has
been covered.

1.4.2 Fundamental Concept

From the mathematical point of view, a nonlinear large-scale interconnected system
composed of N n;-th order subsystems can be described by

K= filtox) + gt x) (i + Agi(t.x) + Afi(t, xi) + 27: Gij(t. x;)
VE=
(1.24)
yi = hi(x;), i=1,2,...,N, (1.25)

where x; € £2; C R" (§2; is a neighbourhood of the origin), u; € R™ and y; €
RPi are the states, inputs and outputs of the i-th subsystem respectively for i =
1,2,...,N. All the matrix functions g;(-) € R"*™ and the nonlinear vectors
fi(-) € R% and h;(-) € RP" with h;(0) = 0 are known. The terms Ag;(-) and Af;(-)
represent the matched and the mismatched uncertainties respectively. The term

N
Zﬁj(l,xj)

J#i

represents the interconnection of the i-th subsystem with the other subsystems. It is
assumed that all the nonlinear functions are smooth enough such that the unforced
systems have unique continuous solutions.

Definition 1.1 Consider System (1.24)—(1.25). The system

X = fi(t, xi) 4 gi(t, x;) (ui + Agi(t. x1)) + Af; (¢, x;) (1.26)
Vi = hi(x)), i=1.2.....N, (1.27)
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is called the i-th isolated subsystem of System (1.24)—(1.25), and the system

Xi = fi(t, xi) + & (1, xi)u; (1.28)
vi = hi(x;), i=12,...,N, (1.29)

is called the i-th nominal isolated subsystem of System (1.24)—(1.25).

It is well known that one of the main problems for interconnected systems is to
establish under what conditions the interconnected system (1.24)—(1.25) exhibits the
desired performance if all the isolated subsystems (1.26)—(1.27) or all the nominal
isolated subsystems (1.28)—(1.29) exhibit the required performance. Therefore, how
to deal with interconnections is a key problem of interest in decentralised control.

Definition 1.2 Consider System (1.24)—(1.25). If the designed controllers u; for the
i-th subsystems depend on the time ¢ and states x; of the i-th subsystem only, i.e.,

ui = u;(t, x;), i=12,....,N (1.30)

then (1.30) is called decentralised state feedback control. If the controllers in (1.30)
have the form
u; = u;(t,yi), i=1,2,...,N (1.31)

that is, each local controller depends upon the time ¢ and the outputs of the local
subsystem only, then they are called decentralised static output feedback control.
Furthermore, if the designed controllers consist of the dynamical systems

%= @ity Ko oui, vi),s i=1,2,...,N (132)

and controllers
u; = u;(t, X;, yi), i=1,2,...,N (1.33)

then (1.32)—(1.33) is called decentralised dynamical output feedback control. Specifi-
cally,if (1.32)is an observer of the system (1.24)—(1.25), thenitis called decentralised
observer-based feedback control.

It is straightforward to see, according to Definition 1.2 above, that it is required
that the dynamical systems (1.32) are decoupled in a decentralised dynamical output
feedback scheme. It should be mentioned that in some of the existing work, see
for example [203, 215], the designed dynamical systems (1.32) are not decoupled
(in fact they are interconnected systems). In this case, the developed controllers are
sometimes still called a decentralised control. However, in precise terms, such a class
of controllers is not decentralised because there exists information transfer between
subsystems of the designed dynamical system (see e.g., [203, 215]).

Several decades ago, most work on decentralised control focused on linear inter-
connected systems due to the limitation of available control paradigms that were
able to deal with nonlinearity. However, the dynamics of large-scale natural and
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engineered interconnected systems are usually highly nonlinear. It is not only the
structure of the system and interconnections which produce complexity but also the
nonlinearity of the dynamics themselves. It is clear that although linear dynamics
may approximate the orbit of a nonlinear system locally, it does not permit the exis-
tence of the multiple states observed in real networks and does not accommodate
global properties of the system. Such global properties can be crucial because they
may become significant when the system is perturbed or a subsystem enters a failure
state. Increasing requirements on system performance coupled with the ability to
model and simulate reality by means of complex, possibly nonlinear, interconnected
systems models has motivated increasing contributions in the study of such systems.
This interest has been further stimulated by the simultaneous development of nonlin-
ear systems theory and the emergence of powerful mathematical and computational
tools which render the formal and constructive study of nonlinear large-scale systems
increasingly possible [210].

In order to help readers to understand the ‘decentralised’ concept, the following
schematic diagram in which the interconnected system has three subsystems, is
produced to show that in static decentralised output feedback control scheme, the
local controller u; of the i-th subsystem only uses the local output information y;;
no output information y; (j # i) is involved in the design of u;. From Fig. 1.5, it is
clear that there is no local output information transfer between the local controllers
upandu; (i # j)fori, j=1,2,3.

iy = filt.xy) + gy (tx)(uy +

Agy(txy))+Afy(txy)

Input uy output yy

&y = filt.xg) + gy(t.x5) (uy +

X2 = falt.xz) + ga(t,x2)(uz +

A ga(t.xz)) +Afa(tx:) A gy(tx3)) + A fs(t,x5)

Fig. 1.5 Decentralised static output feedback schematic diagram
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1.5 Examples of Complex Systems

In this section, some practical examples will be presented to show that complex
systems widely exist in the real world.

1.5.1 One-Machine Infinite-Bus System

Consider a simple power system where a large-turbine generator set connects with
an infinite bus. The motion equation of the machine’s rotor can be described by (see,
for example, [107])
d*s E,V,
H— =M, — —LZsins(s 1.34
T (1) = = sind (o) (1.34)

where §(f) is the generator’s rotor angle, M,, is the mechanical input torque, H is
the moment of inertia of the machine, E, is the transient potential of the g-axis of
the generator, V; is the voltage of the infinite bus which is constant, X is the sum of
the transient inductance of the shaft of generator, the inductance of the transformer
and the inductance of the transmission line.

For simplicity, assume that E, is constant. Let

x1=8 and x,=34

where x, represents the angular velocity. The letter M,, denotes the control input u.
Then the system (1.34) modelling the one-machine infinite-bus is described by

x:[ 2 ] (1.35)

—ay sin x| + au

where x := col(x1, x;), and

— BV
ay = Il-IX,g
ay ‘= R

System (1.35) is a nonlinear affine system as it can be described by

X = . + u
—dadjp SIn X a

where the input distribution is a constant matrix.
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1.5.2 PVTOL Aircraft

The well-known planar vertical take-off and landing (PVTOL) represents a chal-
lenging nonlinear control problem. It is motivated by the need to stabilise an aircraft
which is able to take-off vertically such as helicopters and some special aircraft.

The mathematical model describing an aircraft that evolves in a vertical plane
usually has three degrees of freedom (X, Y, ¢) corresponding to its position (X, Y)
and orientation in the plane ¢. The PVTOL is composed of two independent thrusters
that produce a force and a moment on the aircraft. The dynamical model of the
PVTOL aircraft can be obtained using the Lagrangian approach or Newtons laws,
which are given in [191], as follows

mX = —(sin p)U; + o(cos ¢p)U,
my = (cos @)U, + ep(cos p)U, — mg
Jb = U,

where (X, Y) is the centre of mass of the aircraft, 0 is the roll angle, mg is the gravity
force imposed at the aircraft’s centre of mass and J is the mass moment of inertia
around the axis through the aircraft’s centre of the mass and along the fuselage,
the control U is the thrust directed to the bottom of aircraft and the control U, the
moment around the aircraft’s centre of the mass, ¢y is the quantity of lateral force
induced by the rolling moment which characterises the coupling between the rolling
moment and the lateral acceleration of the aircraft.
Let
x=-X/g, y=-Y/g, uy=Ui/mg

U, =U,/mg, &=¢yJ/mg.

Then the normalised PVTOL aircraft dynamics can be described by [16, 191]

X = —(sing)u; + £(cos ¢)us (1.36)
y = (cos p)uy + e(cos P)ur — 1 (1.37)
é = u». (1.38)

The dynamical equations (1.36)—(1.38) can be described in (1.1) as follows

X2
—(sinxs)u; + £(cos x5)u,
X4
(cosxs)uy + e(cosxs)up — 1
X6
us

(1.39)
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where

R
I
fﬂ
>

[3e)
I
w><|
=

(%)
I
~1

Xpi=Y, Xsi=¢, Xgi=¢.

System (1.39) can be rewritten by

X2 0 0
0 —sinxs €& cos Xs
. X. 0 0 u
-1 COSX5 £COSXs5 | |un
X6 0 0
0 0 1
where x := col(xy, xp, ..., x¢), and thus it represents an affine nonlinear control

system. In general, ¢ is unknown but it is very small and can be neglected. In this
case, the model can be simplified as

).C] = X2
).Cz = —(SiIIX5)L£1
).63 = X4

X4 = (cosxs)u; — 1
).65 = X6

)&6 = uj.

This is a nonlinear system.

1.5.3 Stirred Tank Reactor

Consider an industrial jacketed continuous stirred tank reactor (JCSTR) with a
delayed recycle stream [116]. The reactions within the JCSTR are assumed uni-
molecular and irreversible (exothermic). Perfect mixing is assumed and the heat
losses are neglected. The reactor accepts a feed of reactant which contains a sub-
stance A with initial concentration C,,. Cooling of the tank is achieved by a flow of
water around the jacket and the water flow in the jacket F; is controlled by actuating
a valve.

Suppose that a fresh feed of pure substance A is to be mixed with a recycled
stream of unreacted substance A with a recycle flow rate

l—e, ((O<c<l
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where c is the coefficient of recirculation.

The change of concentration arises from three terms: the amount of substance A
that is added with feed under recycling, the amount of substance A that leaves with
the product flow, and the amount of the substance A that is used up in the reaction. The
change in the temperature of the fluid comes from the following four factors: the heat
that enters with the feed flow under recycling, the heat that leaves with the product
flow, the heat created by the reaction and the heat that is transferred to the cooling
jacket. There are three terms associated with the changes of the temperature of the
fluid in the jacket: one term representing the heat entering the jacket with the cooling
fluid flow, another term accounting for the heat leaving the jacket with the outflow
of cooling liquid and a third term representing the heat transferred from the fluid in
the reaction tank to the fluid in the jacket.

Under conditions of constant hold-up, constant densities and perfect mixing, the
energy and material balances can be expressed mathematically as [116]:

Ca=(FV)™' (cCy — cCh — cCalt —d)) — ki Cre™ 7

T = (FV)' (¢Ty — ¢T — c¢T(t —d)) — kiksCpre~ 7 — ka(T — Ty (1))
Ty = (FyVy) ' (Ty, — Ty) —ks(T — T)) (1.40)

where Cy, is the concentration of the substance A, T is the temperature of the fluid
in the tank, 7 is the temperature of the jacket, V is the volume of the tank (gallons),
F is the feed entry rate, the initial temperature is Ty, and d represents the transport
delay in the recycled stream.

It is straightforward to see that System (1.40) is a nonlinear time-delay control
system and can be described in the form of (1.1) as

k
(FV)™! (CCA(J —cx; —cexy(t — d)) — klxlefé
. o
Y=L (FV) (T — exo — exo(t — d)) — kiksxie” =2 — ka(xa — x3(1))
V)™ Ty, — x3) — ks(xz — x3)

wherex; = Cy,xp = T,x3 = Ty, x = col(xy, xp, x3) isthe system statesandu = F;
is the system input. The letter d represents the time-delay.

1.5.4 Coupled Inverted Pendula on Carts

Consider a coupled inverted pendulum connected by a moving spring mounted on
two carts as shown in Fig. 1.6. It is assumed that the pivot position of the moving
spring is a function of time which can change along the full length / of the pendula.
The input to each pendulum is the torque u; applied at the pivot which is produced
by the external forces F and F, applied to the carts.
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Fig. 1.6 Two coupled
inverted pendula on carts

Let ) )
z1 =col(,0)", and z = col(6,, 6:)7.

Then the dynamical model for the two coupled inverted pendulum systems is given
by (see [149]):

0 1 0 0 0
X = |:£ B ka@)(a(t) — cl) ]xl + [;i| uy + |:ka(t)(a(t) —cl) i|x2

cl cml? 0 cml? cml? 0
0
— . k —cl 1.41
[%(Sm 0162 + —a(t)(ccj:ll D s, - Sz)i| (141
0 1 0 0 0
Xy = |:§ _ ka(t)(a(t) — cl) O:| X2 + [L:| U, + |:ka(t)(a(t) —cl) O:| X1
cl cml? cml? cml?
0
— . k —cl 1.42
RS EGIE as

where s and s, are the positions of the two carts,
c=M/(M + m)

and k and g are the spring and gravity constants, respectively. The system (1.41)—
(1.42) is a nonlinear interconnected control system.
1.5.5 Multimachine Power Systems

Power systems play an important role in the practical world. The classical model of
power systems was given by Bergen [8], and based on this, a multimachine power sys-
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tem consisting of N synchronous generators interconnected through a transmission
network is described by the following equations [67]:

e Mechanical equations

S,‘ = w;i, (143)

; Di L@ p (1.44)
w; = ———w; =77 mi0 — Lei ) .
2H; 2, M

e Generator electrical dynamics:

E), = 7 (Egi = Eqo). (1.45)
doi
e Electrical equations
Egi = Ey; — (xai — xg) Lais (1.46)
Efi = Keuyi (1.47)
N
Pei = Z Et/ZiE:UBU sin((S[ — 8j) (148)
j=1
N
Q. = —ZE;;EL;]BU cos(§; — §;) (1.49)
j=1
N
1= ZE(;jB,j sin(§; — &;) (1.50)
j=1
N
Iy = Y E};Bjjcos(8; — 8;) (1.51)
j=1
Eyi = Xaailyi (1.52)
Vii = \/(Et/]i — xgilai)® + (egi1gi)? (1.53)

where §; is the i-th generator power angle [rad], and wj; is the relative speed [rad/s],
E:ﬂ. represents the transient EMF in the quadrature axis [p.u.], and u s; is the input
of the amplifier of the i-th generator fori = 1, 2, ..., N. The physical meanings of
all the other symbols/notation used above are shown in Appendix E.1.

This model has been used by many authors to study multimachine power systems
[67, 108, 182, 193]. The multimachine power system shown above can be expressed
in the form of (1.24) (see, for example, Chap.9).
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1.5.6 A Biochemical System—Peroxidase—Oxidase Reaction

As a biochemical system, the peroxidase—oxidase (PO) reaction exhibits many com-
plex dynamical behaviours. A great deal of experimental and theoretical work has
been devoted to determining the mechanism by which oscillations and chaos arise
in the PO reaction.

In addition to oscillatory and chaotic behaviour, the PO reaction exhibits bista-
bility. Due to its suspected kinetic source: the inhibition of the enzyme by molecular
oxygen, both autocatalysis and inhibition, i.e., positive and negative feedback are
needed in the reaction mechanism for this system. A simple model for the PO reac-
tion is described in [30, 181] as follows

A= —kiABX — k3ABY + k7 — koA

B = —kjABX — ksABY + kg

X = kjABX — 2k, X* + 2k3ABY — k4 X + kg
Y = —k3ABY + 2k X? — ksY

where A is the concentration of dissolved O», B is the concentration of nicotinamide
adenine dinucleotide, and X and Y are concentrations of two critical intermediates,
X and Y.

Typically all parameters except k; are constant. The parameter k; can be con-
sidered as a bifurcation parameter. Chaos is found only within a certain range of
parameter values. Variations in k; reproduce the experimental behaviour observed
when the enzyme concentration is changed. Thus k; can be considered as being
related to the enzyme catalyst concentration [30, 181].

This section has provided practical examples of complex systems. Some will be
used to demonstrate the developed results later in the text and additional examples
will be given in the subsequent chapters.

1.6 Outline of This Book

This monograph systematically summarises the authors’ recent results in the area
of variable structure systems. It will focus on the analysis and design of complex
systems where sliding mode techniques and the Lyapunov approach are the two main
methods used throughout the monograph. Simulation examples and/or case studies
are presented in each chapter to help readers understand the obtained theoretical
results and utilise the proposed design approaches.

The book is organised as follows. First, the fundamental mathematical knowledge
and basic control theory employed in the subsequent analysis and design in this
monograph will be presented in Chap.2. Considering that static output feedback
control design is more convenient for real implementation when compared with
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state feedback control, in Chap. 3, robust static output controllers are designed to
globally asymptotically stabilise the system, and then a decentralised static output
feedback sliding mode control scheme follows for a class of nonlinear interconnected
systems.

As static output feedback control imposes strong limitations on the considered
system, dynamical feedback control is investigated in Chap. 4 where both minimum
phase and non-minimum phase systems are considered. Chapter 4 studies dynami-
cal output feedback control for nonlinear interconnected systems. Since large-scale
interconnected systems have higher dimension, and dynamical output feedback will
greatly increase the dimension of the closed-loop system, reduced-order observer-
based feedback controllers are considered in Chap. 5.

Time-delay is a factor which increases system complexity. Chapters6 and 7
concentrate on the study of nonlinear time-delay systems where the Lyapunov—
Razumikhin approach is used to deal with the time-delay. Under the assumption that
the time-delays are known, control schemes for nonlinear time-delay systems, and a
decentralised control strategy for interconnected systems are proposed in Chap. 6. In
practice, knowledge of the time-delay is not always available for design. In connec-
tion with this, memoryless variable structure controllers are presented in Chap. 7.

Chapter 8 discusses model based fault detection and isolation for nonlinear sys-
tems with uncertainties. The reconstruction and/or estimation of both system faults
and sensor faults are considered based on a sliding mode observer scheme. LMI
techniques are employed to facilitate the design of the parameters. A coordinate
transformation is employed to explore the system structure when the considered
system is fully nonlinear.

Applications of decentralised sliding mode control schemes to multimachine
power systems are presented in Chap. 9. Simulation studies on three machine power
systems confirm the theoretical results.

Finally, Chap. 10 concludes the book by providing some comments on the devel-
oped methods, some specific examples to show the complexity of control systems,
and some suggestions for future developments in the area of variable structure
control.
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Chapter 2
Mathematical Background

This chapter presents some fundamental mathematical knowledge and basic results
which facilitate the analysis and design in the subsequent chapters. The motivation
is to help readers understand the theoretical work presented in this book.

2.1 Lipschitz Function

This section will present the well-known Lipschitz condition and the generalised
Lipschitz condition.

2.1.1 Lipschitz Condition

Definition 2.1 A function f(x) : R" > R™ issaid to satisfy the Lipschitz condition
inthe domain £2 C R” if there exists a nonnegative constant L such that the inequality

If () = fOI = Lilx — x| 2.1

holds for any x € £2 and X € £2. Then L is called the Lipschitz constant and f (x) is
called a Lipschitz function in §2. If £2 = R”, then f(x) is said to satisfy the global
Lipschitz condition.

From Definition 2.1, it is clear that a Lipschitz function must be continuous.
However, the converse is not true and a typical example is the scalar function

fx)=x'

© Springer International Publishing AG 2017 27
X.-G. Yan et al., Variable Structure Control of Complex Systems,
Communications and Control Engineering, DOI 10.1007/978-3-319-48962-9_2



28 2 Mathematical Background

inaneighbourhood of the origin x = 0. A Lipschitz function may not be differentiable
and a simple example is the scalar function

) = x|

atthe originx = Oinx € R. Moreover, a differentiable function may not be Lipschitz
on a compact set, for example the function

o1
) = X sm)—c, 0<x<l1 2.2)
0, x=0

is not Lipschitz in the compact set x € [0, 1] for any constant « satisfying | < o < 2.
The reason is that the derivative of the function f(x) defined in (2.2) is not bounded
in the interval [0, 1].

Lemma 2.1 ([91]) Consider a function f(x) : R" — R™ which is differentiable in
the domain $2. If its Jacobian matrix is bounded in 2, that is, there exists a constant
L such that

IJell <L

for any x € §2, then f(x) satisfies the Lipschitz condition, and the inequality (2.1)
holds.

2.1.2 Generalised Lipschitz Condition

The well-known Lipschitz condition in Sect. 2.1.1 will be extended to a more general
case which will be used later in the analysis.

Definition 2.2 A function f(x, xp, x3) : §£2] X §2, X §£23 — R” is said to satisfy
a generalised Lipschitz condition with respect to (w.r.t.) the variables x; € £2; C
R™ and x; € §£2, C R" uniformly for x3 in £23 C R™ if there exist nonnegative
continuous functions .2 (-) and £ (-) defined in §23 such that for any Xy, x; € £,
and X,, x; € §2, the inequality

| f 1 22, x3) = f (&1 Ko, xa) | < ZLpi(xs) [ = &1 || + L2 xs) |22 — 2|

holds for any x3 € §23. Then, f(-) is called a generalised Lipschitz function, and
Zr1(-) and £, (-) are called generalised Lipschitz bounds. Further, if £2; = R™ and
£2, = R™, then, it is said that f(-) satisfies a global generalised Lipschitz condition
w.r.t. x; and x, uniformly for x3 in 2.

Remark 2.1 The symbols £ (-) and £, (-) introduced above are usually nonneg-
ative functions instead of constants. This is different from the Lipschitz condition.
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Thus, the nonnegative continuous functions .’ (x3) and £, (x3) are called gener-
alised Lipschitz bounds which correspond to the Lipschitz constant for the Lipschitz
condition.

Clearly, the generalised Lipschitz condition is more relaxed than the Lipschitz
condition. For example, the function

2
f(x1, x2, x3) 1= x1X5 + X2x3

with x1, x5, x3 € R does not satisfy the global Lipschitz condition. However, from
the inequality that for any col(x1, x2, x3) € R? and col(%;, X1, x3) € R?

A A A2 ~
|f(ers X2, x3) — f (£, %2, x3) | < o — £11x5 + |x2 — %2 |x3]

it is clear to see that f(-) satisfies the global generalised Lipschitz condition w.r.t. x|
and x,, uniformly for x3 € R.

2.2 Comparison Functions

This section will present the definitions and properties of the class .#” function and
related functions.

Definition 2.3 (see [91]) A continuous function « : [0, @) — R™ is said to belong
to class 7 if it is strictly increasing and «(0) = 0. It is said to belong to class 7,
if a = oo and lim, _, o, a(r) = o0.

Definition 2.4 (see [91]) A continuous function 8 : [0, a) x RT > R7 is said to
belong to class 7% if, for any given s € R*, the mapping B(r, s) belongs to class
2 with respect to the variable r, and for any given r € [0, a), the mapping B(r, s)
is decreasing with respect to the variable s and lim,_, o, B(r, s) = 0.

Definition 2.5 If a class .# function is a C! function, then it is said to belong to
class . C'. A continuous function 8 : R” x Rt = R* is said to be a class #7
function if for any given x € R” the function B(x, s) is increasing with respect to
the variable s in R™, that is, B(x, s1) < B(x, s2) forany 0 < 51 < s5.

The functions defined in Definitions 2.3 and 2.4 above are directly from [91].
The new concepts of class .# C' functions and class .#7 functions introduced in
Definition 2.5 will be used for later analysis.

The following new concept is introduced, which will be termed as a class # .7
function and will be used in Sect.7.3.

Definition 2.6 A continuous function B(z, x1, x2) : RT™ x RT x RT — R* with
B(t,0,0) = 0is said to be weak w.r.t the variable x; and strong w.r.t. the variable x;
if there exist functions x; (¢, x1, x») and x»(z, x, x2) such that
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B(t, x1,x2) = x1(t, x1, x2)x1 + x2(¢, X1, X2)X2, (2.3)

where both x; (-, -, x») and x»(:, -, x») are continuous and nondecreasing w.r.t. the
variable x,. Further, the function B(¢, x1, x;) is said to be a class # . function w.r.t.
the variables x; and x,.

Remark 2.2 Tt should be noted that if a function B(z, x1, x3) : RT x Rt x R
R* with B(z, 0, 0) = 0 is smooth enough, then it follows from [3] that there exist
continuous functions S;(-) and B, () such that the expression

B, x1, x2) = Bi(t, x1, x2)x1 + Bo(t, x1, X2)X2

holds. Moreover, if B (t, x1, x2) and B, (, x1, x») are nondecreasing w.r.t. x,, then
B(t, x1, x) is a class # . function w.r.t. x; and x;.

Lemma 2.2 (see [91]) Assume that o (-) and o, (+) are class & functions in [0, a),
a3(-) and a4 (+) are class ., functions, and B(-) is a class L function defined in
[0, a) x RY. Then, the following results hold:

the inverse function al_l () is a class # function defined in [0, ay(a)).
the inverse function oy V() is a class Hs function defined in [0, o0).
the composite function ay o «y is a class & function.

the composite function az o ay is a class o, function.

the function o (r, s) = a1 (B(a2(r), 8)) is a class L function.

Lemma 2.3 The following results hold:

(i) If B(x,s) : R" x R+ R* isaclass H#1 function, then B> (x, s) is a class H#1
function.

(ii) Suppose that a function ¢, : [0, a) — Rt isa C' function with ¢,(0) = 0. Then
there exists a continuous function ¢,(-) in [0, a) such that

¢1(s) = pa(s)s, s €[0,a)

Proof (i) Suppose that B(x, s) : R” x Rt — R™ is a class 2T function. Then for
any 0 <s; <spand x € R",

B(x,s1) < B(x,52)
Since B(x, s) > 0 for any (x, s) € R" x Rt

ﬁz(-x’sl) _ﬁz(-xvs2)
= (B(x,s1) + B(x,52))(B(x, 51) — B(x, 52))
<0

This shows that ﬂz(x, s) is a class #1 function
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(ii) Since the function ¢;(-) is a C! function in [0, a), its derivative % is
continuous in [0, a). For any s € [0, a), construct a function
1 (S), s £0
— S
ZOES PG (24)
|S=07 § = O
ds

From the definition of ¢, (-), it is clear to see that

(1) ifs # 0, then ¢i(s) = ¢a(s)s;
(2) ifs =0, then from ¢;(0) = 0, ¢1(s) = Pa(s)s.

Therefore, the expression

¢1(s) = da(s)s

holds for s € [0, a). It remains to prove that the function ¢, (-) defined in (2.4) is
continuous in [0, a).

It is clear that ¢ (s) is continuous in (0, a). Since ¢; is a C! function in [0, a),
from the continuity of d‘i}% ats =0,

lim 426) = li 21O _ 4816

s=0=— 0
lim — 75 [s=0= #2(0)

which implies that ¢,(-) is continuous at s = 0. Therefore, ¢,(-) is continuous in
[0, a).
Hence the conclusion follows. \Y

2.3 Lyapunov Stability Theorems

The results given in this section are available in [91].
Consider the nonlinear system

xX(1) = f(t, x(1)), (2.5)

where the function f : RT™ x D — R" is continuous and D C R" is a domain which
contains the origin x = 0. It is assumed that

£(t,0) =0, t e RY

which implies that the origin is an equilibrium point of the system.

Definition 2.7 The equilibrium point x = 0 of System (2.5) is called exponentially
stable if there exist positive constants ¢; fori = 1, 2, 3 such that for any x (#y) satis-
fying [x (t0) || < c1,
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X)) < eallx(to)lle™ (2.6)

If Inequality (2.6) holds for any x(#) € R”", then, the equilibrium point x = 0 of
System (2.5) is called globally exponentially stable.

2.3.1 Asymptotic Stability

Theorem 2.1 Consider System (2.5). Let V : Rt x D — R" be a continuously
differentiable function such that

Wix) < V(z, x) = Wa(x)
v v

o + Ef(l,x) < —Ws(x)

for any t € RY and x € D, where W;(x) for i =1,2,3 are continuous positive
definite functions in D. Then x = 0 is uniformly asymptotically stable. Furtherif D =
R", and w(x) is radially unbounded, then x = 0 is globally uniformly asymptotically
stable.

2.3.2 Exponential Stability

Theorem 2.2 Consider System (2.5). Let V : Rt x D — R" be a continuously
differentiable function such that fort € RY and x € D,

killx[“ = V(@ x) < kallx ||

8V"'avf(f ) < —ksllx|”
ar oy =TI

where k; for i = 1,2,3 and a are positive constants. Then x = 0 is exponentially
stable. Further if D = R", then x = 0 is global exponentially stable.

Comparing Theorems 2.1 and 2.2 above, it is straightforward to see that expo-
nential stability implies uniform asymptotic stability.

2.3.3 Converse Lyapunov Theorem

The following result is the well-known converse Lyapunov theorem.

Theorem 2.3 Consider System (2.5) in domain D := %, = {x e R" | ||x|| < r}.
Let B(-) be a class # £ function and r( be a positive constant such that
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B(ro,0) <r and P, :={x| x| <ro}

Assume that the Jacobian matrix % is bounded" in domain D uniformly fort € R,

and that the trajectory of System (2.5) satisfies
lx@I < BUx@)ll, t —t0),  x(to) € Byy, t>1>0

Then, there exists a continuously differentiable function V : RT x %, — RT such
that

ar(llxll) = V(. x) < ax(||x]l)
v 9

T %f(t, x) < —as(llx])

< ag(llx]D),

oV
0x

where a; for i = 1,2,3,4 are class & functions defined on the interval [0, ry].
The function V () can be chosen independent of time t if f(-) in System (2.5) is
independent of the time t.

2.4 Uniformly Ultimate Boundedness

For a given System (2.5), if asymptotic stability is not possible, uniform ultimate
bounded stability can be considered. This is very useful in practical cases.

Theorem 2.4 Consider System (2.5). Let V : Rt x D — R* be a continuously
differentiable function such thatint € RY and x € R",

ar([lxl) = Vi, x) < ax(llxID

av.  aVv

-+ ——f@t.x) = =Ws(x), forany |x|l=p >0,

ot ax
where ay(-) and ay(-) are class # functions and W5(-) is a continuous positive
definite function in domain D. Then x = 0 is uniformly ultimately bounded.> Further
if D = R", and a1 (+) belongs to class 5., then x = Qis globally uniformly ultimately
bounded.

Proof See the reference [91] (Theorem 4.18, p. 172). #

From Theorem 2.4, the following result is ready to be presented:

U1f the function () in (2.5) is continuously differentiable in the ball 2, , then % is bounded in the
domain D = %,.

2The ultimate bound depends on the parameters 1, which can be estimated using the result given
in Theorem 4.18 in [91].
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Lemma 2.4 Consider the nonlinear system
X =w(k), 2.7

where x € R" is the system state, and the function w(-) is continuous in R". Let
¥ :R" — R* be a continuously differentiable class %, function of ||x|| such that
the inequality

v
aw(X) ==9(xl), xeR"\%, (2.8)

holds for some domain 98, where ¥ is a class J function, and [ is a positive
constant. Then, the trajectory of System (2.7) enters into the domain 98, in finite
time.

Proof From the condition of Lemma 2.4, there exists a class £, function ¢ (-) such
that
Y (x) = (I xID)- (2.9)

Then, from (2.8), (2.9) and using Theorem 2.4, the trajectory of System (2.7) is
driven to the domain @u in a finite time, and remains there. That means there exists
t; such that x € @u fort > 1.

The aim now is to prove that the trajectory of System (2.7) enters into %, in a
finite time. Suppose for a contradiction that this is not the case, then there exists
some time 7, such that the solution x (x¢, #) of System (2.7) starting from some point
xo satisfies x(xg, t) € 8@,‘ after ,. This is equivalent to

llx (xo0, DIl = p, t>t. (2.10)
By (2.9) and (2.10), it follows that

Y (x(x0, 1)) = D1 (Ix(x0, DI = i (w), 1 =1, 2.11)

where u is a positive constant. This shows that v |2.7y= 0 after #,, and it contradicts
(2.8). Hence, the conclusion follows. #

Remark 2.3 Lemma 2.4 demonstrates that the solution enters the open set %, in
finite time and remains on %,,. It does not claim that the solution subsequently
remains in %,,.

2.5 Razumikhin Theorem

Consider a time-delay system

%) = f(t,x(t —d()) (2.12)
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with an initial condition
x()=¢@), 1e[-d,0],

where the function vector f :R* x 4 ;4 + R" takes R x (bounded sets of
%[_3’0]) into bounded sets in R”; d(¢) > 0 is the time-delay and

d := sup{d(t)} < oo

teR*

which implies that the time-delay d(¢) has a finite upper bound in r € R*.

Theorem 2.5 (Razumikhin Theorem) If there exist class func_tions ¢1(+) and
& (), a class & function £5(-) and a continuous function Vy(-) : [—d, 0o] x R"
R* satisfying

adlxl) < Vi, x) < olxl), reR", xeR”
such that the time derivative of V| along the solution of System (2.12) satisfies
Vit x) < —=g5(lxl) if Vit —d. x(t —d)) < Vi(t, x(1)) (2.13)

foranyd € [0, d], then the System (2.12) is uniformly stable. If in addition, £3(t) > 0
for T > 0 and there exists a continuous nondecreasing function £(t) > v fort > 0
such that (2.13) is strengthened to

Vitt,x) < =&(lxl) if Vit —d, x(t = d)) < EVi(t, x (1)) (2.14)

ford € [0, d], then the System (2.12) is uniformly asymptotic stable.
Proof See pages 14—15 in [65]. \%

From the Razumikhin Theorem 2.5, the following conclusion can be obtained
directly:

Lemma 2.5 Consider the time-delay system (2.12). If there exist constants y > 0
and ¢ > 1 and a function ~
Va(x(1)) = x" Px

with P > 0 such that the time derivative of Va2(-) along the solution of System (2.12)
satisfies

. ~1 2
Vo= —y | Pl 2.15)

whenever » -
[P2x(+0)ll < ¢lIP2x@)]

forany 6 € [—d, 0], then, System (2.12) is uniformly asymptotic stable.
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Proof From the definition of V,(-) it follows that
hanin (P[> < Valt, x(0) < Amax (P) 111
and from (2.15)
V2 leans —yx(0) Px(t) < =y hnax (P |X]1%.

It is clear that the inequality

Va(x(t +0)) < £2Va(x(0)
is equivalent to the inequality

I1P2x(t+0)] < ¢l P2x(@)]
Then, from Razumikhin Theorem 2.5 and P > 0, the conclusion follows by letting

yi(1) = )\min(ﬁ)fza (1) = )‘max(f’)f2
Y3() = ¥ hmin(P)T2, ya(r) = ¢t

in Theorem 2.5. #

2.6 Output Sliding Surface Design

In order to form an output feedback sliding mode control scheme, it is usually required
that the designed switching function is a function of the system outputs. The corre-
sponding sliding surface is called an output sliding surface in this book. The output
sliding surface algorithm proposed in [37, 38] is outlined here, and this will be
frequently used in the sequel.

Consider initially a linear system

% = Ax + Bu (2.16)
y = Cx, 2.17)

where x € R", u € R™, y € R? are the states, inputs and outputs, respectively, and
assumem < p < n.Thetriple (A, B, C) comprises constant matrices of appropriate
dimensions with B and C both being of full rank.

For System (2.16) and (2.17), it is assumed that

rank(CB) = m
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Then, from [37] it can be shown that a coordinate transformation x = Tx exists
such that the system triple (A, B, C) with respect to the new coordinate X has the

following structure L
An Ap 0 <
T T , |0 T, 2.18
|:A21 Ax :| [ B ] [ | (2.18)

where A, € R=mxn=m B, ¢ R™*™ and i € RP*7? is orthogonal. Further, it is
assumed that the system (A, A2, C1) with C; defined by

6] = [O(pfm)x(nfm) 11;7,”] (219)
is output feedback stabilisable, i.e., there exists a matrix K € R™*(P=m) gych that
Ay — ApKC
is stable. It is shown in [37, 38] that a necessary condition for (Kll, Xlz, 51) to be
stabilisable is that the invariant zeros of (A, B, C) lie in the open left-half plane. In
[37, 38] a sliding surface of the form

FCx =0 (2.20)

is proposed, where 5
F=F[K I,]|T* (2.21)

and F, € R™*™ is any nonsingular matrix.

If a further coordinate change is introduced based on the nonsingular transforma-
tion z = Tx with T defined by
T _ I n—m 0
r= |: KCy I,

then in the new coordinates z, System (2.16) and (2.17) has the following form

A Ap 0 ¢
Ay Axn |’ B |’ ’
where A = le — glzKa is stable and C satisfies
FC=[0 F]

with F, nonsingular. From the analysis above, the following conclusion is obtained
directly:
Lemma 2.6 Consider System (2.16) and (2.17). Suppose that

(i) rank(CB) = m;
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(ii) the invariant zeros of (A, B, C) lie in the open left-half plane;
(iii) the matrixtriple (A1 1, A12, Cl) is output feedback stabilisable, where (A1 1s Alz)
and C, are defined, respectively, by (2.18) and (2.19).

Then,

(i) there exists a transformation z = Tx such that the new coordinate 7 system
(2.16) and (2.17) has the following form

.| A A 0
Z_[An Azz}z—i-[Bz]u (2.22)
y=[0 G]z, (2.23)

where Ay, € RO—m*0=m) jo stable. Both matrices By € R™™ and C, € RP*P
are nonsingular;

(ii) there exists a matrix F such that FCx = 0 provides a stable sliding motion
for System (2.16) and (2.17) and F [0 Cz] = [0 Fz], where Fy € R™™ s
nonsingular.

Proof All that remains to be shown is that the output distribution matrix has the form
given in (2.23) and that C is nonsingular. The output distribution matrix in the new
coordinates is given by

A o[ Lo O
o 717 =[o ]| fea Im}
[ 1

wp 00
=[0 T]| O I,-u O

| 0 —K I,
_]n—m O
=[o T]| , [lp_mo}

CHIN

[ lm O
CZ_T[—K I,J

and so by inspection,

which is nonsingular. Hence the result follows. #

From the analysis above, it is clear to see that the coordinate transformation
z="Tx,

where T := ff‘, transfers the system (2.16) and (2.17) to the regular form (2.22)
and (2.23). Choose the sliding surface
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S ={x|FCx=0, x e R"} (2.24)

Then, the analysis above shows that the sliding motion of System (2.16) and (2.17)
corresponding to the sliding surface (2.24) is asymptotically stable. The sliding sur-
face (2.24) can be described by

S ={y| Fy=0, y eRF} (2.25)

which is a subspace of the output space. Therefore, . in (2.24) or (2.25) denote
output sliding surfaces.

Remark 2.4 Lemma 2.6 gives a condition for the existence of the output switching
surface (2.20) on which system (2.16) is stable. It should be emphasised that the slid-
ing surface given by Lemma 2.6 can be obtained from a systematic algorithm together
with any output feedback pole placement algorithm of choice. Details of appropriate
algorithms and how to determine the switching surface (2.20) are described in [37,
38], where the necessary and sufficient condition to guarantee the existence of the
matrix F is available in Proposition 5.2 of [38]. If p = m then there is no design
freedom and the sliding motion is governed by the invariant zeros of (A, B, C).

2.7 Geometric Structure of Nonlinear System

Consider the nonlinear system

x(t) = F(x(@),u(®)) (2.26)
y(@) = h(x()),  xo=x(0), (2.27)
where x € 2 C %" (and £2 is a neighbourhood of xg), u = col(uy, us, ..., u,) €
U e Z",and y = col(y1, y2, ..., yp) € Z” are the state variables, inputs and out-

puts, respectively, where % is an admissible control set. F (x, u) is a known smooth
vector field in £2 x % and the known function 4 : 2 +— %7 is smooth. For conve-
nience, the system (2.26) and (2.27) is also denoted by the pair (F (x, u), h(x)).

Definition 2.8 (See, e.g., [58]) System (2.26) and (2.27) is said to be observable at
(x0, o) € 2 x % if there exists a neighbourhood .4 of (xg, ug) in £2 x % and a
set of nonnegative integer numbers {ry, 72, - - - , r,} with Zip=1 r; = n such that

(1) forall (x,u) € AN
9
WL’}(X,u)hi(x) =0 (2.28)
J

forindicesi =1,2,...,p,k=0,1,2,...,r; —land j =1,2,...,m;

(2) the p x m matrix M (x, u) := {;;BTLF(X Li)h,'(x)} has rank p in (xg, ug)
; .
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Then, {ry, ry, --- ,r,} is called the observability index of System (2.26) and (2.27)
at (xo, uo). Further, System (2.26) and (2.27) is said to be uniformly observable in
2 x 7 if forany (xo, ug) € 2 x % , the system is observable and the observability
indices are fixed.

Assume the pair (F(x, u), h(x)) has uniform observability index {ry, rp, --- ,
rp} with >°F_ r; = n in the domain £2 x % . Construct a nonlinear transformation
T : x — z as follows:

zi1 = hi(x) (2.29)
Zio = Ly unhi(x) (2.30)
i = L;(x whi (X)), (2.31)
where z; := col(z;1, Zi2, -+, Zir,) fori = 1,2, ..., pand z := col(zy, 22, - -+ , Zp).

It follows from Definition 2.8 that M (x, u) hasrank p in £2 x % ,implying that all
z; are independent of the control u, which combined With the restriction >.7_ r; = n
means that the corresponding Jacobian matrix of T (x) ,is nonsingular. Therefore,
(2.29) and (2.31) is a diffeomorphism in the domain .Q and z=col(z1,22,...,2p)
forms a new coordinate system which can be obtained by direct computation from
(2.29) to (2.31).

Since L{p(x,u)hi(x) is independent of u foralli = 1,2,...,pand j =1,2,...,
r; — 1, it follows by direct computation that fori = 1,2,..., p

Zi1 = M'F(X u) = Lpguwhi(x) =z

. (L peeanhi (x)
2 = MrehO) pe iy = 12 hi(x) = 223
Zir_, = F(x u)h (x) = zin,

Zin = L hi ()

Therefore, in the new coordinates z defined by (2.29) and (2.31), System (2.26) and
(2.27) has the following form:

2= Az+ B®(z,u)
y = Cz,

where
A =diag{A,..., A,}, B =diag{By,...,B,} and C =diag{Cy,...,C,},

where A; € Z'7*"i, B € #"*! and C; € #'*" fori = 1,2, ..., p are defined by
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010---0 0
001---0 0
Ap=| tl. Bi=|:|, C=[10---0] (2.32)
000---1
000---0 1
and
e L ()
¢2(z, u) L% u)hz(x)
D(z,u) = ) = , (2.33)
¢p(Zsu) ry
Lienhp©) =T-1(2)

where ¢; : T(2) X U +— X fori =1,2,...,p

2.8 Summary

This chapter has presented the fundamental concepts and results which underpin
the theoretical analysis in this book. Some of the results are taken from the existing
literature and others are developed by the authors, but with rigorous proofs pro-
vided. The content covers Lipschitz conditions, comparison functions, stability of
nonlinear systems, the converse Lyapunov theorem and uniform ultimate bound-
edness. The well-known Razumikhin theorem has been presented, for the readers’
convenience, and will be employed to deal with time-delay systems throughout the
book. Section2.5 summarises the output sliding surface design approach proposed
in [38] which will be frequently used in the sequel. Finally, the geometric structure
of nonlinear systems with uniform observability index has been provided.



Chapter 3
Static Output Feedback Variable Structure
Control

In this chapter, static output feedback variable structure controllers are designed
to stabilise a class of nonlinear systems globally. Then a decentralised strategy is
proposed for a class of nonlinear large-scale interconnected systems. Finally, case
studies are provided to show the application of the proposed design methods.

3.1 Introduction

It is well known that knowledge of all the system state variables is often not available
in practice. Some state variables may be difficult or costly to measure whilst some
may have no physical meaning and thus cannot be measured. Sometimes it may be
possible to use an observer to estimate unknown states, but this approach not only
requires more hardware resources, but also increases the system dimension. This
may result in further difficulties, especially for large-scale interconnected systems.
Therefore, it is pertinent to apply static output feedback control whenever possible.

Static output feedback control has advantages in that it is convenient for real
implementation when compared with state feedback, as usually only partial state
information is available for design, and schemes do not need extra resources for
practical implementation when compared with observer-based feedback. However, as
static output feedback can only use a subset of the system state information and cannot
employ extra dynamical information, strong theoretical limitations are required on
the considered systems.

Compared with state feedback, static output feedback control is much more com-
plex. The well-known static output feedback problem is to design a static feedback
control law only using output information such that the corresponding closed-loop
system has the desired performance, or to show that such a feedback does not exist
[165]. For a linear system described by a triple (A, B, C), the static output feedback
problem is to find a matrix K such that the matrix A + BKC is Hurwitz stable, or
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to show that such a matrix K does not exist. This is still an open problem even for
SISO linear systems as the fundamental problem of the existence of static output
controllers is not solved for SISO systems [102, 165].

It should be noted that many problems associated with system analysis and con-
trol design can be formulated as a convex linear matrix inequality (LMI) problem
which can be tackled using standard convex optimisation techniques [11]. However,
this is not the case for the static output feedback problem even for linear control
systems since the most general characterisation of the static output feedback design
involves bilinear matrix inequalities for which complete/systemised and efficient
methods/algorithms are currently not available [102].

Formulating the design problem to establish stability with respect to a quadratic
Lyapunov function (so-called quadratic stabilisability), a problem occurs which was
termed by Galimidi and Barmish as the constrained Lyapunov problem (CLP) [57].
This problem commonly occurs in uncertain linear systems, where the so-called
matching condition is assumed to be satisfied and when full state availability does
not exist. In the static output feedback framework, the CLP can be stated as follows:

e For a given triple (A, B, C), find a static output feedback control gain K such that
(A+BKC)'P+ P(A+ BKC) < 0,

where P > 0 is a symmetric positive definite matrix and subject to the linear
constraint
B'P =FC.

In this problem, the matrix parameters K, P and F are treated as variables which
must be selected appropriately.

This CLP problem has appeared in different guises in the control systems literature
over several decades [24, 29, 57, 214]. The solvability of constrained Lyapunov
equations is therefore an interesting problem of practical significance. Many authors
have considered this problem. The CLP was posed and solved in [57] for both square
and nonsquare systems in the sense that necessary and sufficient algebraic conditions
were given to enable its solution. The conditions in [57] are given in algebraic terms,
and there is no suggestion as to when they are solvable in system theoretic terms.
For square systems, Kim and Park [92] drew parallels between the CLP and the
robust output feedback work of Gu [64]. Later the results in [92] are extended to the
nonsquare case in [41].

In this chapter, both nonlinear systems and nonlinear interconnected systems
are considered. The problem to be addressed is that, under the assumption that the
nominal systems are stabilisable with predesigned static output feedback controllers,
how can updated static output controllers be designed for nonlinear systems and
decentralised static output feedback controllers for interconnected systems such that
the corresponding closed-loop systems are asymptotically stable in the presence of
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uncertainties. The problem of stabilisation of the nominal systems, which is the well-
known static output feedback problem as discussed above, is not considered in this
book. Applications of the developed results are presented in Sect.3.4.

3.2 Robust Global Stabilisation of Nonlinear Systems

Stabilisation, particularly robust global stabilisation, has always been a challenging
problem for nonlinear systems. With the development of nonlinear theory and com-
puter science, a period of significant progress has been experienced in the nonlinear
control area over the last two decades. This section focuses on global stabilisation
control combining Lyapunov methods and sliding mode techniques.

3.2.1 Background

Lyapunov analysis often plays an important role in the study of nonlinear systems.
What is more, many control techniques and methods such as adaptive control, the
geometric method, passivity tools, small gain theory and sliding mode control have
been widely and successfully used in nonlinear control. Many valuable results have
been achieved in the global stabilisation of nonlinear systems (see [14, 88] and the
references therein). Notably, most work focuses on special classes of systems such
as partially linear composite systems, globally linearisable systems or globally min-
imum phase systems, and it is assumed that all system state information is available
in the majority of results.

In practical engineering systems, however, state variables are not always acces-
sible and only a subset of them is available. In consideration of this, dynamical
output feedback control schemes have been considered (see e.g., [95, 157]). Some
authors also focus on establishing an observer to measure or estimate the system
state: associated work can be found in [40, 43, 203]. Notably the separation principle
is no longer true for nonlinear systems. This means that different or even converse
results may occur even if the same controller is used for the same nonlinear system
using estimated states and true states [203]. Therefore, static output feedback control
should be considered if possible.

Work using static output feedback control has been presented in [196, 214, 220].
In the approach proposed by Zak and Hui [220], geometric conditions are presented
for the existence of a sliding mode and an associated design algorithm is also derived.
However, as pointed out by Kwan [95] and Shyu et al. [157], there are two major
assumptions which restrict the application of the corresponding results. In order to
overcome these shortcomings, a class of SISO system is considered in [95], and later,
Shyu et al. [157] proposed an approach which is applicable to MIMO systems with
mismatched uncertainty based on the work of Kwan [95]. This work is based on
dynamical output feedback although the results report that the two major limitations
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in [220] are overcome. Static output feedback control strategies based on Lyapunov
techniques proposed in [196, 214] can also avoid the two major limitations in [220].
However, the results place strong limitations on the bounds of the uncertainty, and
in most cases are only valid in a small region of the origin. For example, when the
bounding function of the uncertainty takes the form

»xll=e

—_— | =

w(x) =

m, x| > &

with very small positive constant &, then, the conclusion in [196, 214] may not hold
or may only be satisfied in a very small domain which is contained in {x | ||x|| < &}.

In this section, a global robust stabilisation problem for a class of nonlinear sys-
tems whose nominal system is linearisable locally is considered. The design frame-
work may be described as follows. First, using a Lyapunov technique and knowledge
of the desired performance of the nominal subsystem, a nonlinear robust control is
designed so that the system is driven to a domain of the origin and remains there
even in the presence of matched and mismatched uncertainties. Then, the sliding
mode technique is applied to the system such that its trajectories are driven to the
predesigned sliding surface on which the system is asymptotically stable. Finally, a
variable structure control is synthesised to stabilise the system globally. It should be
noted that only static output feedback is used here, and the two major assumptions in
Zak and Hui [220] are alleviated. This is in comparison with other reported work in
[95, 157] where dynamic output feedback is employed, and in [196, 203, 214] where
the results are often valid only in a small region of the origin. Theoretically, the goal
is to develop an approach to study the global stabilisation problem for a wide class
of nonlinear systems.

3.2.2 System Description and Assumptions

Consider a nonlinear system

X =f(x) +8g)[u+ Agn)] + Af (x) 3.1
y = h(x), (3.2)

where x € R, u € R", y € R” (p > m) are the system state variables, input and
output, respectively; f(x) and g(x) with f(0) = 0 are both known functions; Ag(x)
and Af (x) are respectively matched and mismatched uncertainties, and they are all
continuous in their arguments. It is assumed that the existence and the uniqueness of
the system solution are guaranteed globally.
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For System (3.1)—(3.2), its nominal System is described by

x =f(x)+gu (3.3)
y = h(x). 3.4)

One fundamental problem of robust control is to design a controller so that the
controlled signals have some desired properties even in the presence of uncertainties.
In this section, it is assumed that the controllers for the nominal system (3.3)—(3.4)
have been well designed and the controlled nominal system has desired performance.
Then, a variable structure control scheme is to be synthesised to stabilise the system
(3.1)—(3.2) globally.

Assumption 3.1 There exist known continuous functions ¢;, ¢, and v such that

@ A8 = 12 (x);
(D) AfI = v,

where ¢ (0) = 0 and ¥ is sufficiently smooth with ¥ (0) = 0.

Remark 3.1 Assumption 3.1 implies that the origin is an equilibrium point of system
(3.1)—(3.2) in the presence of uncertainties. Condition (ii) of Assumption 3.1, that
the mismatched uncertainty is bounded by a function of the output, is not essential.
It can be extended to a function of the system state variable. This can be seen in the
subsequent analysis.

Assumption 3.2 There exists a continuous function ! (y) with u!(0) =0, a C!
function V (x) : R” — R whichis a class %5, function of ||x||, and class .#” functions
a; for i = 1, 2 such that forx € R" \ %,

A%
- @+ g@uy () < —ay(llxl) (3.5)
aV
Ha— < oo (x|, (3.6)
X
where r is a positive constant, and % =: (%, %, R %)

Remark 3.2 Assumption 3.2 requires that V (x) is a class 7, function of |x||. It
should be noted that if there exists a quadratic Lyapunov function x” Px (P > 0) for
a system x = .% (x), then there exists a Lyapunov function z’z which is a class %5,
function of ||z|| for system

z=PrF (P 12).

Therefore, such a limitation is trivial for any system which has a quadratic Lyapunov
function. Furthermore, the conditions (3.5) and (3.6) of Assumption 3.2 are satisfied
automatically if the nominal system is exponentially stabilisable using output feed-
back, or the resulting closed-loop system has a quadratic Lyapunov function. These
conditions have been used by many authors in papers on nonlinear analysis [91, 196].
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Assumption 3.3 The function V defined in Assumption 3.2 satisfies

A%
™ g(x) = R(y),
X

where R(y) € R” is continuous in its domain of definition.

Remark 3.3 Assumption 3.3 is similar to the structural condition
B'P =FC

for the linear system (A, B, C) possessing a quadratic Lyapunov function x” Px (see
e.g., [24, 214]). Yan et al. [196] proposed a condition for the nonlinear case which
is a direct extension of the linear one. However, the current consideration renders all
previous settings as special cases in this regard.

In the following, Lyapunov approach based controllers are initially designed such
that the considered system can be driven to the specific domain of the origin, in which
the nominal system can be linearised. Then, a sliding mode controller is designed
such that the corresponding closed-loop system is asymptotically stable. Finally the
globally stabilising controllers are synthesised.

3.2.3 Lyapunov Approach Based Control Design

Consider an output feedback control

u' () = u{ (y) + w3 (y). (3.7)

where u! is given by Assumption3.2, and u} is defined as

dT (MR ()
W ={ " 2eRey . RO #0 (3.8)
0, R(y) =0,

where ¢ is an adjustable positive constant, R(-) is given in Assumption3.3 and the
function ¢, (-) is determined by Assumption3.1.

Theorem 3.1 Considerthe closed-loop system (3.1)—(3.2) and (3.7). Under Assump-
tions 3.1-3.3, the trajectories of System (3.1)—(3.2) enter into 9B, in finite time if there
exists a class & function az(-) such that

ar (flxll) — %IIR(y)II¢>§(X) — (XY () = as(lxl),  x € B, (3.9)

for some positive constant €.
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Proof Consider the system (3.1)—(3.2). The closed-loop system obtained by applying
the control (3.7) to System (3.1)—(3.2) is described by

X =00+ 80 [uf ) + 1y () + Ag)] + Af (x) (3.10)
y = h(x). (3.11)

For System (3.10)—(3.11), consider the Lyapunov function candidate V (x) given by

Assumption 3.2. Then, the time derivative of V (x) along the trajectories of System
(3.10)—(3.11) is given by

. A% A%
Vigio-ain = 5- [f ) + g@ui (] + 8@ [ () + Ag)]

+ﬂAf(x). (3.12)
ox

From the structure of ué in (3.8) and Assumptions 3.1 and 3.3, it follows that
(1) if R(y) = 0, then

A% J A%
a—g(X) [5 () + Ag(x)] = —g(x) Ag(x) = R(y) Ag(x) = 0;
X 0x
@ii) if R(y) # 0, then

av , L HTORTY)
8@ [u5() + Ag(x)] = —R(y) SR + R(y) Ag(x)

< —IRM$7(3)/(2e) + IR 1 ()2 (x)
R 1, € 2 1,
=R (5051 - §¢>2 (x) — Zd)] (y))

A

IA

€ 2
5% MR,

where the special case of Young’s inequality

€ 1
b < —a* + —b*
W=
for ¢ > 0 is used in the implication above.
Consequently,
av e
=28 [1B0) + Ag@] < SHE IR (3.13)

From Assumption 3.1 and (3.6), it also follows that
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aV
—Af(x) <
0x

av
™ H [Af O < e (llxDr (v). (3.14)

Substituting (3.5), (3.13) and (3.14) into (3.12), it can be shown that for x € B,,

Vai-cin< —ai(Ixl) + %d’%(x)HR(J/)H + o (lxDy () < —as((lxlD,

where the condition (3.9) is used in the last implication. Since V (x) is a class Koo
function of ||x|| by Assumption 3.2, the conclusion follows directly from Lemma 2.4
in Sect.2.4. #

Theorem 3.1 shows that under some conditions, the state of System (3.1)-(3.2)
can be driven into the domain 2, by the control (3.7) in a finite time. The focus is
now to analyse the characteristics of the system (3.1)—(3.2) in the domain %,

3.2.4 Local Output Sliding Surface Design

It is assumed that System (3.1)—(3.2) is limited to the domain Z,. In order to design
a control law such that the system is asymptotically stabilised, some assumptions are
imposed.

Assumption 3.4 In @r, there exists a diffeomorphism z = 7' (x) with 7(0) = 0, and
an output feedback

ul = a(y) + BO)v, (3.15)

where v is a new input, «(-) with ¢ (0) = 0 and S(-) are smooth such that the closed-
loop system (3.3)—(3.4) and (3.15) has the following form in the new coordinates z

z=Az+ By (3.16)
y=Cz, (3.17)

where the triple (A, B, C) is observable and controllable with rank(CB) = m.

Under Assumption 3.4, it is observed that in the new coordinates z, System (3.1)—
(3.2) in the domain
T(AB)=:{zlz=Tkx),x € B}

is described by

. 1 oT -1
i=Az+B(v+ A3(T7' () + [a—x} Af(T™ (2)) (3.18)

x=T"1(2)

y = Cz, (3.19)
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where the triple (A, B, C) is controllable and observable with rank(CB) = m.

Remark 3.4 The analysis above shows that under Assumption3.4, system (3.1)—
(3.2) can be exactly linearised to be (3.18)—(3.19). However, sometimes Assump-
tion3.4 may not be satisfied, and in this case some other approaches such as the
approximate linearisation technique [62] can also be employed to transfer system
(3.1)-(3.2) to (3.18)—(3.19).

Remark 3.5 Notably, in Assumption 3.4, it is required that the system (3.1)—(3.2) is
output feedback linearisable only in the domain %, instead of the entire state space.
Furthermore, Assumption 3.4 does not imply that the nominal system (3.3)—(3.4) is
output feedback stabilisable and this is in comparison with the work in [24, 196,
214].

Assumption 3.5 Consider System (3.18)—(3.19). For a given group of distinct nega-
tive real values {A;, A2, ..., Ay_m}, there exist full rank matrices W € R~ and
W$ e R—™>7 quch that

1) WsW = I,,_,,, W8B = 0 and W8AW = diag{A|, A2, ..., Ap—m};

(ii) rank(CW) = p — m.

Notably, Assumption3.5 combined with the controllability and observability of
the system (A, B, C), yields from [220] that there exists a matrix S € R™*" such that
the sliding motion associated with {z | Sz = 0} is governed by {A{, X2, ..., Ap_p}.
Furthermore, matrix S has a decomposition S = FC. In the following analysis, the
same sliding surface can be used

with § = FC for System (3.18)—(3.19). The choice of matrices S and F is contained
in the reference [220]. Once the matrix S or F is obtained, the sliding surface (3.20)
is designed, which, due to the constraint S = FC, can be described by

{y|Fy=0, yeR?}

and the designed sliding surface (3.20) is an output sliding surface which helps to
form an output feedback control scheme.

3.2.5 Local Stability of Sliding Motion

It is assumed that System (3.1)—(3.2) is limited to the domain %,. In order to study
the stability of the sliding mode dynamics of the system (3.18)—(3.19), the following
linear transformation is introduced to derive the sliding mode dynamics associated
with the designed sliding surface (3.20)
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4
n=:Dz=: [‘;/g i| Z, 3.21)
where W¢ is defined by Assumption3.5 and B¢ is a generalised inverse of B. It is
obvious by Assumption 3.5 and [220] that (3.21) is a nonsingular transformation and
the matrix SB is also nonsingular.

By direct computation, it is observed that in the new coordinates 7, the system
(3.18)—(3.19) in T (Z,), that is, system (3.1)—(3.2) in the domain %, has the following
form

m = diag{A1, A2, ..., Ao} + WEABn, + WEAO (), (3.22)
2 = BSAWn, + BSABm, +v + AY () + BSAO (1), (3.23)
y=CD™ 'y, (3.24)

where 7, € R*™™ 1, € R”, n = col(1, n2) and

oT -1 _ -l
AO ) = | — Af (T oD (m) (3.25)
ax x=T-1oD~'(n)
AY(n) =Ag (T oD ' (1)) . (3.26)
Notably, in terms of the new coordinate 5, the sliding surface (3.20) is described by
12 = 0 due to SW = 0 and the nonsingularity of SB. The sliding mode dynamics are
prescribed by
m = diag{ii, Ao, ..., Ayt + WEAO (71, 0). (3.27)

with A® defined by (3.25). Since z = T'(x) (with 7(0) = 0) is a diffeomorphism
defined in 4, and n = Dz is linear, it follows from Assumption 3.1 and (3.25) that

1A@ 1, O < xo)limll, (3.28)

where « (1) is continuous in its domain of definition and it can be obtained using
Assumption3.1.

Theorem 3.2 Consider System (3.18)—(3.19). Under Assumptions 3.1 and 3.5, the
sliding mode dynamics (3.27) are asymptotically stable if

Wk (m) < v, (3.29)
foranyn; € Do T(%,) (\R"™, where
y = min{|)\’1|1 |)"2|a L) |)\n7m|}'

W and W$ are determined by Assumption 3.5, and k satisfies (3.28).
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Proof For the sliding mode dynamics (3.27), consider a Lyapunov function candidate
as

V(m) = nim.
Then, the time derivative of V along the trajectories of the dynamic System (3.27)

is given by

V @27 = 2n7diag{hi, Ao, ..., Apowdmi + 20T WEAO (1, 0)
< =2y llm 1?4+ 20 W el |
=2y = Wl i IP.

Then, \7(7)1) is negative definite if (3.29) is satisfied.
Hence, the conclusion follows. #

Remark 3.6 Theorem3.2 shows that the values of A, Ay, ..., A,—, in Assump-
tion 3.5 directly govern the sliding motion if the bound on the mismatched uncertainty
satisfies (3.29). It should be noted that W¢ (see Assumption 3.5) is closely related to
the value of A; and thus the value of y in (3.29). From Inequality (3.29), to find an
appropriate matrix W# to maximise the value ”Vg—gu will reduce the conservatism of
the result in Theorem 3.2. It shows that mismatched uncertainty affects the sliding
motion.

3.2.6 Local Sliding Mode Controller

The objective now is to design a sliding mode control such that the corresponding
closed-loop system is driven to the sliding surface (3.20) in a finite time and remains
on it.

Consider the system (3.18)—(3.19). Since the transformation 7 is a diffeomor-
phism in the domain @,, T-!and % are both bounded in their domain of definition.
Therefore, it is straightforward to see from Assumption 3.1 that there exist continuous
functions 52 and J defined in T'(4,) such that for any z € T(%,)

|ag (T7'@)] < &1 (0d2(2) (3.30)

<Y 0 (3.31)

oT B
[ ] AP ()
x=T"1(z)

ax

with {5(0) = 0. It should be noted that the functions ¢, and @ can be obtained by
estimation using Assumption3.1.
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An output feedback control for the system (3.18)—(3.19) is:

Fy
v=—(B) ' —— IFy] ( ISBlI$T () + ISIIY () +K(y)) (3.32)

where K (y) is a control gain to be defined later and S is defined by (3.20).
Now, applying the control (3.32) to System (3.18)—(3.19), the following closed-
loop system is provided

z=Az— B(SB)~ 1 (% ISBl# () + ISIV () + K ()

|
+BAg(T™! (z) [55] o AF(T7(2) (3.33)
y=Cz (3.34)

The following result is now ready to be presented:

Theorem 3.3 Under Assumptions 3.1 and 3.5, System (3.18)—(3.19) driven by the
control (3.32) converges to the sliding surface (3.20) in finite time and remains on it
if the control gain K (y) satisfies

1 —
K@) > [ISAz|| + 5||SB||¢§(z) +p (3.35)

for some positive constant p, where &> is determined by (3.30) and F satisfies
S =FC.

Proof From Assumption3.1, it is observed that (3.30) and (3.31) are satisfied. It
follows from (3.20) that

Fy
6@ =S4z = T (HISBIOTD) + ISITO) + K )
+SBAS(T™ () + S[&] 1, AF(T™ (). (3.36)

Then, since S = FC

o'(2)6(z) = (Fy)'SAz — ||Fy|| (%IISBII¢12(V) + IS () + K())
+(Fy)TSBAZ(T™'(2))

ro| 8T -1
+(FY)'S | — Af (T (2)- (3.37)
0x Jomr1()
From the inequality ab < 1a* 4+ 157, it follows from (3.30) that

(Fy)"SBAG(T™'(2)) < |yl ISB¢1(3)$2(2)
1 -
el ISBIl(¢7 () + $3(2)). (3.38)

IA
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From (3.31),

oT -
(Fy)'s [a—] AF(T @) < IFYI ISV ). (3.39)
X lx=1-1()

Substituting (3.38) and (3.39) into (3.37), it follows that

1 ~
o' (@) (2) < (—K(y) + [ISAz] + EIISBII¢§(Z)) IEIl.

Then, by condition (3.35),
o’ (2)6(2) < —pllo@)]l.

This shows that the reachability condition is satisfied, and thus the conclusion
follows. #

Remark 3.7 Generally speaking, Inequality (3.35) cannot be satisfied in the entire
state space since the left-hand side is a function of the output y but the right-hand side
is a function of the state variables. However, it is always satisfied in T(@,) because
the right-hand side of (3.35) is continuous in T(%,) which is a compact set. In fact,
a conservative choice is

1 -
K(y) = max [||SAz||+—||SB||¢§<z>]+p.
2€T(B,) 2

Remark 3.8 The proof of Theorems 3.1 and 3.3 shows that the effect of uncertainty
may be cancelled completely by designing an appropriate control if the uncertainty
is bounded by a function of the output. It also demonstrates that the mismatched
uncertainty can be dealt with in the same way as for matched uncertainty even if it
is bounded by a function of the state variables. However, in this case, the effect of
the mismatched uncertainty may not be cancelled completely if only static output
feedback control is available.

3.2.7 Global Variable Structure Control Synthesis

In this section, based on the conclusions provided in Sects. 3.2.3-3.2.6, the synthesis
of a control which makes the corresponding closed-loop system globally asymptot-
ically stable is sought.

Consider the control

u'(y), xeR"\ %,

u'’(y), otherwise (3.40)

u(y) =
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where y = h(x) defined by (3.2), is the system output, 1’ is defined by (3.7) and u'’
is defined as

u = a(y) + BOIV() (3.41)

with o, B defined by Assumption 3.4 and v defined by (3.32). Then, from the results
given in Sects.3.2.3-3.2.6, the following conclusion is immediate.

Theorem 3.4 [t is assumed that the conditions of Theorems 3.1-3.3 are satisfied.
Then under Assumption 3.4, System (3.1)—(3.2) is asymptotically stable globally if
T(%,) is an invariant set with respect to the system (3.33)—(3.34).

Proof Consider the structure of the control (3.40). From Theorem 3.1, it follows that
for any xo € R", the control u’ can drive the trajectories of the system (3.1)—(3.2) to
the domain %, in a finite time. Since 7'(4,) is invariant with respect to the system
(3.33)—(3.34), once the trajectories of System (3.33)—(3.34) enter into 7'(4,) it is
seen that they will stay there and in this case the control u!/ will drive the system
to the sliding surface in finite time by Theorem 3.3. Based on the theory of sliding
mode control, the sliding motion takes place once the system state reaches the sliding
surface. Theorem 3.2 has shown that the sliding mode is asymptotically stable.
Note that 7 is a diffeomorphism defined on Z,, and the closed-loop system
obtained by applying (3.41) to System (3.1)—(3.2) in the z coordinates has the form
(3.33)—(3.34). Hence, the conclusion follows from the relationship between systems
(3.1)-(3.2) and (3.18)—(3.19). #

A sufficient condition under which the system (3.1)—(3.2) can be stabilised glob-
ally even in the presence of uncertainties, is presented in Theorem 3.4, where the
condition that 7'(4,) is invariant with respect to the system (3.33)—(3.34) is neces-

sary.

3.3 Decentralised Sliding Mode Control for Large-Scale
Interconnected Systems

Large-scale interconnected systems are often modelled as dynamic equations com-
posed of interconnections between lower dimensional subsystems. One of the char-
acteristics of these systems is that they are often widely distributed geographically,
and thus the information transfer among subsystems may be very difficult due to
high cost, or even impossible due to practical limitations. The lack of centralised
information or the lack of centralised computing capacity often makes centralised
control difficult to implement. As a valid control method for interconnected sys-
tems, decentralised control can avoid such disadvantages, and it has been widely
used in practical engineering problems such as interconnected inverted pendula sys-
tem [59], flight control systems [177], electric power systems and chemical process
plants [119].
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This section focuses on decentralised static output feedback control design using
sliding mode techniques.

3.3.1 Introduction

Decentralised output feedback control has received much attention and many inter-
esting results have been obtained. Many of these methods are based on a Lyapunov
approach or involve adaptive control. In [196, 214, 215], Lyapunov analysis methods
are used to form the control scheme and strict structural conditions are imposed on
the system together with some strong limitations on the admissible interconnections.
Adaptive control techniques are employed by [83, 86] for the control of intercon-
nected systems, but only parametric uncertainty is considered. The corresponding
results can only be applied to certain systems with special structure.

Sliding mode control has been used successfully by many authors [38, 39, 160,
173], and indeed sliding mode control schemes for large-scale systems have been
proposed (see for example [69, 97, 124, 170]). In these sliding mode control schemes
for interconnected systems, it is required that the uncertainties or the interconnections
are matched, or else have linear or polynomials bounds. In addition, unfortunately,
most of them focus on state feedback control. Much less attention has been paid
to the output feedback case. Lee proposed a decentralised output feedback control
scheme using sliding mode techniques in [97] but only the linear case is dealt with.
Also all uncertainties and interconnections are required to be matched.

In this section, a class of nonlinear large-scale interconnected systems with both
matched and mismatched uncertainties are considered. No statistical information
about the uncertainties is imposed. Furthermore, the bounding functions on the
uncertainties and interconnections take a more general structure than in the other
literature in this area. Not only are nonlinear interconnections considered, but non-
linear nominal subsystems are also treated in this work. Based on the sliding surface
design method proposed by Edwards and Spurgeon in [37, 38], a composite sliding
surface is synthesised for the interconnected system so that the closed-loop system is
asymptotically stable when restricted to the surface. A sliding mode control strategy
which can eliminate the major limitations of [219] (pointed out by [96]) is proposed,
to drive the system to the sliding surface. Under certain conditions, a global result
can be derived. Compared with the previous results [97, 196, 203, 214], it is only
necessary to solve an n; — m; order instead of a n;-order Lyapunov equation, which is
especially useful for large-scale interconnected systems. The robustness is enhanced
and the conservatism is reduced because the system output information and bounds
on the uncertainties are used fully. The restriction on the interconnections is also
relaxed.
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3.3.2 System Description and Problem Formulation

Consider a nonlinear large-scale system formed by N interconnected subsystems as
follows

X = Aixi +fi () + Bi(wi + Agi(x;)) + H; (x), (3.42)
yvi = Cix;, i=1,2,...,N, (3.43)
where x = col(x, x2, ..., xy), X; € R, u; € R™,y; € RP are the states, inputs and

outputs of the i-th subsystem respectively and m; < p; < n;. The triples (A;, B;, C;)
represent constant matrices of appropriate dimensions with B; and C; of full rank. The
function f; (x;) represents known nonlinearities in the i-th subsystem. The matched
uncertainty of the i-th isolated subsystem is denoted by Ag; (x;) and H; (x) represents
system interconnections including all mismatched uncertainties. The functions are
all assumed to be continuous in their arguments.

It is clear that the nominal subsystems of System (3.42)—(3.43) are described by

X = Aixi + fi (xi) + Biu; (3.44)
yi:Ci.X,', i=1,2,...,N, (345)

and the isolated subsystems of System (3.42)—(3.43) are given by

Xi = Aix; +fi(xi) + Bi(u; + Agi(x;)), (3.46)
yi = Coxi, i=1,2,.. N (3.47)

It should be pointed out that the sliding motion of System (3.44)—(3.45) will be the
same as the sliding motion of (3.46)—(3.47).

The object is to find some limitations on the nonlinearities and uncertainties
associated with the interconnected system, under which a decentralised sliding mode
output feedback control scheme can be established for (3.42)—(3.43) such that the
corresponding closed-loop system is asymptotically stable.

3.3.3 Basic Assumptions

In order to solve the problems proposed in Sect.3.3.2, it is necessary to impose the
following basic assumptions on System (3.42)—(3.43).

Assumption 3.6 The equations rank(C;B;) = m; hold fori =1,2,...,N.

Under Assumption 3.6, as reviewed in Sect. 2.6, there exists a nonsingular linear
coordinate transformation such that the triple (A;, B;, C;) with respect to the new
coordinates has the structure
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At A 0 =
[AiZI A | | Bin]’ [0 €], (34%)
where A;q; € Ri=m)x(i=m) B e Rmixm and C;p € RP*Pi fori =1,2,...,N.

Assumption 3. 7 The 1nvar1ant zeros of (A;, B;, C;) lie in the open left-half plane,
and the triple (A,n, i12, ,2) given by (3.48) is output feedback stabilisable for
i=1,2,...,N.

Remark 3.9 Assumptions3.6 and 3.7 are based on the linear part of the nominal
system (3.44)—(3.45). They guarantee the existence of the output sliding surface (see
Sect.2.6). Notably, Assumption 3.7 requires (A,“, i12, Cin), instead of (A;, B;, C;)
to be output feedback stabilisable. It should be emphasised that all the matrices in
(3.48) can be obtained directly from (A;, B;, C;) using the algorithm given in [37,
38].

From Assumption 3.7, there exist matrices K; such that
Al — Ak Cip =: Ainy
are stable fori =1...N.

Assumption 3.8 Suppose that f; (x;) has the decomposition
fi(xi) = I (vi)xi, i=12...,N, (3.49)

where I'; € R"*" ig a continuous function matrix fori = 1,2, ..., N.

Assumption 3.9 There exist known continuous functions p; (-) and 1, (-) such that

@) 1Ag )l < pi (i),
(i) [[H;(x)]l < ni(x)

fori =1,2,...,N, where n;(-) satisfies

ni(x) = Bi () llx|l
for some continuous function ;.

Remark 3.10 Assumption3.9 ensures that all uncertainties in (3.42)—(3.43) are
bounded by known functions, and the matched uncertainty is bounded by a function
of the output. It should be emphasised that the approach proposed in this work allows
more general bounds for || Ag;(x;)||. In this section, the assumption is only used to
show that the effect of the matched uncertainty can be eliminated completely if it is
bounded by a function of the output.

Clearly, there are no special requirements imposed on the structure of the uncer-
tainties and interconnections. As such the assumption above follows the work
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described in [196, 203, 214, 215]. The bounds on the uncertainties are allowed to
take more general forms compared with other work in this area, where it is required
that the interconnections are the functions of the output or have linear or polynomial
bounds (see for example [69, 97, 143, 170]).

Ithas been seen that the sliding mode control technique consists of two steps: (i) the
design of the sliding surface such that the system possesses the required performance
when it is restricted to the surface; (ii) the design of a variable structure control law
which drives the system trajectory to, and maintains motion on, the sliding surface.
Based on the preliminaries above, a control strategy for System (3.42)—(3.43) will
now be developed.

3.3.4 Stability Analysis of Sliding Mode Dynamics

In this section, a sliding surface will first be chosen, and then the stability of system
(3.42)—(3.43) when constrained to the chosen surface will be studied.

Under Assumptions 3.6 and 3.7, it is observed from Lemma?2.6 in Sect.2.6 that
there exist matrices such that the system

)'Ci = A,'x,' + B,’M,'

when restricted to the surface F;C;x; = 0 is stable fori = 1,2,...,N.
The composite sliding surface for the interconnected system (3.42)—(3.43) is cho-
sen as
o(x) =0, (3.50)

where o (x) =: col(o(x1), 02(x2), ...oyx(xy)) and
0;(x;)) = FiCix; = Fyy;, (3.51)

where the F; are obtained from the algorithm given in [37, 38].

Under Assumptions3.6-3.8, and using Lemma2.6 in Sect.2.6, there exists a
nonsingular coordinate transformation z; = 7;x; such that in the new coordinates
z =col(zy, 22, - - -, zn), System (3.42)—(3.43) has the following form

. Al A; -
“= |:Ai; A,-Z :| (“i + Agi(T; lzi))

+T;H; (T~ '2) (3.52)
yi :[O CiZ]Zi1 i:l,2,...,N, (353)

:|Zi +TiLoNT 'z + [ 0
B;»

1
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where A;}; is stable and B;, € R™*™ and C;, € RP*Pi are both nonsingular with

T Ly —m, 0 T Pi XPi
Cin=T; |: “K I, ] , T, e R . (3.54)
Furthermore

F; [0 Ciz] = [0 F,-z], (3.55)

where F;, € R™ " is nonsingular. The overall coordinate transformation is given by
T~ =: diag {Tfl, ..., T,;l}. It should be noted that the regular form (3.52)—
(3.53) can easily be obtained from the algorithm given in [37, 38].

Since A;q; is stable for i = 1,...N, for any Q; > 0, the following Lyapunov
equation has a unique solution P; > 0 such that

AT Pi+ PAin =—Q;,  i=12,...,N. (3.56)

For convenience, partition

TLOoNT " =: |:Fi11(yz') Filz(yi)] T = [Ti :|, T = [Wh W] .

o1 i) T (i) T; !
(3.57)
where I}, € ]R(nﬁmi)X(nrmi), T;, € R®i—mi)xni qnq Wi € R X (ni—m;)
Then, System (3.52)—(3.53) can be rewritten as
o = Azl + 0zl + [Ai + T [ + Tl (@', (3.58)

= [A,-zl + E21(yi)]zi1 + Az + NGzl + B [wi + Agi(T7'2)]
+TH;(T™'2) (3.59)
yl:[o CiZ]Ziv i:l,2,...,N, (360)

where z/ € R~ zI" € R™ and z; = col(z!, z!").
Now, consider the sliding surface (3.51) in the new coordinate system. From (3.55)
it follows

1
F,[O CQ]Z,‘:[O Fi2]|:ZZ]iI:|=FiZZ,‘II l=1,2,N

and from the nonsingularity of F;,, it follows that the sliding surface (3.51) becomes

d =0, i=1,2,...,N. (3.61)
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Partition C;» and z! as

Co=[Cu Cm]. 2/ =colz', 7).

1

where Cjy; € RPX0i=m)  Ciyy € RPI¥M zil "€ RPi—™i Then it is straightforward to
see that
L 11
vi = Cin1z;* + Cimnz;

When System (3.58)—(3.60) is restricted to the sliding surface (3.61), the sliding
mode has the following form

= Azl + T (CozP)dl + ThH (W2, i=1,2,....N, (3.62)

where

7' = col(zf, Zé, e, z]{,), and W =: diag{W;,, Wia, ..., Win}.

From (3.62), it can be observed that all the mismatched uncertainties and mismatched
nonlinearities affect the dynamics of the sliding mode and may destroy its stability. It
is thus necessary to impose some constraints so that the stability of the sliding mode
dynamics is guaranteed.

Theorem 3.5 Consider the nonlinear interconnected system (3.42)—(3.43). Under
Assumptions 3.6-3.9, the sliding mode is asymptotically stable if there exists a domain
§2 of the origin (2 C R i —m )Y such that

M'(:)+M()>0

in 2 \ {0}, where M(-) = (m;j(-))nxn and the functions m;; withi, j =1,2,...,N
are defined by

= [A““'"(Q") — IR (Conz = 2P T Wit | WD), i =
Y =2\ Tl | Wil B: (W2, P4

where P; and Q; are defined in (3.56), I';11(-) and T;y are defined by (3.57) and
R()=PIlin()+TI; (P, i=1,...N

and B; (+) is determined by Assumption 3.9.

Proof From the analysis above, all that needs to be proved is that System (3.62) is
asymptotically stable. For System (3.62), consider the Lyapunov function candidate

N
Vg ) =D (&) Pl (3.63)
i=1
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Then, the time derivative of V (z{, 2}, . . ., z},) along the trajectories of System (3.62)
is given by

N
Viae = Z { — (Zil)r izl + (Z{)T [PiFiu(Cileilz) + Eﬁl(cizlz,-lz)Pi] z
i=1
+2 (/)" PTuHi (WD), (3.64)
where (3.56) is used above. From Assumption 3.9 and the inequality

IW2'Il < IWnzill + Wizl + - - + [ Wivzy

it follows that

< i{ — (@0 12/ + | P
i=1

20! 1P Tl (W)

1 (Ciniz?) + I (G2l

IA

N
> = i @)l I + IR (CoizPI 12 1)
i=1
N N
+2>° [uz,-’ HPTllBi (W) D~ Wyl iz} ||]

i=1 j=1

N
= = 3 {Anin@0) — WRA(Conzf)l = 2NP Tl IWi (W 1] 1P

l

i=1
N N
42 > IPTll Wyl B:(W2hliz! 1 2] |

i=1 j=1
j i
llz{ I
Lo Iz
=5 [zl lzl -zl ]+ | 0 (3.65)
B
Since by assumption M* + M > 01in §2 \ {0}, the result follows. #

Remark 3.11 The result given above is in accordance with the fact that sliding mode
control is insensitive to matched uncertainty. It also shows that the stability of the
sliding mode (3.62) is closely related to the mismatched uncertain interconnections
and mismatched nonlinearities.
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Remark 3.12 Tt should be noted that the function matrix M in Theorem 3.5 is only
connected with the sliding mode which is therefore of reduced order. The sliding
mode is globally stable if all the bounds on the mismatched uncertainty and mis-
matched nonlinearity are zero when restricted to the sliding surface. Furthermore,
the function matrix R; reduces to a null matrix if p = m. Compared with the results
given in [196, 203, 214, 215], the limitations on M here are much weaker.

3.3.5 Decentralised Output Feedback Sliding Mode Control

The objective is now to design a decentralised output feedback sliding mode control
such that the system state is driven to the sliding surface (3.50). Traditionally, the
reachability condition [38, 173] is described by

ST()S(t) <0

for small scale systems with switching surfaces S(¢). However, for the interconnected
system (3.42)—(3.43), the corresponding condition is described by

N
Z of T (x)07 (x;) <0, (3.66)
lloi (xi) I

i=l

where o; (x;) is defined by (3.51). For details see [69].
In order to fully use system output information, consider the output matrix C;.
Comparing System (3.42)—(3.43) with (3.52)—(3.53), it follows that
=[0C|T;=Cn[0,]Ti, i=12...,N, (3.67)

where C;; is given by (3.54). Then

g oot [ @)t | [ (Tix)!

xi =T Tixi =T, |:(Tixi)” =T, C,'_zlyi , (3.68)
(Tixi)l . I .

where T;x; =: (Tox)!! with (7;x;)" being the first n; — p; components of T;x;.

The objective is now to try to satisfy the composite reachability condition
(3.66). Consider System (3.42)—(3.43)indomain ® =: @ x @, x --- X Oy, where
®; € R"™ and explicitly

O = {x|lx eR", ITx)'l <},  i=12....N (3.69)

for some positive constant u; fori =1,2,..., N. Let
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FiCi(Ai + LoNT ! = [ 00 1 o0 ], (3.70)

where Tl.’ is the first n; — p; columns of the matrix F;C;(A; + I” (yi))Tf1 fori =
1,2,...,N. Since
FiCiB; = F;G;T'T;B; = F; [0 Ci] 01 [0 Fi] 0 | = F,Bi
l 1 1 l ] l 1 l 1 Bl2 1 Bl2 1 l

it follows F;C;B; is nonsingular due to the nonsingularity of F;; and B;, for i =
1,2,...,N.
The following control law is proposed

—1_Fiyi 1 I TN 5
uj = —(F;CiB;) ‘—[HT,.”(yi)Ci yill+ I o0l + 5+
IFiyi g 2 2¢;
+IF:CiBi || i vi) + ki()’i)] (3.71)
fori =1,2,...,N,where ¢; > 0is an adjustable constant; F; and p; are defined by

(3.51) and Assumption 3.9, respectively; and k; (y;) is the control gain to be designed
later. Obviously, the control law (3.71) depends only on output information and is
decentralised.

Theorem 3.6 Consider the nonlinear interconnected system (3.42)—(3.43). Under
Assumptions 3.6-3.9, the decentralised sliding mode control (3.71) drives the system
(3.42)—(3.43) to the composite sliding surface (3.50) and maintains a sliding motion
in the domain © \ {0} if the control gain function k; (y;) satisfies

N N
D ki) = D mWIFCll >0, (3.72)
i=1

i=1

where F; and n; are determined by (3.51) and Assumption 3.9 respectively and © is
defined by (3.69).

Proof Tt is observed from the analysis above, all that needs to be proved is that the
composite reachability condition (3.66) is satisfied.

From (3.51) and Assumption 3.8, the sliding mode dynamics may be described
by

6i(x;) = FiGilA; + I ) Ixi + FiCiBilu; + Agi(x)] + F;C;H;(x), (3.73)
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fori =1,2..., N. Substituting (3.71) into (3.73), it follows that

N T .
o (x;)6; (x;) (Fiyi)* { Fiyi [( 13
= FiCilA; + T p)x; — 17" i) Ciy il
2 o an,y,n A N T P

u2
*IIT oNIZ + e )+ I1F; CiBillpi (yi) + ki (yl)]

+FiCiB; Agi (x;) + F; C; H; (x)]- (3.74)
From (3.68) and Young’s inequality ab < %az + % fore > 0,fori =1,2,...,N

_ T,
IF:CilA: + () | = HF,C[A + LT, 1[( ”"y ]H
12 i

=17 o) (Tix)" + 1 5 CL il

i Tix)' 2
< I o0 CLyill + %urﬂ(yi)nz + % (3.75)
Then it follows from (3.75) that in the domain ®;
(Fiyi)® (Fi)/i)r( 11 -1 i onl 2 /‘12)
FiGi[Ai + i (yi) Ixi — Y oDCh il + 17 Ooll” + 5=
Fovil [ [ (i) lx IFoyil 17 i) Cip yill 2 17 ool %
(Fiyi)* (Fiyi)* Fiyi 11 —1 i nnl ) U7
= FiGlAi + Lol — ————— | 117" 00 Cy yill + 1177 0dll” + 5
Foyil [ i) lx, IFil {II Oi)Ci il > 175 ool %
11 —1 Eianl 2 “iz
< WFCGilAi + Lol — | 177 0 Crp vill + EIIT,- oDl + e
<0, (3.76)
where i = 1,2, ..., N. From Assumption3.9,
()" [ = O E Bl ) + FiCiB Ag,<x,>]
lFiyill I1F; lII
(Fiyi)"
= —|F;C;B; |l p: (yi) + IFiy ”FCB i Agi(x;)
< —IFiCiBillpi(vi) + |Fi CiBi || [|Agi (xi)
<0. (3.77)

Substituting (3.76) and (3.77) into (3.74)
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i oF Caoita) __ (Zk o) — Z lyl)rFC-H-(x))
— o)l T ’ IFyill
—(Zk,(y,-) - Z ||FiciHi(x)||)
z;l i;l
—[Zk,(y» - Zm(x)IIFiCiII].
i=1 i=1

Then, if k; (y;) is chosen to satisfy (3.72), it follows that in the domain &

IA

IA

ﬁ: o7 (%) (x;)
—loi (1)
Hence, the result follows. #

Remark 3.13 1t should be noted that Inequality (3.72) can always be satisfied in the
domain ® with u; < +oofori =1,2,...,Nif

N
ni(x) < D Ei(x)

j=1

for some continuous &;; with i, j = 1,2, ..., N. In this case one conservative choice
of ki (y;) is

N
kO = D IFClE (T col (T, €5'v1) )

j=1
fori=1,2,...,N.

Remark 3.14 From the structure of the control law in (3.71) and the reachability
condition (3.72), it can be concluded that the reaching condition is satisfied theoret-
ically in any compact domain of the origin if high gain control is allowed. Generally
speaking, the larger the domain that is required, the higher the required control gain.
This is in contrast with the work in [196, 203, 214, 215], where some stringent
restrictions on the interconnections and uncertainties are necessary (which can only
be satisfied in a small domain about the origin). It shows that in this regard, sliding
mode control possesses good robustness, not only to the uncertainties present in the
isolated subsystem, but also to the effects of the interconnections.

From Theorems 3.5 and 3.6 above, the following conclusions can be obtained
directly:
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Corollary 3.1 For system (3.42)—(3.43), suppose that Assumptions 3.6-3.9 are sat-
isfied, and M* + M with M defined by Theorem 3.5 is positive definite. Then,

(i) The sliding mode dynamics (3.62) are globally asymptotically stable.
(ii) The closed-loop system composed of (3.42)—(3.43) and the control law

_y Fiyi -
ui (i) = —(FiCiBy) lm[m”(y»cﬂ‘yin
HIFCiBillpi () + ki 00 (3.78)

is globally asymptotically stable if Y, (y;) = 0 and

N
IH: Il <D~ 95 (y)

Jj=1
for some continuous v;; withi =1,2,...,N.

Proof (i) From the structure of the Lyapunov function (3.63), the result is obtained
directly from Theorem 3.5.
(ii) From the proof of Theorem 3.6, it can be seen that with the control law (3.71),
the expressions
2
& I
ZNrion? + £
> 17 ll” + %,
are introduced mainly to cancel the effects of Til ) (Tix)'. Obviously, this is unnec-
essary if Ti’ (y;) = 0. In this case, (3.71) becomes (3.78). Under these circumstances
it is only necessary to choose k; (y;) such that

N
ki) > D IFGlIvG00,  i=1,2,...,N.
j=1

Using the same reasoning as in Theorem 3.6, it can be seen that the corresponding
reachability condition is satisfied. Therefore, the controlled trajectories of system
(3.42)—(3.43) are driven to the sliding surface (3.50) globally and remain on the
surface thereafter. Combining with (i), the result (ii) is obtained immediately. #

It should be noted that in the local case, the domain @ given in (3.69) is universal.
However, for a specific practical problem, other ways could also be employed to
estimate the domain ® such that it is as large as possible by combining (3.72) with
other requirements.
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3.4 Case Studies—Implementation of Static Output
Control

In this section, case studies on a mass—spring system, coupled inverted pendulums and
flight control systems will be used to demonstrate the results developed in Sects. 3.2
and 3.3.

3.4.1 Application to a Forced Mass—Spring System

Consider a mass—spring system with a hardening spring, linear viscous friction and
an external force described by (see, [91])

ms + ¢ + ks + ka®s® = u + Ag, (3.79)
where s denotes the displacement from the reference position, m is the mass of the
object sliding on a horizontal surface, k is the spring constant and u is an external
force. The term Ag includes all uncertainties present in the system. Let

x = col(xy, x2) = (s, )
be the system state. As in [179], the system output is assumed to be
Yy =X] +Xx2.

The parameters are chosen as in [91], pages 172—173. Then, the system is described
by

i= [ 2 ] + [?] (u+ Ag(x)) (3.80)

—(1+x)x1 —x2
y=2x1 +x. (3.81)

It is assumed that
lAgll < 0.1] sin(y)| [lx]|.

Then, consider an output feedback control
uj (y) = —y + 0.1sin(y). (3.82)

For the closed-loop system composed of (3.82) and (3.80)-(3.81), construct
a Lyapunov function candidate
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4 1 1
T _—
V=x |:1 1i|)c+ x|

2
Let
o (v) = v2, o (V) = 8.6056v + 213,
r=02v2 $1(y) = |siny]|

$2(x) =0.1||Ix|l, &=05.

By similar reasoning as in [91], it is observed that Assumptions 3.1 and 3.2 are both
satisfied. Further from
v [ 0

=2(x1 +x2) = 2y.
o | 1 ] (1 +x2) =2y
It is clear that Assumption 3.3 is satisfied with
R(y) = 2y.
By direct computation, it is observed that the conditions of Theorem 3.1 are satisfied
with
a3(v) = 1.3502.

Then, consider System (3.80)—(3.81) in A, with r = 0.24/2. The system can be
rewritten as

56=[_01 _11}X+[(1)](“+Ag(X)—xl3) (3.83)
y=I[1 I (3.84)
Let
A ={-1}, W=[1 —1]°

Wé =11 0], Bs =11 1].

Then, it is observed that Assumption 3.5 is satisfied. According to [220], the sliding
surface is chosen as
o =I[1 1=y, F=1D.

Since all nonlinearities are matched and the sliding mode dynamics are completely

insensitive to matched uncertainty, Theorem 3.2 is satisfied. From Theorem 3.3, the
following control can stabilise the system (3.83)—(3.84)

1
Wl — _Lz_| (5(0.1| siny| +0.5)% + K), (3.85)

where K = 4.5. Then, it follows from [114] that A, is an estimate of the domain of
attraction of the closed-loop system formed by (3.83) and the control (3.85).
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Fig. 3.2 The time response of displacement and velocity

Using Theorem 3.4, it follows that System (3.80)—(3.81) is globally stabilised
by the control (3.40) with u/(-) and u’! defined by (3.82) and (3.85), respectively.
Simulation results with the initial condition (2.5, —0.5) are given in Figs. 3.1 and 3.2

which demonstrate that the proposed results are effective.

71
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Fig. 3.3 Coupled inverted
pendula

3.4.2 Application to Control of Coupled Inverted Pendula

Consider the system given in Fig.3.3 formed from two identical inverted pendula
which are connected by a spring and subject to two distinct inputs u; and u; (see,
e.g., [59)).

A salient feature of the system is that the point of attachment of the spring (a)
can change along the full length (/) of the pendula. The input to each pendulum is
the torque u; applied at the pivot point. The two payloads are assumed to be both
known and equal to m. Let x; = col(x;1, x;2) = col(6;, 6; — w;) fori = 1, 2, where
w; = 0; is the corresponding angle velocity. From [59], the dynamic equations of
the pendula can be described by

1 —1 0 o 0 0]
;‘c1=|:1_§ _1:|x1+|:_ 1 :|u1+ ka? + ka® x (3.86)

—X1] -

l mi2 L mi? mi? |
1 - 0 0 0 0]
5;2=|:1_§ _1:|x2+|: 1 :|u2+ ka? + | ka? x1, (3.87)
-—— ——X2 — 0
/ ml L ml? mi?

where k and g are the spring and gravity constants, and a is an uncertain parameter
bounded by /. As in [59], assume the only measurable variable is

yl=[—2 1])(7,', l:1,2

The parameters are chosen as

Comparing (3.42)—(3.43), it follows that
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1 -1 0
A1=A2=[O _]] 31=Bz=[_1}

Ci=C=[-21]. AG)=H0)=0

0 0
Agi(x) = [(g)zx”] . Agln) = [(c_l)zle}
! !

and

0 0
s B N A |

As a result of these definitions,
lAg: ()l < |xitl, lHi; )l < x|l G #J)

fori, j = 1, 2. Because both subsystems are square there is no design freedom in the
choice of sliding mode dynamics. So without loss of generality choose

Fi=F=1.

Using the algorithm given in [37, 38], it follows that Assumption 3.7 is satisfied and
using
10
h=nh= [—2 1}

yields
At Ang | _ (A Ao | _ | 1 =1
Aq21 A1 Ay Ao 0 1}

Then, the composite sliding surface is given by

[yl yz]r =0.

Obviously, the sliding mode is asymptotically stable because all uncertainties and
interconnections of System (3.86)—(3.87) are matched. One choice of control law is
i

ki (yi), i=1,2. (3.88)
il

up =y +
It is observed that in the domain

O = {(x11, X12, X21, X22) | |x11] + |x21] < p}.
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Theorem 3.6 is satisfied if the control gain
ki(yi) >

fori = 1, 2, where u is a positive constant, and therefore the closed-loop system is
asymptotically stable. For simulation purposes, let

nw=23 and k(y;) =25, i=1,2.
With the chosen parameter settings, simulations with initial state
xo = (—1.0, =3.5, 1.2, 5.0)

are shown in Figs. 3.4 and 3.5. The effectiveness of the proposed control approach
is demonstrated by the simulation results.

Remark 3.15 Tt should be noted that in this case study, the triple (4;, B;, C;) is not
observable. In factin the work presented in Sect. 3.3, it is not required that the nominal
linear system is observable. This is in contrast with the work described in [219].

8
e‘1
6 R
\ - -8,
4t "
N i
\
\ \
of >\ - ———
i
_2, 4
_4A .
6 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 7 8

time/s

Fig. 3.4 The time responses of the angles 6; and 6, and the angular velocities w; and w>
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sliding function ¢ sliding function ¢

1 2

2 4
0 2
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-4 -2
0 2 4 6 8 0 2 4 6 8
control signal u, control signal u,
6 4
4 2
2 0
0 -2
-2 -4
-4 -6
0 2 4 6 8 0 2 4 6 8
time/s time/s

Fig. 3.5 The time responses of the sliding function o7 and o2 (upper) and the control signals u|
and uy (bottom)

3.4.3 Application to Flight Control Systems

Consider a lateral flight control system described in [190]. As in [177], the objective
is to design a decentralised scheme to control an (integrated) aircraft system. Let

X = col(x,%2, X3, ..., %7),
where X, X2, . .., X7 denote roll rate, bank angle, aileron deflection, sideslip angle,

yaw rate, washout filter output and rudder deflection, respectively.
According to [190], the nominal aircraft lateral mode at the cruising flight condi-
tion is described by

[—1.5880 0  —0.8830 —4.9670 —0.7930 0  —0.9710 ]|
1.0000 0 0 0 0 0 0
0 0 —25.0000 0 0 0 0
A= 00348 0.0353 0  —0.1613 1.0000 0  —0.0523
0.0057 0 0  —5.4460 —0.3860 0  —2.1850
0.0057 0 0 —5.4460 —0.3860 —0.5000 —2.1850
0 0 0 0 0 0 —20.0000 |
g _[0025000 0}
100000020
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where the (lateral) dynamic coefficients represent a Boeing 707 aircraft cruising at
an altitude of 8km at Mach Speed 0.8. Now, Let

x1 =: col(x1, X12, X13) =: col(X1, X2, X3)

xy =: col(xa1, X22, X23, X24) =: cOl(X4, X5, X6, X7).

In this way, the system can be rewritten as

—1.588 0 —0.883 0 4.967x71 + 0.793x22 4+ 0.971xp4
Xy = 1.000 O 0 x1+| 0 |u — 0

0 0 —25.000 25 0
+AH, (%)
~Jot1o0
= loor "
and
~0.161 1.000 0  —0.052 0
| —5.446 —0386 0  —2.185 Lo
2= 1 5446 —0.386 —0.500 —2.185 |2 o |*
0 0 0 —20.000 20
0.035)611 + 0.035)612
0.006x
+ 0.006x1; + AH(x)
0

~[0010
y2_ 0001 x27

where y; = col(y;1, y12) and y, = col(y21, y22) are system outputs and AH; (x) rep-
resents all the uncertainties in the i-th subsystem for i = 1, 2. According to [190],

IAH; )l < Billxll

where B; is some positive constant fori = 1, 2.
Choose
K1 =-0.6 and Kz =—1.3.

Then using the algorithm given in [37, 38], it follows that Assumption 3.7 is satisfied
and choosing
1.0000 0 0
T, = 0 1.0000 O
0  —0.6000 1.0000
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yields
oA —1.5880 —0.5298 | —0.8830
|:A]”A”2]: 1.0000 0 0
2 —0.6000 —15.0000|—25.0000
with
F :[—061] and Cpp = 1o
! : ! 0.6 1
whilst
1.0000 0 0 0
. 0 1.0000 0 0
2= 0 0 1.0000 0
0 0 —1.3000 1.0000
gives
—0.1613 1.0000 —0.0680 | —0.0523
Ayt Agip ]| —5.4460 —0.3860 —2.8405 | —2.1850
As Av | — | —5.4460 —0.3860 —3.3405 | —2.1850
7.0798  0.5018 —21.6574|—17.1595
with
F> =[~1.3000 1.0000] and Cxn = 1o
: : 131
Let

p1=0.035 and B, =0.0628.

By direct computation, it can be shown that the sliding mode is globally stable. Now
consider the system in the domain ® = ®; x ©,, where

I
6,

xr T xs xi3 € R, x| < )
S | x03, X4 € R, 1| 4 |x22| < o}

Choose the control gains as

ki) = 6(u1 + llyilD.  ka(y2) = 0.1(u2 + [ly21D. (3.89)

It can be shown that the reachability condition is satisfied in the domain @. Therefore,
under the control law

—0.6y11 +y12 ui
=——" " 125 0.18 — +k
ui 35106911 — ool [yiz2l + &1+ %, + k(1)
—1.3 2
y = — YA E IR [|2.2536y21 +0.1597y2| + 14.9383, + L2 kz(yz)] ,
20[1.3y21 — y22| 2e9



78 3 Static Output Feedback Variable Structure Control

2 0
15 -0.5
5 -1
L 1 2
2 ° 15
X =1.
2 <
© 05 ®©
> Kol -2
0 25
-0.5 -3
5 10 15 20 0 5 10 15 20
time/s time/s
1 0
° 0.8 5 -05
=) =
s 06 =
2 o -1
B o4 ®
B ©
S z
@ -1,
0.2 5
0 -2
0 5 10 15 20 0 5 10 15 20
time/s time/s

Fig. 3.6 The time responses of some variables of aircraft system

where ki, ky are defined in (3.89), the corresponding closed-loop system is asymp-
totically stable.
For simulation purposes, the parameters are chosen as

g1 =6 =05, M1 =p2=35

and the initial conditions are xo = (0, 0, 0, 0, 2, 0, 0). Simulation results are shown
in Fig. 3.6 and are as expected.

3.5 Summary

This chapter has discussed static output feedback control design for both nonlinear
systems and interconnected systems. The results developed for nonlinear systems
are global. It is expected that the approach proposed in Sect. 3.2 will form the basis
for a new technique for further exploring the problem of global stabilisation using
static output feedback control for fully nonlinear systems. The study in Sect.3.3
provides an approach to design a decentralised static output feedback sliding mode
control for nonlinear interconnected systems when mismatched uncertainties are



3.5 Summary 79

involved. Based on the method proposed by Edwards and Spurgeon [38], a composite
sliding surface is formed for nonlinear interconnected systems with linear nominal
subsystems. The control law eliminates the major limitations of [219]. In certain
situations, global results have also been obtained for the interconnected systems in
Sect.3.3. The case studies in Sect. 3.4 have illustrated the approaches developed and
simulation results have demonstrated that the approaches developed in Sects. 3.2 and
3.3 are effective and feasible for practical design.



Chapter 4
Dynamical Output Feedback Variable
Structure Control

The focus of this chapter is dynamical output feedback controller design for
nonlinear systems with nonlinear disturbances using sliding mode techniques. Non-
linear control systems with both minimum phase and nonminimum phase nominal
systems are considered.

4.1 Introduction

As dynamical feedback can use both information about the designed dynamics and
system outputs for control design, the limitation on the considered system can be
relaxed when compared with the static output feedback methods discussed in Chap. 3.
However, extra hardware and/or software is required to build the dynamical com-
pensator for implementation and the dimension of the corresponding closed-loop
systems may increase by a factor of two—which may produce other problems.

In view of this, this chapter considers the development of control schemes to pro-
vide asymptotic stabilisation based on designed dynamical systems. The considered
systems are permitted to have mismatched disturbances/uncertainties. In contrast
to Chap. 3, all the uncertainties involved in this chapter are bounded by nonlinear
functions of the system state variables, instead of the output variables. The bounding
functions are assumed to be known and thus it is possible to use them for sliding
mode control design and system analysis to reduce the effects of the uncertainties.

In Sect.4.2, a sliding surface is designed based on the approach which has been
outlined in Sect.2.6. This sliding surface is independent of any observer design. A
sliding mode control is synthesised based on estimated states from an observer and
the system outputs. The controller design and the observer design are separated. The
designed control can be used with any observer but the developed approach requires
that the considered system is minimum phase.

© Springer International Publishing AG 2017 81
X.-G. Yan et al., Variable Structure Control of Complex Systems,
Communications and Control Engineering, DOI 10.1007/978-3-319-48962-9_4


http://dx.doi.org/10.1007/978-3-319-48962-9_3
http://dx.doi.org/10.1007/978-3-319-48962-9_3
http://dx.doi.org/10.1007/978-3-319-48962-9_2

82 4 Dynamical Output Feedback Variable Structure Control

In Sect.4.3, a dynamical compensator is designed first. Then, the considered
system and the error dynamics between the system and the compensator form an
augmented system. A sliding surface is designed for the augmented system based
on the equivalent control approach. Therefore, the sliding motion analysis is closely
related to the designed compensator and limitations on the compensator are necessary
to guarantee the stability of the sliding motion and the satisfaction of a reachability
condition. However, it is not required that the nominal system is minimum phase.

Applications to control the High Incidence Research Model (HIRM) aircraft are
given in Sect.4.4. Both longitudinal and lateral aircraft dynamics based on different
trim values of Mach and Height are employed in the simulation study.

4.2 Control of Nonlinear Systems with Matched
and Mismatched Uncertainties

This section considers a class of nonlinear systems with minimum phase nominal
systems.

4.2.1 Introduction

There has been significant work which focuses on output feedback control [25, 95, 96,
157,200, 219]. In the approach proposed by Zak and Hui [219] geometric conditions
were presented for the existence of a sliding mode and an associated design algorithm
was also derived.

This section considers a class of nonlinear systems involving both matched and
mismatched uncertainties. No statistical information is required about the uncertain-
ties. The bounds on the matched and mismatched uncertainties, which take more
general forms, are both fully used in the observer design and in the sliding mode
control design. By employing the sliding surface prescribed in Sect. 2.6, the stabil-
ity of the sliding mode is shown first. Then, an asymptotic observer is established
to estimate the state variables based on a constrained Lyapunov equation. Further,
provided that the observer has been well designed, a variable structure control is pro-
posed using the estimated state and system output to stabilise the considered systems
asymptotically.

4.2.2 System Description and Preliminaries

Consider the system

X)) =Ax(@t)+Bu+ Aglx,t))+ Af(x,t) + P(x) 4.1)
y(t) = Cx(t), 4.2)
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wherex € R",u € R",y € R” (m < p < n) are state variables, inputs and outputs,
respectively; the triple (A, B, C) comprises constant matrices of appropriate dimen-
sions with B and C both being of full rank; Ag(x, t) and Af (x, r) are the matched
and the mismatched uncertainties, respectively, which are continuous in their argu-
ments; the known nonlinear vector @ (x) is sufficiently smooth with @ (0) = 0. Since
@ (x) is smooth and @ (0) = 0, there exists a matrix H(x) € R"*" such that

D(x) = H(x)x.
The following basic assumptions are imposed on the system (4.1)—(4.2):

Assumption 4.1 rank(CB) = m.

Urlder Assumption 4.1, it can be shown from [37] that a coordinate transformation
X = Tx exists such that the triple (A, B, C) with respect to the new coordinates X
has the following structure:

~ A A = 0 ~ o
A=~ =71, B=|~ |, cC=|0T], 4.3
|: Ay Axp ] |: B [07] +3)
where Xll € R=mx(n=m) Ez € R"™" is nonsingular and T € RP*P is orthogonal.

Assumption 4.2 For the triple (A1, A1z, C1) with Ci = [O0(pmxup) Lip—m) |-
there exists a matrix K such that A;; — A, K C is stable.

Remark 4.1 Assumptions 4.1 and 4.2 are based on the linear part of the nominal
system. They guarantee the existence of the output sliding surface (see Sect.2.6). A
necessary condition for this is that the triple (A, B, C) is minimum phase [38].

Assumption 4.3 The pair (A, C) is observable, and the nonlinear function @ (x) is
Lipschitz in its defined domain.

In view of the observability of (A, C), there exists a gain L € R"*” such that A —
LC is Hurwitz stable. Therefore, for Q > 0, there exists a unique P > 0 satisfying
the Lyapunov equation

(A—LC)'P+P(A—-LC)=-0. 4.4)

Assumption 4.4 There exist known continuous functions &, & and y in a domain
2 x RT (0 € 2 C R") such that

[Ag(x, DIl < &1 (y, H&(x, 1), (4.5)
Af(x,1) = EAn(x,1) (4.6)

with
AnCe, O < vy, Dy,
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where & and y are both Lipschitz about x in §2 uniformly for # € RY, and E is a
structural matrix for Af (x, ¢).

Remark 4.2 The approach proposed by Zak and Hui [219] has the following stringent
assumptions as pointed out in [95, 96]:

e the uncertainty is bounded by a function of the output y;
e there exists a matrix M such that SA = M C, where S is the sliding matrix.

An example in [95] shows that the former condition is quite restrictive, and another
example and some analysis in [219] also show that the latter limitation is relatively
strong.

The objective is to propose a control scheme such that the two limitations in
Remark 4.2 are eliminated. In view of this, a sliding surface will be designed and the
stability of the corresponding sliding motion will be studied first. Then an asymptotic
observer will be provided, and based on the estimated state from the observer and
the system output, a sliding mode controller will be described to complete the task.

4.2.3 Stability Analysis of the Sliding Mode

Under Assumptions 4.1 and 4.2, it follows from Sect. 2.6 that there exists a matrix
F € R™*P to form a sliding surface

ox)=:Sx=FCx=0 4.7
for the triple (A, B, C) given in (4.1)—(4.2), and a coordinate transformation
z=Tx (4.8)

such that the triple (A, B, C) has the following structure:

A Ap 0
, , C=[0 (],
[Azl Azz] [32] 0 Gl

where Ay is stable, and the matrices B, € R"*™ and C, € R”*? are both nonsin-
gular.

Now, consider the sliding surface (4.7) for System (4.1)—(4.2). From Sect. 2.6, the
existence of the sliding surface (4.7) is guaranteed by Assumptions 4.1 and 4.2. The
objective now is to derive the sliding mode dynamics and analyse its stability.

It is straightforward to see that in the new coordinates z defined in (4.8), system
(4.1)—(4.2) is described by
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= I:::; 1:Zi| ot I:BE)Z:| (u + Ag(T ™'z, n) + TAF(T '2,1)
' |:RiZ) ::| ) 4.9)
el (4.10)

where Aj; is stable, R(-) € R#=*@=m) and the %’s are subblocks of TH(-)T !
which play no part in the subsequent analysis. Furthermore,

Floc]=[0R].
where F, € R™*™ is nonsingular.

Remark 4.3 Tt should be emphasised that the regular form in (2.22)—(2.23) or system
(4.9)—(4.10) can be obtained from a systematic algorithm together with any output
feedback pole placement algorithm of choice. To check the output feedback stabilis-
ability of a triple is far from trivial problem [165] but it is well studied. Further details
of the algorithms and how to determine the switching surface (4.7) are available in
[37, 38].

Since A is stable, forany Q; > 0, the following Lyapunov equation has a unique
solution P; > 0 such that

Al P+ PA = -0, 4.11)

Partition z = col(zy, zp) with z; € R"™™. It follows from Sect.2.6 that in the new
coordinate z, the switching function FCx can be described by

F[O CZ]Z = 2,

where F, is nonsingular. From the nonsingularity of F>, it follows that the sliding
surface (4.7) becomes z, = 0. Then, when System (4.9)—(4.10) is restricted to the
sliding surface zo = 0, the sliding mode takes the following form:

21 = Anz + A¥ (21, 1) + R(z1, 0)zy, (4.12)
where AW (z),1) is the first (n —m) components of TAf(T~'z,)|,,—o. From

Assumption 4.4, it is easy to assert the existence of a continuous function x (z1, t)
depending on y and T such that

1AY (z1, DI < x(z1, Dllz1ll- (4.13)
Theorem 4.1 Consider System (4.1)—(4.2). Under Assumptions 4.1-4.4, the sliding

mode (4.12) is asymptotically stable if there exists a neighbourhood of the origin
such that


http://dx.doi.org/10.1007/978-3-319-48962-9_2
http://dx.doi.org/10.1007/978-3-319-48962-9_2
http://dx.doi.org/10.1007/978-3-319-48962-9_2

86 4 Dynamical Output Feedback Variable Structure Control

1
x@LONP + 1 PIR(z1, 0] < E)Lmin(Ql), (4.14)

where Py and Q) satisfies (4.11) and x is determined by (4.13).

Proof For the sliding mode system (4.12), consider the Lyapunov function candidate
Vi = z{ P1z;. The time derivative of V; along the trajectories of the dynamic system
(4.12) is given by

1% l@a12) = =21 Qiz1 + 2z2] PLAW (21, t) + 227 PiR(z1, 0)z1,
where (4.11) is used above. Further, from (4.13), it follows that

Vil < =Amin(QD 2113+ 2x 1, OIPH 2112+ 211 Pi R (21, 0) || [1z: |1

1
< =2(5Amin(@D) = x G DIP = I PRGL O 211

A

From the condition (4.14), it is observed that Vl l4.12) 1s negative definite. Hence,
the conclusion follows. #

Remark 4.4 1t is observed from (4.12) that the matched uncertainty does not affect
the stability of the sliding mode. However, the mismatched uncertainty affects the
behaviour of the dynamics of the sliding mode directly. It is therefore necessary to
impose some constraints on the mismatched part. The limitation (4.14) on the bound
of the mismatched component is used to guarantee the stability of the sliding mode.

Remark 4.5 In most cases, Theorem 4.1 is local due to (4.14). From the proof above,
however, a global conclusion is available if condition (4.14) is satisfied globally.
Specifically, Theorem 1 is global if the bounds on all the mismatched uncertainties
degenerate to the linear case as in [95, 157].

4.2.4 Variable Structure Observer Design

In this section, an asymptotic variable structure observer is established to estimate
the state variables of the system (4.1)—(4.2). The following assumption is required:

Assumption 4.5 There exist constant matrices I” and 7" such that the solution of
the Lyapunov equation (4.4) satisfies the following constraints:

(i) B'P =1C;

(i) EFP=7C,

where E is defined as in (4.6).

Remark 4.6 1t should be noted that if there exists a matrix L such that (A —
LC, B, C) is passive, then Assumption 4.5 (i) is satisfied with I" = I. Similarly,
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if (A — LC, E, C) is passive, then, Assumption 4.5 (ii) is also satisfied. Similar con-
ditions are adopted by Yan et al. and many other authors (see [214] and reference
therein).

Construct the following dynamical system associated with the system (4.1)—(4.2):
I=ATHLY ~CH+Bu+EGR,y,0)+ LGy, 0+ (), (4.15)

where L is determined by (4.4), and I1; and [T, are defined by

. rG-Cd )
Hl(xs y’t) - ||F(y—C£)||$1(y’t)§2(x’t)’ (416)
T(y—C%)

IL(x,y,1) = E y @ Olyll. (4.17)

17 (y = CHI
The following result can be presented:

Theorem 4.2 Consider the dynamical system (4.15). Under Assumptions 4.3—4.5,
there exists a nonnegative constant ay and a positive constant o, such that the state
estimation error satisfies

lx — X < oy exp{—ayt}

if there exists a neighbourhood of the origin 2, C §2 such that

1
sup { L& (.DITCl + LIyl ITYCl + Lo | PIl} < Ekmin(Q)- (4.18)
xef2y,1eR*

Proof Lete = x — X. It follows from (4.1) and (4.15) that the state estimation error
equation is described by

é(t) = (A — LO)e(t) + B (=TT (R, y, 1) + Ag(x, 1)) — (&, y, 1)
FAf(x, 1) + D (x) — DR). (4.19)

For System (4.19), consider a Lyapunov function candidate
V =e Pe.
Then, the time derivative of V along the trajectories of System (4.19) is given as

Vi@i9) = —€" Qe +2e" PB(=IT1 (R, y,1) + Ag(x, 1)
+2e"P(—Mp(%, y, 1) + Af (x,1)) + 2" P(®(x) — ®(%)). (4.20)
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From Assumptions 4.4 and 4.5, and (4.16), it follows that

ETPB(—Hl(ﬁ, y7t)+Ag(x7t))
< =l Cell& (y, DE(R, 1) + | T Cell& (v, DE(x, 1)
< Z,E (. OICC| el

Therefore,
e PB( = MGy, 0+ Ag(x.0) < L& OICCH el @21)
By the same reasoning as above, it is observed from (4.17) and Assumptions 4.4 and
4.5 that
e P(= MGy, 0+ Af(,0) < IVIGITCI el @422)
From Assumption 4.3, @ (x) is Lipschitz, and thus
¢ P(P(x) —D(R)) < Lo Pl el (4.23)

Substituting (4.21)—(4.23) into (4.20), it follows that

Vlais) < —€" Qe +2(Z1 0. OITC + 2 IV ITClL+ Zo 1P )
< <2(37mn(Q) ~ L0 DITCl — Z I 1T C
—Zo|1P1) el (4.24)
Define

K =Imin(Q) =2 sup (L&, OITCI+ZIyINTCl+ Lol P}

xeR,teRt

It follows from (4.24) and (4.18) that x > 0 and

. 5 K . K
V<—klel|<————e"Pe=———"-—V.
)\max(P) )"max(P)
Consequently,
K
V() < V(0)exp {— t]
Amax (P)
and using the inequality
Vv
lell <

Amin(P)
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it follows that

lel < .| expl—;t].
)‘min(P) 2)‘max(P)

Hence, choosing

V(0) K
o = and oy = —————
)\min(P) 2)\max(P)

the conclusion follows. #

Remark 4.7 1t should be noted that the injection signals defined by (4.16) and (4.17)
may be discontinuous, and thus the classical solution of the dynamical system (4.15)
may no longer exist due to the discontinuity in the right-hand side. In this case,
a solution of equation (4.15) is defined in the Filippov sense [46]. Formally, the
injection signals in (4.16) and (4.17) have only been defined for motion away from
the switching surface. In practice, ideal motion along the switching surface cannot
be achieved and so this does not pose a problem.

Remark 4.8 From the proof above, it is clear that the functions I7; and [T, are
introduced to reject the effect of the uncertainties Ag(x, t) and Af (x, 1), respectively.
Itis obvious that Assumption 4.5 (i) is unnecessary if Ag = 0. Similarly, Assumption
4.5 (ii) is redundant if the system does not suffer from any mismatched uncertainty.
Theorem 4.2 shows that under some conditions, the observer error converges to zero
exponentially.

Remark 4.9 The observer defined in (4.15) with the injection signals in (4.16) and
(4.17) may be discontinuous. In practical implementation, the system trajectories
may not stay on the associated manifolds and consequently chattering may occur.
One way of overcoming this is to introduce a boundary layer about the manifolds: a
detailed discussion along these lines is available in [13].

4.2.5 Sliding Mode Control Design

In this section, a control is to be designed based on the output and the estimated
states so that the system is driven to the sliding surface and forced to remain there.
Consider the following output feedback sliding mode controller:

u=—B){S(A% +0®) + Ry (ISBlE (v DEE, 1)

HISEN Yy G0 + k(v ) ], (4.25)

where X is given by (4.15), and the control gain k(y, t) is to be developed to satisfy
the reachability condition
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0" (x)6(x) < —Bllo)l (4.26)

with B a positive constant.

Theorem 4.3 Suppose that (4.18) is satisfied. Under Assumptions 4.1-4.5, system
(4.1)—(4.2), driven by the control law (4.25), converges to the sliding surface (4.7)
and remains on it if the control gain k(y, t) is chosen such that

k(y, 1) > aiexp{—aat} (ISAll + IS] Lo + & (v, )L, |ISB]
+Z, Iy I ISEN) + B, (4.27)

where B is chosen as a positive constant, o) and o, are given as in Theorem 4.2, and
&1, & and y are defined by Assumption 4.4.

Proof From (4.1)—-(4.2) and (4.7), it is observed that the sliding dynamics can be
written as

6 (x) = S(Ax B+ Ag(x, 1) + Af(x, 1) + <1>(x)). (4.28)

Then, from (4.25) and (4.28), it follows that

TG () = —(S%)T —2—k(y, 1) + ((Sx)"SBAg(x, 1)

||F l
Sx)* Fy SB
—(Sx) Fy ISBIIE (y, &2, 1))
+((Sx)TSAf (x, 1) — (Sx)° ||F i ISE| llylly (X, 1)
—}—((Sx)TSAx - (Sx)’SAx)
H((SX)TSP(x) — (SX)"SP(R)). (4.29)

From Assumption 4.4, S = FC and Theorem 4.2, it follows that

(Sx)*SBAg(x,1) — (Sx)* Fy

ISBI& (v, 1)&2(X, 1)

IEI
Fy
= IEYIISBIIE(y, &2 (x, t)—(Fy)fmllSBII&(y D& (X, 1)
= IFyIIISBlI& (v, 1) (62(x, 1) — &2(%, 1))
= a[FyllISBlI& (v, 1)L, exp{—ant} (4.30)

and
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Fy R
(Sx)"SAf(x, 1) — (Sx)° TFy ISEl Iy, 1)
z . Fy R
= (Fy)'SEAn(x,t) — (Fy) ”F—yHIISEII Iylly(x, 1)
< EYINSENyllyx,t) = IFyIISEN lIylly (X, 1)
<o |Fy| ISE|l yll-Z, exp{—ast}. 4.31)

Further,
(Sx)TSAx — (Sx)"SAX = (Fy)"SA(x — X) < ai||Fy| ||ISA| exp{—azt} (4.32)

and
(SX)"SP(x) — (Sx)'SP(X) < a1 | Fyll IS -Le exp{—art}. (4.33)

Substituting (4.30)~(4.33) into (4.29), it yields
o' (x)o(x) < —IIFyII{k(y, 1) — ay exp {—aat} (ISAll + IIS1-Ze

610, 0LLISBI + 112, ISEI) . (4.34)

Then by (4.27) it follows that o™ (x)o (x) < —B|lo (x)] if o (x) # 0. Hence the result
follows. #

Remark 4.10 Tt should be noted that the bounds on the matched and mismatched
uncertainties are both used in the control analysis and design. The uncertain nonlin-
earity Af (x, t) and the known nonlinearity @ (x) are dealt with separately throughout
the section. Therefore, conservatism is reduced as seen from the proof of the the-
orems above. The class of system considered includes those discussed in previous
work [95, 157, 219] as special cases.

4.3 Control of Nonminimum Phase Systems with Nonlinear
Disturbances

This section considers the stabilisation of a class of nonlinear systems, using sliding
mode techniques, where the nominal systems are allowed to be nonminimum phase.

4.3.1 Introduction

In many cases, the disturbance suffered by practical systems does not act in the input
channel. Unlike the matched case, any mismatched disturbance impinges on the
sliding mode dynamics and affects the behaviour of the sliding mode directly. Based
on the work in [219], some dynamical output feedback control schemes are proposed
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in [96, 157], where it is required that the bound on the mismatched uncertainty is a
linear function of ||x||. An approach given by [25] also requires that the mismatched
uncertainty is linear due to the limitation of the LMI technique used. However,
disturbances experienced by practical systems may be structurally unknown or have
nonlinear bounds [155]. In view of this, output feedback sliding mode control is
considered in [200, 205], where more general mismatched uncertainty is considered.
Unfortunately, in [37, 96, 157, 200, 205, 219] it is required that the system under
consideration is minimum phase and relative degree one. The presence of right half-
plane transmission zeros also limits the application of many existing results [25, 37,
38,42, 96, 157, 200, 205, 219].

Results on output feedback stabilisation of nonminimum phase systems have
appeared in the literature (see, e.g., [31, 32, 80, 169]). A control scheme is proposed
for nonminimum phase systems without disturbances in [31]. The method is extended
to systems with uncertainties possessing linear bounds using LMI techniques in [32].
Using geometric approaches and Lyapunov techniques, output feedback stabilisation
results have been obtained for SISO systems in [80, 169] but the nominal system
needs to have a special structure. Uncertainty is not dealt with in [169] while only
parametric uncertainty is considered in [80]. Recently, a robust stabilisation scheme
for nonminimum phase nonlinear systems has been proposed based on high-gain
observers in [128], where the considered system is required to have a relative degree
which guarantees that the considered system can be partially linearisable.

Sliding mode control can deal with uncertainty with unknown structure. During
the sliding mode, a reduction in system order occurs, and this makes it possible to
reduce the conservatism in the stability analysis of the reduced order sliding motion
when compared with a direct Lyapunov approach [214, 215]. This has motivated
some authors to apply sliding mode techniques to nonminimum phase systems and
some interesting results have been obtained; see, e.g., [152, 160] and the references
therein. However, most results focus on the tracking problem for specific signals.
Thus sliding mode stabilisation of nonminimum phase systems based only on output
information is essentially an open problem.

In this section, sliding mode techniques are employed to study a robust output
feedback stabilisation problem for a class of systems in the presence of a nonlinear
disturbance. The approach allows the nominal system to be nonminimum phase.
The disturbance considered is mismatched and has a nonlinear bound. The strong
limitation that the nominal system is relative degree one, employed in Sect.4.2, is
eliminated. The effect of the disturbance is rejected using the disturbance bound in
the controller design.

4.3.2 System Description and Preliminaries

Consider the system

%= Ax + Bu+ f(x,1) (4.35)
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where x € R", u € R™ and y € R? are the state variables, input and output, respec-
tively; A, B, C are constant matrices with appropriate dimensions, and B is assumed
to be full rank. The function f(x, ¢) is a mismatched nonlinear disturbance which is
continuous in its arguments. Without loss of generality it is assumed that C is full row
rank. The problem which is considered in this section is one of robust stabilisation
using only the measured output.

The following further assumptions are imposed on the system (4.35)—(4.36).

Assumption 4.6 The nonlinear disturbance f (x, ¢) has a structural decomposition:

fx, 1) = EA§(x, 1),
where E is a known constant matrix, and

A&, DIl < ¢(x, 1) < nlx, Dlx]l,

where ¢ (x, t) is Lipschitz with respect to x in the domain £2 C R” (including the
origin) and uniformly about t € R™, and n(x, ) is continuous in £2 x R*.

Remark 4.11 In Assumption 4.6, the matrix E is employed to describe the structural
characteristics of the nonlinear disturbance f(x, ). The term A&(x,t) represents
unstructured uncertainty with known bounds and this will be used in the control
design later. It is not necessary to assume E = B: this implies that the nonlinear
disturbance in this section is allowed to be mismatched.

Assumption 4.7 The matrix pair (A, B) is controllable and (A, C) is observable.

From Assumption 4.7, there exists a matrix L such that A — LC has n eigenvalues
which lie in the open left-half plane. Then, for any Q; > 0, the Lyapunov equation

(A—LCO)"'P + Pi(A—LC) = -0, (4.37)

has a unique solution P; > 0.

Assumption 4.8 There exist (known) matrices F and P; such that ET P, = FC
holds, where E is given by Assumption 4.6, and P; satisfies (4.37).

Remark 4.12 Tt should be noted that a similar condition to Assumption 4.8 has also
been imposed in [29, 215]. This constraint can be viewed from a system theoretic
point of view as a requirement for the map from the uncertainty A& to the linear
combination of the output Fy to be passive. Thus the constraint ET Pj = FC is a
structural characteristic associated with the system (A, B, E) and is independent of
the choice of coordinate system. The associated condition for nonlinear case has
been used in Chap. 3 (see Assumption 3.3).
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4.3.3 Dynamical Compensator Design

Based on the assumptions above, the following dynamical system is constructed for
the system (4.35)—(4.36):

=A%+ Bu+L(y—C%) + PR, y, 1), (4.38)
where X € R”, L € R"*? satisfying (4.37) is the design gain, and

F(y=C3) . (a _
S 3. 1) — I EEO=CO1(%,1), F(y — C) # 0

. , (4.39)
0, F(y—Cx)=0

where the matrices £ and F satisfy Assumption 4.8, and the function ¢ is given in
Assumption 4.6.

Theorem 4.4 Suppose that Assumptions 4.6—4.8 are satisfied. Then, for the system
(4.35)—(4.36) and (4.38), in 2 x R*, the following are true:

(i) = HTP(f0x0) = DO)) < LNFCI I = £

(ii) there exist positive constants | and o such that
X — X|I < oy exp{—aat}
if the symmetric positive definite matrix Q1 satisfies
Amin(Q1) > 22| FC|,

where Py and Q satisfy (4.37).

Proof For convenience, let e = x — X. It follows from (4.35) and (4.38) that
ée=(A—LC)e+ f(x,1) — DX, y,1). (4.40)
If FCe # 0, then using E*P; = FC:

. . FCe)TFCe
(x=)"P (fx,t) — D&, y,1) = (FCe) A&(x, 1) — (”:;)—Ce”e;(x, 1)
< IFCellg(x, 1) — | FCell§ (£, 1)

< Z|FC| llx = 2.
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otherwise if FCe = 0 then
ANT A A2
x=D"P(fx,0) = P&, y,1) =0< Z|FC| ||lx — &

and hence conclusion (i) follows.
For the system in (4.40), consider a Lyapunov function candidate

Vi = eTPle.
Then, the time derivative of V| along the trajectories of System (4.40) is given by
Vi=—e"Qie+2e" Py (fx,1) — ®(&, y,1)),
where (4.37) is used to obtain the above. From conclusion (i), it follows that

Vi < —Ounin(Q1) — 2% | FC D el?
Amin -2 FC
- Q) = 24IFCH

)Lmax(Pl)
= —2m,V, (4.41)

where
oy = (Amin(Ql) - ZXCHFC”) / QAmax(P1)) > 0

if
Amin(Q1) > 22| FC.

It follows that
Vit) < Vi(ty) exp{2a2to} exp{—Zazt}. (4.42)

Since Vi > Amin(P1)]le||?, from (4.42),

Vi(7) Vi(1)
< < I —Qot . 4.43
llell < \//\mm(})l) < \//\mm(Pl) exp{aato} exp{—aat} (4.43)
o
Hence, conclusion (ii) follows. #

Remark 4.13 Conclusion (ii) of Theorem 4.4 shows that under certain conditions
the dynamical compensator (4.38) is an exponential observer of the system (4.35)—
(4.36). The proof above also shows how to determine the values of «; and «5.

Remark 4.14 In this section, discontinuous terms are introduced into both the
observer and the control law. The ‘solutions’ of the resulting systems are under-
stood to mean solutions in the sense of Filippov [46].
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Generally speaking, sliding mode control design is composed of two steps as
stated in Sect. 1.3.1: The first step is the establishment of the switching surface such
that the associated reduced order system has the desired performance. The second is
the development of a sliding mode controller which drives the system to the sliding
surface and maintains a stable sliding motion thereafter. The subsequent study will
follow this procedure.

4.3.4 Stability of the Reduced Order Sliding Motion

In this section, the objective is first to design a sliding surface based on the system
output y and the estimated state X given by (4.38). Then, the stability of the reduced
order sliding motion will be analysed.

Let N € R"=P*" be any matrix such that [ C” N ] is nonsingular. Now, for
System (4.35)—(4.36) with the compensator (4.38), consider the switching function
described by

o(y, %) =Sy + SNx, (4.44)

where the matrices S; € R”*” and S, € R”"*"~P) are both design parameters.

Let S € R™*" be any matrix such that det(SB) # 0 and the n — m nonzero eigen-
values of (I — B(SB)~'S)A are in the open left-half plane. Such a matrix S can be
designed using any existing state feedback sliding mode design methodology [38].
Let

c -1
[Si Sz]zs[N} : (4.45)

Such a definition is well-defined by choice of N. Then, by construction S; and S,
are such that

e (5;C + S, N)B = SB is nonsingular;
e Ay = A— B((51C+ $:N)B) ' (51C + SN)A = (I — B(SB)"'S)A has n —
m eigenvalues which lie in the open left-half plane.

Remark 4.15 Tt should be emphasised that these constructions do not require that
(A, B, C) is minimum phase or that rank(C B) = m. These requirements underpin
most of the output feedback results for uncertain systems developed in [38] and
so this greatly increases the class of systems for which the robust output feedback
sliding mode approach is applicable.

It follows that in the (x, e) coordinate system with e = x — X, the system (4.35)—
(4.36) and (4.38) can be described by

i e | P e P

y=Cx 4.47)
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and the sliding surface can be written as
[SiC+ SN —S$,N ] [ﬂ =0. (4.48)

From [38, 173], it is observed that the equivalent control for the system (4.46) is
given by

leg = —(SB)™" ((SIC 1 SN)Ax — $;N(A — LC)e + S,Cf(x, 1)

L SHNO(x —e, y, z)). (4.49)

When the system (4.46)—(4.47) is restricted to the sliding surface (4.48), the sliding
mode dynamics are described by

5] _ [ Aeq BSB'NGA L0 |[x]
el |0 A—LC e

(In — B(SB)—ISIC) f(x,1) — B(SB) "' S$ND(x — e, y, 1)
.f(x’l)_(p(x —e, yvt)

} (4.50)

which is the so-called equivalent system.

Remark 4.16 From the structure of the matrix,

Ay B(SB)T'S;N(A — LC)
0 A-LC

it follows that A, has 2n — m eigenvalues which lie in the open left-half plane since
A — LC has n negative eigenvalues. If E € span{B}, then @ € span{B} and in this
case the corresponding sliding mode is asymptotically stable.

In this section, the focus is the mismatched case, where E ¢ span{B}. It is
observed from sliding mode theory that mismatched uncertainty can enter the sliding
mode and may affect/destroy its performance directly. Therefore, some restrictions
on the mismatched disturbance f(x, r) are necessary to guarantee the stability of the
reduced order sliding motion associated with (4.50).

The matrix S;C + S, N is full row rank, and thus there exist nonsingular matrices
T, € R™" and T, € R™ ™ such that

T5(81C + $N)T; = [ 1, 0]. 4.51)

Introduce a nonsingular transformation z = Tl_lx. It follows that in the new coordi-
nate system (z, e), the equivalent system (4.50) becomes
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A—LC e
n [Tf' (I, — B(SB)'S,C) f — T/ 'B(SB)"'S;N®
f—o

[z] B [TllAequ T, 'B(SB)~'S$;N(A — LC)} |:z:|
el 0

] . (4.52)

From (4.51), it follows that
(S1C + $:N)x — S,Ne =T, 'z; — S, Ne,

where z = col(zy, zo) with z; € R™. The sliding surface (4.48) in the new coordinates
becomes
z1 =T S5 Ne. (4.53)

Partition

Al Ap

—1 _ —1 —1 _ _| D1
T Aeg Ty = [A21 Azz] and 7| B(SB)™ ' S)N(A - LC) = [Dz]’ (4.54)

where A1y € R™*™", D; € R™*", Then, it follows from (4.53) and (4.52) that the
corresponding sliding mode dynamics are described by

22| | Axn AuThS:N + Dy || 22 f2
b e aaes i | Y K T

where z; € R"™™, f5(z2, e, 1) is the last n — m components of

[17" (I, — B(SB)™'S,C) f — T, 'B(SB) ' S;N @] (4.56)

Z1=T2S2Ne

and
W(Zzs e,y, t) = [f(TIZv t) - ¢(T1Z —e, ), t)]ZI:TZSZNe (457)

with @ defined by (4.39).
It is observed from Remark 4.16 and the relationship between (4.52) and (4.55)
that Ay, is stable. This implies that for any Q, > 0, the Lyapunov equation

AL P+ PyAy = — 0> (4.58)
has a unique solution P, > 0. From Assumption 4.6 and (4.39), it follows that

|77 (1, — B(SBY'SiC) f(-) — T, 'B(SB) "N () ||
< 177" (I, — BSB)'S,C) | | Elln|| Tz
+HIT ' BSB) ' N Elln (I Tizll + llell). (4.59)

Then, from the definition of f5, (4.56), (4.59) and the inequality
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T,S5Ne
T, [ 25 ]
22

it is straightforward to see that there exist functions x; and y, (dependent on 7, 71,
1>, S; and S,) such that

= I A28 N lell + l1z21)

[T 2l rosove | = '

| f2(z2, e, DIl < x1(z2, €, 1) l|22]l + x2(22, €, t)]le]|. (4.60)

Then, the following conclusion is ready to be presented.

Theorem 4.5 Suppose Assumptions 4.6-4.8 are satisfied. Then, the reduced order
sliding motion dynamics (4.55) are asymptotically stable if there exists a domain

2 ={@enllzl<d el <drer"|

for some positive constant d such that in 2’ \ {0}, the matrix

M = |:)‘min(Q2) - 2)\max(P2)Xl —1I1 i|
—I1 Amin(Q1) = 2| FC|I £ |°

is positive definite, where
IT := || P(A21 1282 N + Do) || + Amax (P2) X2

and
x1 = x1(z2,e, 1) and x2 = x2(z2,¢,1)

satisfy (4.60).

Proof 1Ttis only required to prove that the system (4.55) is asymptotically stable. For
system (4.55), consider the Lyapunov function candidate

V(z2,€) =’ Pie + 2] Pyzs.

Then, the time derivative of V along the trajectories of the dynamic System (4.55)
is given as

V=—e"Qre— 2zl 0222228 Py(Ay T2 SN + Dy)e + 228 Py fo () + 2eT Piw ().
(4.61)

From conclusion (i) of Theorem 4.4 and the definition (4.57) of ¥, it follows that
2" P1W (22, €.y, 1) < Z|IFClllle]. (4.62)

Then, substituting (4.62) into (4.61), it follows from (4.60) that
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V = = (min(@0) = 21FCIZ ) el = (Amin(02) = 2hman (P2)11 ) 2]

+2(||P2(A21T252N + Do) + /\max(Pz)Xz) Izl llell
||Zz||}
=—||z ell | M .
[lz2]l llell ] [”e”

Hence, the conclusion follows from M > 0. #

Remark 4.17 1t should be pointed out that M > 0 implies that
Amin(Q1) > 2| FC|I.Z;

which, together with Assumptions 4.6—4.8, guarantees the convergence of the com-
pensator (4.38).

Remark 4.18 Note that the sliding motion only depends on the partial state variable
col(zz, e) instead of col(z, e), and thus M is independent on the variables z;.

4.3.5 Sliding Mode Control Design

The objective now is to find a control law such that the reachability condition

ol (y, 95 (y, %) < =Blo(y, D (4.63)

is satisfied for some positive constant 8, where o (-) is the sliding function given in
(4.44). If condition (4.63) is satisfied by some control, then the system (4.35)—(4.36)
is driven to the sliding surface by the control and maintained in a sliding mode.

Based on the estimated state * given by (4.38) and the system output y, the
following sliding mode control is proposed:

u=—(SB) " (S1C+ $HN)AR + HNL(y — CR) + — K&, v, 1)}, (4.64)

loll
where K (X, y, t) is a control gain and is to be determined.

Theorem 4.6 Suppose Assumptions 4.6—4.8 are satisfied together with the assump-
tions of Theorem 4.4. Then, the control in (4.64) drives the system (4.35)—(4.36) to
the sliding surface and maintains a sliding motion if

K y.0 = (ISCEN+ISSNEN)E @0 + e (Z15iCE|

+||51CA||)e‘“2’ + B, (4.65)
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where ¢ is given in Assumption 4.6, oy and o, are given in Theorem 4.4, and B is a

positive constant.

Proof From the analysis above, it is necessary to prove that the reachability condition

(4.63) is satisfied when applying the control given in (4.64).
It follows from (4.44), (4.35) and (4.38) that

5, %) = (S,C + S,N)A% 4+ SsNLCe + (SB)u + S, Cf(x, 1)
+SND () + S51C Ae.

By applying the control (4.64) into (4.66), it follows that

&= —”a—”K()?, V. 1)+ SICF(x, 1) + SEND() + S;CA(x — 5).
o

Therefore,
o' < —|loll{K&, y,1) = SiICf(-) — SSND —5;CAe}.

From Assumption 4.6:

SICFO) < ISICEN (60,0 = £, ) + ISICENE (1)
< ZISICEllell + IS CEI¢ (..

From the definition of @ in (4.39) and Assumption 4.6

SNO(R, y, 1) < [SNENE(E, D).

(4.66)

(4.67)

(4.68)

(4.69)

Substituting (4.68) and (4.69) into (4.67), and using conclusion (ii) of Theorem 4.4:

o6 < —lol{K .y, 0 = (ISICEI + INEN)¢ G0
(Z1siCEl+1si:cAl) el
= —lol{K G y.0) = (ISICEI+ IVEN)S G0

a1 (LISICEN + 15:CAll) expl—ear)].

Then, by (4.65), it follows that the reaching condition is satisfied.

#

The results in Theorems 4.5 and 4.6 together show that the corresponding closed-

loop systems are asymptotically stable.
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4.4 Case Study: Control of HIRM Aircraft

In this section, both the longitudinal and lateral dynamics of the High Incidence
Research Model (HIRM) aircraft are to be employed to test the results developed in
Sects.4.2 and 4.3 to demonstrate the approaches proposed.

4.4.1 Control of Longitudinal Dynamics

Consider the simplified longitudinal dynamics of the HIRM aircraft at the trim values
Mach: 0.8, Height: 5000 ft taken from [115]:

—0.0318 0.0831 —0.0008 —0.0367
—0.0716 —1.4850 0.9848 0

A=1 _02797 —5.6725 —1.0253 0 (4.70)
0 0 1.0000 0
™ 0.0120 —0.0071
~0.3058 —0.0223
B =1\ _2 4293 78777 4.71)
L 0 0
(1000
c=|0100 (4.72)
(0010

This system has four states col(x, x3, x3, x4) = x : (v — vg)/vo with v and vy =
267.51, respectively, the current airspeed (m/s) and the desired airspeed (m/s), angle
of attack (rad), pitch rate (rad/s) and pitch angle (rad), two inputs col(u, u;) = u:
symmetrical tailplane deflection (rad) and symmetrical canard deflection (rad), and
three outputs col(y;, y2, y3) = y: (v — vp)/vo, angle of attack (rad) and pitch rate
(rad/s). Suppose that the aircraft flies at constant altitude and the associated engine
thrust is constant. Based on the model given in [76], the nonlinear term is described
by
®(x) = [0 % (sinxz)/(1+x) 0 0],

where the parameters F, and M are the engine thrust and the aircraft mass, respec-
tively, and their values are chosen from [115]. Further suppose

Af(x, 1) = [0.010 An(x,1) —0.051245(x,1) 0 0]",

where
| An(x, £)]| < 0.001]y]l sin® x4
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which is the uncertainty caused by the aerodynamic drag and the modelling error

from the lift term.
From (4.70)—(4.72), itis straightforward to see that rank (C B) = 2 and so Assump-
tion 4.1 is satisfied. Then, from the algorithm given by Edwards and Spurgeon [38],

the coordinate transformation X = 7Tx with

0 0 0 1.0000
| 0.9998  —0.0222 0.0008 0
| —0.0222 —0.9997 0.0136 0
—0.0005 0.0136 0.9999 0

~

yields the canonical form (4.3) as follows

0 0.0008 ‘ 0.0136  0.9999

~ ~0.0366 —0.0329| —0.1109 —0.0220

A=1700008 00364 | —1.4200 —0.9792 (4.73)
| 0.0000 —0.1550 | 5.6828 —1.0891
T 0 0

~ ~0.0000 —0.0000

B = 0.0000 0.1297 @.74)
| —22.4313  7.8767

_ [0]0.9998  —0.0222 —0.0005

C=10[-0.022 -09997 0.0136 |. (4.75)
| 0]0.0008  0.0136 0.9999

It is straightforward to check that Assumption 4.2 is satisfied with the choice K* =
[-10 —25]. Let
y(x, 1) = 0.001 sin” x4

% X2 75 0

P (x2) = | ‘

)C2=0

T =[-0.0293 —0.1327 0]

0.0010 2.1682  0.0940 —0.0008
E— —0.0512 I = —0.0714 —1.2850 0.9848
- 0 ’ - —0.2797 —5.6725 —0.5253
0 —32.7346 —0.3223 1.0000

0 0 00

F¢(x2)

H()C) — 0 m(x1+21) 00

0 0 00

0 0 00

Obviously, @(x) = H(x)x, and the Lyapunov equation (4.4) has the solution
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203.1738 4.5427 0  13.6395
4.5427 2.6815 O 0.2666
0 0 1.0000 0
13.6395 0.2666 0 1.1442

P =

Then, consider the domain

[x1] < 0.1869, x, > —0.1745
|x3] < 0.1745, x4 < 0.5236

2, = [(xl»x27x37x4)

By direct verification, Assumptions 4.3—4.5 are all satisfied. Then using the algorithm
given by Edwards and Spurgeon in [38],

~10.0197 —0.7777 0.0053
F —[—24.9944 0.5687 0.9790] (4-76)
and
0 0 0 1
~ | 09998 00222 0.0008 0 @i

—10.0197 —0.7777 0.0053 0
—24.9944 0.5687 0.9790 0

Therefore, the designed sliding surface F'Cx = 0 is well-defined, and the canonical
form (2.22)—(2.23) can be obtained as follows:

0 25.1347 | 0.0136  0.9999
|:A11 A12] —0.0366 —1.6924 | —0.1109 —0.0220

Ay Ay |~ | 03673 —21.7200‘—0.3107 —0.7592

0.9163  71.7542 | 8.4561 —0.5390

0 0

07 _ 0 0
By |~ | T 0.0000 0.1297
| —22.4313 7.8767
[0 0.7643 —0.0222 —0.0005

[0 C;]=|0]-9.6780 —0.9997 0.0136
| 0]25.1347 0.0136  0.9999

Let Q| = I,. Then, the solution of the Lyapunov equation (4.11) is

p _ | 12145 136428
"= 13.6428 202.9155 |°

It follows that x (z1,¢) = 0.0017 and
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0 0
R(z1,0) = [0 0.000215¢ (x2)/x1) ]

Direct computation shows the conditions of Theorems 4.1 and 4.2 are both satisfied
in domain £2,. With the given L and E above, the compensator (4.15) is well-defined.
Then according to (4.25), design the control

U= —(FCB)T{FCAi + [_006%%26} (sin£2)/(1 4+ %1)

Fy TR
+—2 (0.0617]y] sin> %4 + K (y, t))}, (4.78)
I Eyll

where the matrices A, B, C are defined in (4.70)—(4.72) and the matrix F is given
in (4.76). The scalar gain

K(y, 1) = a; exp{—a,t}(8.5842 4+ 1.2349 x 107*||y|) + B.

In order to illustrate the effectiveness of the designed controller in (4.78), simu-
lations on the corresponding closed-loop system are carried out to show its perfor-
mance. For simulation purposes, the initial condition is chosen as

col(xp, Xo) = (0,0,0.1,0,0,0,0.1,0)

and
B =0.1, o = 0.2099, oy = 50.7754.

The results in Figs. 4.1 and 4.2 show the effectiveness of the controller.

4.4.2 Control of Lateral Dynamics

Consider the lateral dynamics of the HIRM aircraft at the trim values of Mach 0.2
and height 5000 ft taken from [94]. The system matrices are given by

[ —0.0080 0.4100 —0.9047 0.1334
—7.3235 —0.4278 2.6462 0
A= —0.1460 —0.0247 —-0.1544 O (4.79)

0 1.0000  0.4558 0

©0.0181  —0.0094
23,1026 0.4024 1000
B=1_04006 —0.0833 C=[ } (4.80)

0 0
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Fig. 4.1 The time response of the simplified system (4.70)—(4.72) of HIRM
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Fig. 4.2 The response of control (fop) and the sliding functions (bottom)
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The system has four states col(xy, x», x3, x4) = x: sideslip angle (rad), roll rate
(rad/s), yaw rate (rad/s) and bank angle (rad), two inputs col(u, u,) = u: differen-
tial tailplane deflection (rad) and differential canard deflection (rad), and two outputs
col(y1, y2) = y: sideslip angle (rad) and yaw rate (rad/s). This system has zeros at
32.3257 and —0.3254 and thus (A, B, C) is nonminimum phase. Suppose that the
system suffers from a perturbation

0
Flety = | ~0034146 (. 1)+ 0.01851 A6, (x, 1)
B = 0921748 (x, 1) +0.5A6(x, 1) |’
0.054,(x, 1) — 0.02713 A& (x, 1)

(4.81)

where the unknown signal
A& (x, 1)
AE(x,t) =:
5.0 [A&(x,t)}

satisfies {
[ AE(x, )] < §<sin2x4 + |x1]).

Consider the system (4.79)—(4.80) in the presence of the perturbation (4.81). It is
observed that (A, C) is observable. Choose

4.7197 —0.9285
—7.7057 2.6708
—0.1659 0.3401

8.8887 0.3748

L=

Then, A — LC is stable and for Q| = 14, the solution of Lyapunov equation (4.37)

is
7.0232 —1.5951 —0.1564 —3.7481

—1.5951 1.7522 —0.0159 0.9032

Pr=1_o1s64 —00159 10178  0.0825
~3.7481 09032  0.0825  2.1379

Let

0 0

—0.0341  0.01851 0.01115 —0.9335

E=1_09217 05 and K z[—o.ooeos 0.5064:| (4.82)

0.05 —0.02713

with

| 1 . 1
¢(x, 1) = §(s1n2x4 +lxiD, nlx, 1) = §(|Slnx4| +1), &= 3 (4.83)
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It is straightforward to check that Assumptions 4.6—4.8 and the inequality
Amin(Q1) > 2.2 | FC||

are satisfied globally. The compensator from (4.38)—(4.39) is now completely spec-

ified. Let
0100
N= [0 00 1} (4.84)

from which it is obvious that [ C” NT | is invertible.
The ideal sliding mode dynamics is defined by the poles {—4, —1} with the asso-
ciated eigenvectors specified to have the structure

[* 10 >|<]r and [* 01 *]T,

where * denotes that the corresponding entry of the eigenvector is arbitrary. This
choice of eigenstructure will ensure the rolling and yawing motions of the aircraft
are decoupled. According to the algorithm given by [38], the corresponding switching
surface is determined as

g — —0.6710 —0.0640 0.7378 0.0347
| 02227 0.2550 0.1812 0.9233

which yields the following nonzero eigenvalues of A, {—4, —1} with corresponding
eigenvectors:

[-0.1083 10 —0.2500]° and  [1.0760 0 1 —0.4558]",

respectively. It follows from (4.45) that
—0.6710 0.7378 | —0.0640 0.0347
[Sl Sz] - |: 0.2227 0.1812| 0.2550 0.9233 :| ’ (4.85)

Choosing T, = 0.11, and

6.7105 2.2270 7.0224 —0.8345
0.6401 2.5495 —-2.5268 —9.3116
—7.3783 1.8124 6.2723 —1.7129
—0.3469 9.2334 —2.2272  3.1087

T, =

after some algebra, it can be shown that

Aor — | 0-8600 0.2369 A — [ 12070 —0.7628
271202598 1.2556 |7 27| —0.7579 —3.7930
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and
D — 0.5960 —0.0565 —0.0049 0
27128395 —0.2830 —0.0239 0|

Choose O, = I, then the solution of the Lyapunov equation (4.58) is

p,_ | 04742 —0.0949
271 —0.0949  0.1508 |-

By direct computation, it follows that x; and x, can be chosen as 4.8833¢ — 004 and
0.0034, respectively, and

M= 0.9995 —0.3754
| —0.3754 0.2919

is positive definite and thus the conditions of Theorem 4.5 are satisfied globally.
Now, from (4.65), K (x, y, t) is chosen as

K(x,y,1t) =0.0933 (sin2 X4+ I)?ll) +0.9010a1e~%" + B. (4.86)
-3
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Fig. 4.3 The time responses of the simplified system (4.79)—(4.81) of HIRM
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Fig. 4.4 The evolution of the control signal (fop) and the corresponding sliding functions (bottom)

This completes the controller design.
For simulation, the initial condition is chosen as

col(xp, Xo) = (0,0,0.1,0,0,0,0.1,0)

while
B =0.1, o = 0.3101 and «a, = 1.3855.

The results in Figs. 4.3 and 4.4 show the effectiveness of the controller. A perturbation
of the yaw subsystem has very little effect on the bank angle and roll rate responses.

4.5 Summary

This chapter has studied sliding mode control design for nonlinear and linear systems
with nonlinear disturbances using dynamical output feedback.

In Sect. 4.2, the sliding surface employed is as originally proposed by Edwards
and Spurgeon in [38]. A nonlinear asymptotic observer has been proposed which
has been shown to give exponential state estimation error convergence based on
the solution to a constrained Lyapunov equation. Using the estimated states and the
system output, a dynamic variable structure control has been developed which has
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been shown to satisfy the reachability condition. In Sect.4.3, a dynamical sliding
mode control strategy based on the equivalent control approach has been developed
which is applicable to a class of nonminimum phase systems with mismatched distur-
bances. Compared with the Lyapunov technique, the results obtained in this section
have lower conservatism using the property that the sliding mode is a reduced order
system. In comparison with the geometric approach, this method does not require
the nominal system to have a special structure. Moreover, the approach proposed
in Sect. 4.3 is constructive which makes it convenient to use for practical controller
design.

The schemes developed in Sects. 4.2 and 4.3 have been used to control a simplified
nonlinear HIRM aircraft model. A nonlinear model of the longitudinal dynamics has
been considered under the assumption that the engine thrust is fixed. The uncertainty
caused by the aerodynamic drag and the error present in the modelling of the aircraft
lift has been considered. Control of the lateral dynamics of a HIRM aircraft model has
also been considered at the trim values of Mach 0.2 and Height 5000 ft. Simulation
results have been given which demonstrate the practicality of the proposed schemes
and their effectiveness in achieving robust closed-loop performance.



Chapter 5
Reduced-Order Compensator-Based
Feedback Control of Large-Scale Systems

This chapter will focus on control design for a class of large-scale interconnected
systems using reduced-order compensators. Large-scale systems with nonminimum
phase isolated subsystems and similar structure are considered in Sects.5.2 and 5.3,
respectively.

5.1 Introduction

It is well known that full-order compensator-based feedback control doubles the
order of the dynamical systems. For large-scale systems, the implications of such
growth in system order for both design and implementation are severe. However,
dynamical output feedback can be employed to reduce the limitations on the system
class when compared with static output feedback control. In connection with this,
control of large-scale interconnected systems using reduced-order compensators is
considered in this chapter.

Decentralised sliding mode controllers are synthesised for a class of nonlinear
large-scale systems in Sect.5.2. It is shown that minimum phaseness of the nominal
isolated subsystems is not required if dynamical feedback is employed. Then, con-
trol design for nonlinear large-scale systems with similar structure is considered in
Sect.5.3. The study shows that exploiting similar structure can greatly simplify the
controller design and system analysis. Section 5.4 provides examples to demonstrate
the developed results by simulation.

© Springer International Publishing AG 2017 113
X.-G. Yan et al., Variable Structure Control of Complex Systems,
Communications and Control Engineering, DOI 10.1007/978-3-319-48962-9_5
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5.2 Decentralised Sliding Mode Control for Nonminimum
Phase Interconnected Systems

In this section, a class of interconnected systems with nonlinear interconnections and
nonlinear disturbances is considered. A continuous nonlinear reduced-order compen-
sator is established by exploiting the structure of the uncertainties and using sliding
mode techniques. The proposed approach allows both the isolated nominal sub-
system and the nominal interconnected system to be nonminimum phase, and the
uncertainties to be mismatched with nonlinear bounds.

5.2.1 Introduction

Sliding mode techniques are employed for the stabilisation of a class of nonlinear
interconnected systems. Mismatched uncertainties and nonlinear interconnections
are both considered, and the bounds on the uncertainties take more general forms as
in [200, 215]. Using the structure of the uncertainties, a continuous reduced-order
compensator is proposed based on the constrained Lyapunov equations. Then, a
sliding surface is proposed in the augmented space formed by the compensator and
system output. Using an equivalent control approach and local coordinate transfor-
mations, the sliding mode dynamics are established and the stability is analysed.
A robust decentralised output feedback sliding mode control scheme is synthesised
such that the interconnected system can be driven to the predesigned sliding surface.
This approach allows both the nominal isolated subsystem and the whole nominal
system to be nonminimum phase. It should be emphasised that methods to deal with
nonlinear interconnections are a key issue in the control of interconnected systems.
So far nearly all associated work treated such interconnections as a disturbance and
then used an extra stability margin to reject the effect of the interconnections. By
dealing with uncertain interconnections and known interconnections separately, the
conservatism is reduced to some extent as claimed in [214, 215]. However, the inter-
connections are still treated as a disturbance since the interconnections are not used
in the control design. It is shown that by employing sliding mode techniques, the
interconnections are directly used in the control design, which together with the fact
that the sliding mode dynamics are reduced-order systems, reduces the conservatism
and enhances the robustness. A simulation for a HIRM aircraft system is used to
show the effectiveness of the proposed control schemes in Sect. 5.4.
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5.2.2 Interconnected System Description

Consider a nonlinear interconnected system composed of N subsystems as follows:

N

Xi = Aix; + Biu; + Afi(x;) + Z (Hij(xj) + AH;;(x;, f)), (5.1
j#i

y,':C,‘)C,', i:1,2,...,N, (52)

where x; € £2; CR" (0 € £2;), u; € R™ and y; € R are the states, inputs and
outputs of the i-th subsystem, respectively, with m; < n;; The triple (A;, B;, C;)
comprises constant matrices of appropriate dimensions with B; and C; of full rank;
Af; is the mismatched uncertainty of the i-th isolated subsystem, whilst the terms

N N
> Hy(x;) and > AH;(x;.1)
j=1 j=1
j#i j#

are the known and the uncertain interconnections of the i-th subsystem with H;; (0) =
0. The functions are all assumed to be continuous in their arguments.

Remark 5.1 Tt should be pointed out that matched uncertainty does not affect the
stability of sliding mode. As for the reachability, there are many standard techniques
(see, e.g., [35, 36, 38, 69, 97, 200]) which can be applied to deal with matched
uncertainty. In view of this, matched uncertainty is not considered in systems (5.1)—
(5.2).

Without loss of generality, suppose that the nonlinear functions H;;(-) can be
decomposed as

Hij(xj) = CDi_,-(xj)xj, i 75 j, i,j = 1,2..., N, (53)

where ®;;(-) are continuous. The decomposition (5.3) is always true for H;;(-) sat-
isfying H;;(0) = 0 which are smooth enough in their domain of definition.

In order to facilitate the analysis, the following framework is used throughout this
section:

e All equations and inequalities involving the indexes i and/or j are satisfied for all
Lj=12,....,N({#]j);

e The considered domainis x = col(xy, xa,...,xy) € 2 =: 2] X 2, X -+ X 2y
with x; € £2; C R";

e Output matrices C; have the structure C; = [1,, 0].
It should be emphasised that the framework above does not reduce the generality of

the work. First, the considered system is nonlinear, and thus the obtained conclusion
is, generally speaking, local but sometimes a global result is available. In addition,
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since C; is full row rank, there always exist nonsingular matrices .7; € R"*" such
that C;.7; = [I,, 0]. Then the new system with state variables z; = .7, ~!x; has the
output matrix [ I, 0 ]

The following assumptions are imposed on the nonlinear large-scale intercon-
nected system (5.1)—(5.2):

Assumption 5.1 The matrix pairs (A;, B;) and (A;, C;) are controllable and
detectable, respectively, and the function H;;(x;) (i # j) satisfies Lipschitz
condition in the considered domain.

In view of the detectability of the matrix pair (A;, C;), there exists a matrix L;
such that (A; — L;C;) is stable and thus for any Q; > 0 the following Lyapunov
equation has a unique solution P; > 0

(Ai = LiC))"P; + Pi(A; — L;C)) = — Q. (5.4)

Assumption 5.2 The uncertainties have structural decompositions of the following
form: _ B
Afi(xi, t) = DiAfi(xi,t),  AH;j(xj,t) = EjjAH;j(x;,1), (5.5)

where D; and E;; (i # j) are constant matrices, and
IAfi (i, DN < i iy i (i, 1), ||Aﬁij(xj, DIl < i (v, & (x5, 1), (5.6)

where _
Vi < v, olxill and & < GG llxgll, G # )

are Lipschitz with 7;(-) and ¢; ;(-) continuous.

Remark 5.2 Assumption 5.1 is a basic requirement for the nominal system of the
interconnected system (5.1)—(5.2). Assumption 5.1 limits the uncertainties affect-
ing the isolated subsystems and the interconnections. The matrices D; and E;; are
employed to describe the structure of the uncertainties Af; and AH;;, respectively.

Assumption 5.3 There exist matrices G; and Fj; (i # j) such that
D! P, = G;C;, Eij,- = F;;C;, 5.7)

where P; satisfies (5.4); D; and E;; (i # j) satisfy (5.5).

Remark 5.3 Assumption 5.3 implies that the Lyapunov equations (5.4) obey the
constraint (5.7). Similar limitations have been used in [24, 214, 215].

In this section, the interconnected system given in (5.1)—(5.2) is such that the
nominal system and/or any isolated nominal subsystem can be nonminimum phase.
The objective is to use the sliding mode techniques to develop an output feedback
control scheme based on a continuous reduced-order compensator such that the
corresponding closed-loop system is asymptotically stable.
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5.2.3 Reduced-Order Compensator Design

Consider System (5.1)~(5.2). Following the partition of C; = [, 0], the system
can be rewritten by

X | _ | An An || xa Bu| D, 7.
|:f€i2] B [AiS Ai4:| |:xi2:| * I:Bi2:| “it |:Di2:| Afitxi, 1)
Z?]:y (Hiji(x)) + Eileﬁij(xj» 1)

Z{:' (Hija(x)) + EijzAﬁij(xjv 1)
J7FL

Yi = Xi1, (5.9)

+ (5.8)

where x; = col(x;1, x;2) with x;; € RPi, A;y € RPi*Pi| B,y € RP>*™i; Dy, Eijl and
H;;y are the first p; rows of D;, E;; and H;;(x;), respectively.
Partition P;, Q; and L; conformably with the decomposition (5.8)—(5.9) as

| Pn B o 0i1 Oi L
P1_|:Pl?2 p,.] Q’_[Qi’z Q,-g]’ L,—[Liz] (5.10)

Then, construct a reduced-order dynamical compensator
B = (A + P3' PRAR)En + (P3 Ph(An — AnP3' PR) + A — AuP3 Py,

N
+ (P,EIP,-EBH + Bi2) u; + Z {PiglpirzHijl(yf’ 0j)
j=1

J#i

+Hij(y), ‘A)j)}A N (5.11)

Dj=2j2=Pj3' Py,
where Z;5 € R"~Pi, The following conclusion can be drawn:

Theorem 5.1 Let x;» = —PiglPifzy,- + Zi» with Z; given by (5.11). Then, under
Assumptions 5.1-5.3 there exist positive constants o) and o, such that

lxi2() — X2l < oty exp{—aat} (5.12)
if WI' 4+ W is a positive definite matrix with W = (Wij)Nxn defined by

Wi = [ Amin(Qi3), i=j
Y =2 (1Pl Ly, + 1 Pl L) s i F# T
where H;j\ and H;j, are, respectively, the first p; and the last n; — p; components
of Hij(x;), and Py, P;3 and Q;3 are defined by (5.10).
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Proof From Assumption 5.3, C; = [/, 0] and the partition (5.10) of P;, it is
observed that

P5D;1 + P3Dj =0,  PLE;j1+ P3Eij»=0 (@ #)). (5.13)

Introduce a nonsingular coordinate transformation z; = f}x,- defined by

A |z =xi
T; : . 5.14
[ZiZ—P P2x11+x12 (5.14)

Since (5.13) implies
P3'PLD; +Din =0 and P3'PSE; + Eijy=0

then it follows from (5.8)—(5.9) that in the new coordinates z = col(z;1, ..., Zin),
System (5.1)—(5.2) is described by

N
2i1:(Ail_A P P )ZZI+A12212+Bllul+D11Afl+z{ l]l(xj)
j?éi
+Eij1Aﬁij(l,Xj)} (5.15)

. —1
tn = (P3PS (AN = AP PB) + Ay = AiaP3 ' PS )zt + (Aia + P3' Ph ARz

+(P P} Bz1+312)u,+2{ szHijl(yj',Vj)
1
o
Hiin(yi.vi 5.16
+ 1]2(y] vj)}l)j:ij—Pj_; P]-TZZ_/'I ( )
Vi = Zil- (.17
From (5.14), (5.17) and X, = — P P2y, + Zin, it follows that
Xip — Xip = Xip + P,-?Pirz)’i —Zin =2z — Zin-
Therefore, it is only required to prove that

lziz — Ziz |l < o1 exp{—aat}

for some positive constants o} and ;.
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Let ¢; = zj» — Zi». From (5.11), (5.16) and y; = 7,1,
é = (A + P3' PhAn) e + Z?;ni [PBIP,-E [Hiji (v, vi) = Hiji (v, 0))]
+ Hip(yj. v)) = Hip (v 9. (5.18)

where

v;i =2z — Pj Pz Vi and Vi =22~ P/3 P2 Vi

For System (5.18), consider a Lyapunov function candidate

N
T
= E €; P,‘3€,‘.
i=1

Then, the time derivative of V; along the trajectories of System (5.18) is described
by

N
Vi ls1s) = Zef ((Am + PiglP,-’zA,-z)r Pz + P (A + P,EIP,ZAiz)) e;
i=1

+ZZZ ( i2 Ul(y/vv) ij](}’j’ﬁj)]

i=1 j=1
J#i
+ P;3 [I'Iij2(yj,Vj)_Hij2(yjsﬁj)])~ (5.19)
From (5.4), (5.10) and C; = [I,, 0], it follows that
(Piglpz‘TZAtQ + 1‘\1'4)I Pi3 + P (Pigli’iEAiz + Ais) = —Qi3. (5.20)

Since Assumption 5.2 implies that both H;;; and H;;j, are Lipschitz in their domain
of definition, £, and £, are well-defined. Then, substituting (5.20) into (5.19),
it is observed from v; — 1; = ¢; that

N N
Vi < —Ze Qiei +2> > (||Rz||fﬂ,,l + ||P,3||$H,,2)||e,|| le; |
i=l 1
=
1
< —5llletl lleall - lew NCW + W)llerll el -« lle 11

)‘-min(W + Wr)
2 max; {Amax (Pi3)}
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This implies that

. )\min(W + Wt)
2max; {Amax(Pi3)} |

Vi |,:0)exp[

Let
Vi li=o Amin(W + WF)
a > | — and ap > .
max; {Amin(P;3)} 2 max; {Amax (Pi3)}
Then, from
N
min{Amin(P3)}le;[|* < ef Pisei < D ef Pae; = Vi
' i—1
the conclusion follows. (]

Remark 5.4 The inequalities (5.12) show that X;, converges to x;, exponentially. It
should be noted that the proof of Theorem 5.1 is constructive and shows how the
constants «; and o, can be determined.

Remark 5.5 From the proof of Theorem 5.1, it follows that in the elements of matrix
W, Ly, and Ly, represent the Lipchitz constants only associated with the vari-
ables x;. Therefore, Z4,, and £}, can be replaced by the Lipschitz constants
of the functions H;j;(y;, xj2) and H;j>(y;, xj2) corresponding to the variables x j,,

respectively, which can reduce conservatism.

5.2.4 Sliding Mode Design and Stability Analysis

For System (5.1)—(5.2), consider the following sliding surface:
o =:col(oy,07,...,0y) =0, (5.21)

where
oi (yi, Xi2) = Si1yi + SiaXia, (5.22)

where X;; is the compensator state given by Theorem 5.1, and S;; € R™*” and
Sip € RM*0i=pD are the design parameters.

As in the proof of Theorem 5.1, let ¢; = x;» — X;2 and define S; = [S;1 Si2]. In
the new coordinate system (x;, e;), the sliding function matrices

o; =[St Siz ] xi — Sizei = Sixi — Size;. (5.23)

The matrices S; can be chosen using any existing state feedback sliding mode design
approach for the pairs (A;, B;) such that
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(i) the matrices S; B; are nonsingular;
(ii) the matrices A.,; =: A; — B; (S B,~)’1 S; A; have n; — m; eigenvalues which lie
in the open left-half plane.

Remark 5.6 1t should be noted that the two requirements above can always be sat-
isfied by choosing appropriate parameters S;. In fact, condition (i) is satisfied from
the fact that B; is full column rank. Condition (ii) is satisfied from the controllability
of (A;, B;) in Assumption 5.1. Algorithms detailing how to design the parameters
S; satisfying conditions (i) and (ii) are available in [38].

The following analysis is based on the assumption that the design parameters S;
satisfying the conditions (i) and (ii) have been well chosen.

During a sliding motion, both ; = 0 and ¢; = 0. From (5.1), (5.18), (5.23) and
o; = 0, the equivalent control [173] necessary to maintain sliding is given by

Uieg = —(S;B) ™! [SiAixi —Sin (Ai4 + P,ElP,-TZAiz) e+ SAL(O)+XNS (Hij(xj)
J#i
+AHij(t,x]')) - Sizzy:_ (P,glP,-’z (Hij1(vj.xj2) — Hij1(vj. Xj2))
J#i

+ Hija(yj, xj2) _HijZ(}’jv)ejZ))}- (5:24)

Remark 5.7 1t should be noted that the equivalent control u;,, in (5.24) cannot be
used as the applied control since the uncertainties are explicitly involved. Here, it is
introduced to derive the sliding dynamics and analyse their stability.

When System (5.1)—(5.2) is restricted to the sliding surface (5.21), it follows by
applying (5.24) to System (5.1) that the associated sliding mode dynamics can be
described by

%i | _ [ Acgi Bi(SiB)™'Sip (Aia + P3' P5AR) | [ xi
o= At P3 PhAn

_ N
N [(1,1,. — Bi(SiB)7'S;) (Aﬁ + Z}_iz (Hij + AH;;) )}
0

Bi(S;B)'S;
+[ (SiBi)™" S

I

N
] z {PIEIP,-TQ (Hij1 (v, xj2) — Hij1 (v}, £)2))
ni—pi

j=1

J#
+H;jp(yj, xj2) — Hijp(yj, J?jz)}, (5.25)
where Ay = A; — B;(S; B;)~'S; A;. Since S; B; is nonsingular, matrix S; is full row

rank and thus there exist nonsingular matrices 7;; € R"*" and T;; € R™*™ such
that
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TSy = [ In, 0]. (5.26)

In order to further analyse the stability of sliding mode (5.25), it is required to
derive the reduced-order representation. The coordinate transformation col(§;, n;) =
Zflxi is introduced, where & € R™ and T; is determined by (5.26). Then, noticing
condition (ii), it is observed that in the new coordinates (§;, 1;, ¢;), System (5.25) is
described by

£ 0 0 k & *
ni | =] Al A2 Az mo| + | Afiat, x)
é; 0 0 A+ PiSIPiEAiZ e; 0
N * N *
O TG [+ 0] 050 |, (5.27)
J=1 0 =t | ®i2()
J#i J#i

where Av,'z c R(ni_mi)x(n[_mi)’ Avi3 c R("/—m[)x(n/—Pi), and

0 O _
[g.l g.z} =Tj; AciTi1- (5.28)

The notation * denotes items which are not used in the subsequent analysis; Af;j,
I1;; and ®;;; are the last n; — m; components of

T (L, — Bi(S:B)™'S)) Af;
711'?1 (Ini - Bi(SiBi)_lSi) (]-Il] + AH”)
and | 1 )
T,y Bi(SiB) ™' Siol Py’ P (Hiji (vj, x2) = Hiji (3, £2)
+Hijp(yj, xj2) — Hijp(yj, X2)},

respectively, and

Oija = P3'PS (Hiji1 (vj. xj2) — Hiji (7. £2)) + Hijp(vj, Xj2) — Hijp (3}, £)2).
(5.29)

From (5.26), it follows that
0 = Six; — Spe; =T [ 1n, 0] |:§lj| — Snei =T5'& — Sne;.

This implies that in the new coordinate system (&;, n;, e;), o; = 0 can be depicted
by & = T;»Size;. Consequently, when the system (5.25) is restricted to the sliding
surface (5.21), it can be described in coordinate system (&;, 1;, ¢;) by
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-~ N
| _ | A A+ AnToaSn || m Afz IT;; Oiji
|:éi :|_|: 0 A+ P,-EIPfZAiz e Z +Zl Oij2 |
-
J#i

J#t
(5.30)

From condition (ii) and (5.28), it is obselved that the matrix Zig has n; — m; negative
eigenvalues. This implies that for any Q; > 0, the Lyapunov equations

ALP + PiAp = —0; (5.31)

have unique solutions P > 0.
From (5.3) and Assumption 5.2, it is observed that there exist continuous functions
®i1, @iz, ¥ij and x;; such that

1P Afirll < @i (nis ei, O Imill + @2 (i e, 1) el (5.32)
I P; (Hij + @ijl) | < ¥ij(mj,e;, Olnill + xij(mj, e, Hllejll, (5.33)

where E satisfies (5.31).

Remark 5.8 Since T;; and T;, in (5.26) can be easily obtained from linear system
theory, the sliding mode dynamics (5.27) are obtained directly from System (5.25)
through the coordinate transformation col(§;, ;) = TiTlxi. Then from &; = T, 5,2¢;,
the reduced-order sliding mode dynamics (5.30) can be obtained as well. With
T;1, and T;,, the inequalities (5.32) and (5.33) can easily be established using
Assumption 5.2.

Theorem 5.2 Under Assumptions 5.1-5.3, the sliding mode dynamics (5.30) are
asymptotically stable if there exists a domain of origin in col(n;, e;) € R*~™i—pi
such that the matrix M™ 4+ M is positive definite with M € R**2N defined by

My My
M = ,
[le Mr;

where

Amin(Q1) — 201 —2Yr12 e —2Yr1n
“2¥21  Amin(Q2) — 2021 :

: B : =2y n-nn
2% e —2¥Nw=1) Amin(QN) — 20n1
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[ —2(¢12 + @) —2x12 . —2x1n
-2 -2 + @ :
My = .X21 (<.02.2 2)
. . —2)N-1)N
=2xXN1 e —2xnwN-1) —2(¢dn2 + DN) |
[ —2(¢12 + @) —2x12 - -2xiv ]
-2 -2 + @ :
My = .le (<P2.2 2)
. : —2)(N-1)N
=2xXnN1 e —2xnN—-1) —2(pn2 + DN) |
Amin(Q13)  —2k12 e —2K1n
-2k )"min :
My = . 21 .(Q23) 7
: . —2K(N-1)N
—2kN1 e — 2kN(N=1) Amin(OnN3)

where @1, @iz, Vij and x;; are determined by (5.32) and (5.33), and
kij = (|1 Poll Lu,, + 1Pl Ly, and @i = | Pi(Ai + An TSI,

where Py, and P;3 are definedin (5.11), and the f~’, satisfy (5.31) fori =1,2,..., N.

Proof For System (5.30), construct the candidate Lyapunov function

N
V= Z (nf Pin; + €] Pizei) .
i=1

Then, the time derivative of V along the trajectories of System (5.30) is given by

V530 = Z’?l Qini + 22 n P (Ais + AnTSp) e

+2ZZ771 Hl]+()l]l)

i=1 j=I

J#

N
—Ze Q13€1+2zze P130112+2Z771PAJ‘1

i=1 j=1

J#
N

- Z (ain (0D 17 + Amin (Qi3) 1€ 1%)

i=1
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N
2" | P (Ais + AinTiaSi) | Nl il
i=1

N N N
23" [ Bafal Inill+23 D IB (T + 00) | I
i=1 i=1 j=1

J#i
+ | PG| lleill}. (5.34)

where (5.20) and (5.31) are used above. From (5.29), it follows that

[ Pi3Gij2 || = || P5 (Hiji(vj. xj2) — Hiji (v, £2)) + Pi3 (Hija(vj. xj2) — Hijo (v, %2)) |
< (1P2ll-ZLh;;, + 1 Pisll L) llejll = wijlle;|l. (5.35)

Then, from (5.35), (5.32) and (5.33) it is obtained that

N N
Vis30) < = > Gomnin(Qi) = 20D Ini 1 = D Amin(Qi3) e 1
i=1 i=1
N
+2 (g2 + @) nill llei |

i=1

N N
+2>° > {1//;_/ 7 118+ i i 1 e 1+ i e | ||e_,-||}
i=1 j=1
J#i
1
= E[IImII <Al llerll - llen 1M+ M) Uil -+ lnnll llexll -+ llen 17
Hence, the conclusion follows by the positive definiteness of M* + M. (]

Remark 5.9 1Tt should be noted that the matrix M in Theorem 5.2 only involves the
partial state variables (n;, e¢;). Actually, it is only required that M 4+ M is positive
definite in a range of the origin in the sliding surface. This is in comparison with the
work [214, 215], where it is required that the associated matrix is positive definite in
the domain of the origin of the whole state space.

5.2.5 Sliding Mode Controller Synthesis

For the system (5.1)—(5.2) with the designed composite sliding surface (5.21), con-
struct the following sliding mode control:
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up =— (S;B)~" [(SilAil + SinAi3) yi + (Si1Ain + SinAig) Xi2
+ (I8: Dillpi (i, Dy (viy Kizs 1) + Ki (i 1) + Zl,yzl (IS E;jill®ji (vi, )i iy X, 1)
J#i
. o;
+118; Hji (vis Zi2)11)) ||al- u } : (5.36)
1

where o; is defined by (5.22), and K;(y;, t) is the control gain to be determined
later. Obviously, the control law is decentralised and only depends on the X;; and the
system output y;.

The objective now is to show that the control (5.36) can drive the system (5.1)—
(5.2) to the sliding surface (5.21) and maintain a sliding motion on it thereafter.
From sliding mode theory, it is only required to prove that the composite reachability
condition (see [69])

N . .
Z o] Vi, Xi2)0i (yi» Xi2)

i <o0. (5.37)
lloi (yi, Xi2) |l

i=1

is satisfied, where o;(y;, X;2) defined by (5.22) is the sliding function for the i-th
subsystem.

Theorem 5.3 Under Assumptions 5.1-5.3 with (5.12) satisfied, the controllers
(5.36) drive the system (5.1)—(5.2) to the composite sliding surface (5.21) and main-
tain a sliding motion thereafter if the control gains K; are chosen such that

Ki(vis1) > arexpl=cot}{ 1S Aiz + S Aull + 2, 1S Dill o (31 )
+11S2P3 (P AR + P3Au)|| + le\;:&] (”Sj 1La, + IS, Ejidill -,
JF#i
+1S2P3 (1Pl Ly, + 11 Pl L) )} (5.38)

where the constants oy and o, are both determined by (5.12).

Proof 1tis observed from the proof of Theorem 5.1 that the error dynamics in (5.18)
can be rewritten by

é = P3' (P5An + P3Ais) e + lev;l Pigl{PiZ (Hij1(vj. xj2) — Hiji (vj. Xj2))
J#i

+Pj3 (HijZ(Yja Xj2) — Hijpp(yj, sz)) } (5.39)
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From (5.23), (5.1) and (5.39)

i = SiAixi + S;Biu; + S; Af; +zj . (H,j(xj)—i-AH,j(xj t))

J#
—Si2P3' (P5AR + PizAis) ei — ZI,\-]:] SinP3! {P,-rz (Hij1(yj, xj2) — Hiji(yj, %2))
J#i
+Pi3 (Hij2(yj. xj2) — Hija(yj, £j2)) } (5.40)

Then, substituting u; in (5.36) into (5.40),

T T

N
U
E o7 ” z ol {(SiAixi = (SitAi1 + Si2Ai3)yi — (S;1Ain + SizAi4)xi2)
1 l

i=1 i=1
N

O,‘L’
S P (PhAn + Padiae | + Z(” HSAfl(r xi)
l

N
—118; Dillpi (1, y) i i Ri2. 1)) = D Ki + ZZ o (i [Hij + AHy]
i=1 i=1 j=1 !
J#i
” ” [IIS i i Xi) Il + IISjEjillﬂji(yi»t)é“ji(yi,)?iz,f)])
l
—Z zSizP,}l{P,-Tz[Hijl(yj,ij) — Hij1(yj, £j2)]
i=1 j=1
J#i
+P;3[Hij2(yj. xj2) — Hija(yj. £j2)] } (541)

Using the previous partition of A; in (5.8) and
S =[S Si2]
it follows that
SiAix; — (Si1Ain + SinAi3)yi — (Si1Aix + SinAis)Xin
A A X; N
=[S Sal| LT = SinAn + SnAn)xin — (SiAn + SpAiiin
Az3 Az4 Xi2
= (Si1Aix + SipAige;. (5.42)

From Assumption 5.2

S Ay — 1S DNl pi i, D)¥i (i Rizs )
< 1S D A Fill = 1S Dill i i 0)¥i iy Ris )
< pi i, DL, 1ISi Dil llei |l (5.43)

IIG I
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and further from the fact 3% 3V, a;; = SN SV ay,
J# J#

NN _
P Z o1 ( [#ixj) + AH; . D] = 2 1S i O 2
J#Ei
+ IS Ejill9igji(yis %ias t)])
N af of
- Z]:Z ‘ llo; I SiHij(xj) — 18 Hji (vin 5i2) [l + i 1||S E,]AHIJ
im

1_

J#

= IS;Ejill 9igji i, Xi2, l)}

M=

s

N
D Ui e 1+ 1S5 Ejill 95 i 083 G 1) = 1S E il 9085 (s G2, )}
i=l =

~ae

M=
M=

(012, + 1S Eji 193 G 024, ) e . (5.44)

I
_
~a

Substituting (5.42)—(5.44) into (5.41), it follows from (5.12) that

N ogre &
Z <> {011 CXP{—OQT}(”SilAiz + SAull + 25, 0115 Dil
lloil

i=1 i=1

+HIS2 P53 (Ph AR + PaAin)| + Z [ns 1L, + 1S Eji 1962,

Jj=1

J#

123 I (1Pl Ly, + 1Pl L) ) = KiGin ). (5.49)

Hence, from (5.38) the conclusion follows. O

Remark 5.10 From (5.36), it is observed that the known interconnections H;;(x;)
and the bounds on the uncertain interconnections ;;(y;, t)¢;;(x;, t) are both used
in the control design directly, which can reduce conservatism and avoid unnecessary
control energy consumption. This is in contrast to the existing work [69, 97, 124, 196,
170,200, 214, 215]. From Theorem 5.3, it is observed that the reachability condition
is always satisfied if the control gains K;(y;, t) are allowed to be arbitrarily large.
This shows the robustness of the sliding mode control.
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5.3 Reduced-Order Control Design for Interconnected
Systems with Similar Structure

In this section, reduced-order dynamical control schemes are proposed for a class of
nonlinear interconnected systems with similar structure.

5.3.1 Introduction

As claimed earlier, reduced-order control design is very important specifically for
large-scale interconnected systems. In view of this, a form of nonlinear reduced-order
controller is presented by Chen [23] for a class of nonlinear large-scale systems.
However, it is required that the nominal subsystem is stabilisable via static output
feedback and practical stability instead of asymptotic stability is achieved. The inter-
connection is treated as a disturbance bounded by the norm of the state variables
in [23]. It is worth noting that in existing work on decentralised control, the system
structure has not been explored for tackling uncertainty, which renders unavoidable
restrictions on uncertainty and also higher design conservatism.

In this section, a class of nonlinear large-scale interconnected systems with
matched and mismatched uncertainties is considered. No statistical information about
the uncertainties is imposed while only their bounds are assumed to be known. The
bounding functions of the uncertain interconnections take more general forms than
those previously considered. By exploiting the system structure of similarity, the
proposed nonlinear reduced-order control schemes allow more general forms of
uncertainties. Specifically, based on a constrained Lyapunov equation, the effect of
the matched uncertainties is cancelled completely. This allows the uncertainties to
take arbitrarily large values. Further, the general known interconnections are treated
separately from the uncertain interconnections as in [196, 203, 214], which is in
contrast with other existing results where all interconnections are treated as distur-
bances. Therefore, the proposed control schemes possess the advantage of better
robustness. Since a reduced-order controller is designed, the order of the intercon-
nected system is reduced, which avoids the dimensionality problems associated with
large-scale systems, and makes system analysis and implementation easier. It should
be noticed that the amount of computation for solving the Lyapunov equation is
reduced greatly by exploiting the similar structure and the reduced-order property,
and this is particularly important especially for large-scale systems with high-order
subsystems.
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5.3.2 System Description and Assumptions

Consider a nonlinear large-scale interconnected system described by

N
& = Auxi + fi(0) + Bilui + AW (x)] + D Hij(x)) + AH;(x), (5.46)

j#i
Vi :C,‘Xi, i:1,2,...,N, (547)

where x; € £2; C R”, u;, y; € R™ are the state vector, input and output of the i-th
subsystem, respectively, A;, B;, C; are constant matrices of appropriate dimensions
with C; of full row rank, f;(x;) is a continuous nonlinear function with f;(0) = 0,
AW;(x;) is the matched uncertainty of the i-th isolated subsystem, the term

N
D Hijx),  Hj©) =0 for j#i
j=1
J#L
is the known interconnection while A H; (x) includes all interconnected uncertainty,
which are all continuous in their arguments.

First, the similar structure considered for the interconnected systems (5.46)—(5.47)
is defined mathematically as follows:

Definition 5.1 System (5.46)—(5.47) is said to be a similar interconnected large-
scale system via static output feedback or possesses a similar structure if there exist
matrices E; and nonsingular matrices D; fori = 1,2, ..., N such that

D; (A1 + BIE|C))Dy = Dy (Ay + ByEyCy)Dy = -+ =

Dy'(Ay + ByEyCy)Dy = A (5.48)
D{'Bi=D;'By=---=Dy'By=B (5.49)
CiD=CDy=---=CyDy =C, (5.50)

where A, B and C are constant matrices. Then, (E;, D;) is called a similar transfor-
mation parameter (STP) of the i-th subsystem fori =1,2,..., N.

Remark 5.11 System (5.46)—(5.47) possessing STP (E;, D;) implies thatits nominal
subsystems are all equivalent via static output feedback. This is an extension of the
systems dealt with in [110, 163, 214]. However, it should be emphasised that the
method proposed in this work is not only applicable to the interconnected system
with such a similar structure but can also be extended to more general large-scale
systems because the introduced similar structure is only for the simplification of the
technical presentation.
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It should be noted that the similar large-scale system introduced here possesses
nominal subsystems which are equivalent to one another through static output feed-
back, and the corresponding STP may be obtained by linear system theory.

Remark 5.12 In manufacturing processes, in order to produce the same or similar
engineering components in batches, many identical or similar machines (nominal
subsystems) are interconnected to form a large-scale system which is referred to as
a similar interconnected system in Sect.5.3.

The following assumptions are imposed on the system (5.46)—(5.47) with the
similar structure (5.48)—(5.50).

Assumption 5.4 The nonlinear function H;;(x;) (j # i) is Lipschitz in £2; with
Lipschitz constants .4, and it has the following decomposition:

Hij(x;) = Ij(x;)x;, (5.51)
with I3 (x;) € R™" fori, j =1,2,..., N with j #i.

Remark 5.13 Generally speaking, the function matrix I;; satisfying (5.51) is not
unique. A similar decomposition is also used in [3, 214, 225]. Since H;;(0) = 0, it
follows that the constraint (5.51) for H;; is not strong. In fact, (5.51) is satisfied as
long as H;;(x;) is sufficiently smooth. O

Assumption 5.5 There exist known continuous functions p; (-) with p; (0) = 0 and
vi () such that for x; € £2;

@ 1A% )l = pi(yi)s
(1) |AH; ()] = yi()llx]l,

fori=1,2,..., N.

Assumption 5.6 The matrix pairs (A, B) and (A, C) are, respectively, stabilisable
and detectable.

System (5.46)—(5.47) possessing STP (E;, D;) implies that its nominal subsys-
tems are all equivalent via static output feedback. It should be noted that Assumption
5.6 does not imply the realisation (A, B, C) is output feedback stabilisable. In fact,
it is not required that any nominal subsystem of (5.46)—(5.47) is output feedback
stabilisable in this work: this is in comparison with the previous work [23].

Under the transformation

x; = DiX;
and the feedback
uiinCixi—i—vi, i=l,2,...,N
System (5.46)—(5.47) in the new coordinates X =: col(x, X3, ..., Xx) is described

by
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N
X; = AX; + D' fi(D;x;) + B [vi + AW (D;x;)] + D;! Z H;j(D;x;)
j#i
+D; ' AH;(D¥), (5.52)
yi = Cx;, i=12,....N, (5.53)
where D = diag{D;, D,, ..., Dy}, and C is of full row rank as is each of the C;.
Under Assumption 5.6, it is observed that there exist matrices K and L such that,
forany Q > O and § > 0, the following Lyapunov equations

(A—BK) P+ P(A—BK)=—0 (5.54)
(A—LCY'R+R(A—LC)=—S (5.55)

have unique solutions P > 0 and R > 0, respectively.

Assumption 5.7 There exist matrices F| and F, with appropriate dimensions such
that

(i) B'P = F,C;

(iil) B'R = F,C,

where F) is nonsingular.

Remark 5.14 1t should be noted that similar conditions as Assumption 5.7 have also
been imposed in [24, 29, 214]. Note that if there exists a matrix K such that the
system (A — BK, B, C) is passive, then Assumption 5.7 (i) is satisfied by F; = [
[68]. Similarly, if (A — LC, B, C) is passive, then Assumption 5.7 (ii) is satisfied by
F,=1.

Assumption 5.8 The nonlinear function f;(x;) of the i-th isolated subsystems is
Lipschitz in its definition domain with Lipschitz constant .Z,, and satisfies

ILfi el = BillyilDs

where the bounding function g;(-) with 8;(0) = 0 is known continuous and differ-
entiable at the origin fori = 1,2,..., N.

From g;(0) = 0 and the differentiability of S, (-) at the origin, it is observed that
there exists a continuous function &; () such that fori =1,2,..., N

Bi(llyill) = & yilDIlyill, (5.56)
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In fact, &; (-) may be chosen as

;E(O), t=0
Ei(t) = 17:
;,3(1'), T#0

fori =1,2,..., N.

5.3.3 Preliminaries

In this section, some preliminaries are presented which are used in the later devel-
opment.
Consider the system (5.52)—(5.53). Since C is of full row rank, without loss of
generality, it is assumed that
C= [Im O]

with [, the identity matrix of dimension m x m. Next, introduce the following
decompositions conformable with the matrix C:

S P B 5D
K=[K K], L=[2} (5.58)

i)l e-[5 ) 659
e=lr k) os=[g 8]

where P, O, R, S, K and L are given as in (5.54)—(5.55), and Ay;, K1, Ly, Py, Oy,
Ry, 81 € R™*™ Then, it is observed that System (5.52)—(5.53) can be rewritten as

N
=1 _ _ —I _ -1 __
X; = Anx! + ApX]' + f; %) + B (v; + A (DY) + E H,; (X))

j=1

J#
+AH, (7). (5.61)
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N
% = Au¥ 4 A+ T G+ BuGi + ABDT)) + D H (7))
ji
+AH (), (5.62)
yl-z)_cl i=1,2,...,N, (5.63)

i

where X; = col(x],x!") with X/ € R" and ¥}’ € R"™", while ?ll (x;) and ?[”(f,-),
ﬁilj (x;) and ﬁll jI (x;), and Aﬁf (x) and Aﬁi”()_c) are the first m and last n —m
components of Di_lf,-(Difi), Di_ll-Lj(Djfj) and AH;(diag{D;, D, ..., Dy}x),
respectively.

Lemma 5.1 Assume that there exist matrices L such that the Lyapunov equation
(5.55) is solvable. Then,

(A + Ry'RJAR) Rs + R3(Ap + Ry RjAp) = —Ss,

where Ap, A, S3, and R; withi = 2,3 are defined by (5.57)—(5.60).

Proof By exploiting the block matrix representation (5.57)—(5.60), it is observed
that (5.55) can be rewritten as

Ay Ap L, ‘TR R
- ]m 0 T
(Lo ae =L o)) (& &)+
R R Ay Ap Ly
- Im 0
R [ R 1)
Css
- S S|

and therefore,
AT R, + AL Ry + RS Ay + R3Ay = —Ss.

It follows that
(ALRRy' + AL)Ry + R3(Ry' Ry A + An) = —S;.

Then, by noting that R; ™ = R; ', the result follows. #

Next, introduce the nonsingular coordinate transformation

I —I
S S Iy, 0 Xi| . e S I
Zi = I:Zi”:| = I:R;IR§ In—mi| I:fz”i| = EX; =ED; x; = Tix;. (5.64)
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From Assumption 5.7, it follows that
R;Bll + R3B; =0, Ry By + RIBII = Fzr. (5.65)

Then, from Assumptions 5.6 and 5.7, it follows that in the new coordinates z =
col(zy, 22, ..., ZN), the system (5.52)—(5.53) or the system (5.61)—(5.63) is described
by

N
4= Az +ED] (T ) + B [vi + AW(T )]+ D7 DT Hy (T '2))
j#i
+&ED AH(T ' 2), (5.66)
y; = Czi, i=1,2,...,N, (5.67)

where z; = col(z!, z!1) € R; = {Ti_lxi | x; € .Qi} fori =1,2,...,N, T = diag
{Ty, T, ..., Ty}, and

A= [ A — A12R§1R5 A :|
Ry'RIA| 4+ Ay — (Ry'RyT A+ An)Ry'RE Ry'R3 A + Ay
(5.68)
F=|Bu C=[1,0] (5.69)
O 9 m . .

Lemma 5.2 If the Lyapunov equation (5.54) is satisfied, then
(A—BK&E Y ETPE' +E6TPEN(A-BKE ) =-6T7087,
where A, B and C are defined by (5.68)—(5.69), and & is as given in (5.64).

Proof From the relationship between the system (5.52)—(5.53) and the system (5.66)—
(5.67), it is observed that

A=6A67', B=6B, C=C&'=[1,0], (5.70)
Then, from (5.54), it follows that
(A—BKE Y ETTPE ' +&TPE(A—BKE™)
= (EAE' —EBKE Y ETPE T+ ETTPETNEAET —EBKETY)

=&T(A—BK)"PE '+ ETP(A - BK)E!
=—&7T087". (5.71)

Hence the result follows. #
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Some of the characteristics of the considered similar structure have been shown
above. With the preliminaries provided in this section, it is now possible to consider
the controller design and present the main results.

5.3.4 Reduced-Order Controller Design

In this section, a reduced-order output feedback control scheme is presented for the
interconnected similar system.
First, observe that the system (5.66)—(5.67) can be rewritten as

. _ —1I _
7l = [All — AR, ]RE]Z,-I + Anz!' + i (&z) + Bii (v + AY (T, '2i)

N
+ > M)+ AM] ), (5.72)
j=1
J#i
= |R7'RI(A1 — ARy 'RS) 4 Ay — ARy RS 2] + (A + RT'RI A1)
i 3 2(A1] 12133 2 21 22 x5 2 |Z; 22 3 2A12)%;

N
[ RSRS Lo | D7 AT 2+ D[R REM ) + MY @)
2
+R; 'R AM! () + aM! (), (5.73)
vi =1, i=12...,N, (5.74)

where ?l[ (£z;) denotes the first m components of D;” ! ﬁ(Tflz,-) and

Ml.l.(z~) B

e = [M;I;I(zjj)} = TiHyj (T} '2)), (5.75)
AM!

AM;(2) = [AM},((ZZ))} =T, AH;(T"'2) (5.76)

with Ml-lj (z;) and AMiI (z), respectively, the first m components of M;;(z;) and

AM,‘ (Z)
Now, for the system (5.66)—(5.67) or (5.72)—(5.74), construct a reduced-order
controller described by
= (Ap + Ry'RS A + [RglRﬁ(A11 - A12R3_1R§) + Ay — A22R§1R§]yi
+[RY'RS B | D7 (T i 2T
N
+> [R;IR;M{,(y,,z;’) +M,»1jl(yj,251)] (5.77)
j=1

J#
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Vi = k& |:2);lli| + wi(yi) + & (i), i=1,2,..., N, (5.78)

i

where 2!/ e R"™ R; (i =1,2,3), A;; (i, j = 1,2)and K = [ K| K, ] are defined
in (5.57)—(5.60), and w;(y;) and ¢; (y;) fori = 1,2, ..., N are defined by

Fry;

———pi(yi), F1yi #0
W) = T Ey PO i 70 (5.79)
0, FlinO
1
() = —582 (PD7Y) &Nyl F yis (5.80)

where F satisfies Assumption 5.7, and ¢ is a positive constant.
From the nonsingularity of Fj, it is known that F;y; = 0 if and only if y; = 0 for
i=1,2,..., N.Then, u;(y;) is continuous in its domain of definition due to

0 < |mi(ydl < pi(yi)

with p; (0) = 0 and the continuity of p; fori = 1, 2, ..., N.Itfollows that the dynam-
ical output feedback controller (5.77)—(5.78) is continuous.

Remark 5.15 The system (5.61)—(5.63) is transformed to the system (5.72)—(5.74)
through the transformation
i = gfl

It should be noted that one of the important differences between the two systems is
that the control variable v; disappears in (5.73). This greatly simplifies the control
design since v; no longer appears in the dynamical error equation and does not affect
the dynamic part (5.77) of the controller (5.77)—(5.78). Thus it is possible to focus
on designing the control v; to reduce or even cancel the effects of uncertainties. [

The main result can now be presented.

Theorem 5.4 Suppose that system (5.46)—(5.47) possesses a similar structure with
STP (E;, D;) fori =1,2,..., N. Then, under Assumptions 5.4-5.8, there exists
a continuous reduced-order controller to stabilise the system (5.46)—(5.47) if there
exist a positive constant & and a neighbourhood 2’ of the origin in 2 such that
W'+ W > 0in 2"\ {0}, where W = [w;;lanxon is defined by
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MQ) —&—25(PD; Y3 (D)yi,

M(S3) = 25(DpT ([ Ry Ry ] D7 D2y,

—2i(P)o (I'ij) — 26 (PD; Yo (D))yi,
-2 [E(RZ) + X(R3)] zTi—NH(i—N)(i—N)’

Wij =1 =25 (PBK2) = 2[5 (R2) + A(R3)]a(T))5 (D) i,
—2[a(Ry) + A(R3)| 5 (Tj-N)T (Di)yj—N

—25(PBK2) — 2[5 (R2) + M(R3)15(T1)T (D) y;,
—2[5(R2) + A(R3)| & (T))o(Di—N)Vi-N

with P, Q, Ry, R3 and S5 as given in (5.57)—(5.60).

l<i<N, i=j
N+1<i<2N, i=j
I1<i,j<N, j#i
N+1<i,j<2N,
j#Ei

j=N+i, 1<i<N
j#N+i, 1<i<N
N <j<2N
i=N+j, 1<j<N
i#N+j, 1<j<N,
N <i<2N

Proof From the analysis above, it is observed that the system (5.46)—(5.47) is equiv-

alent to the system (5.66)—(5.67) through feedback
u; = E;Cix; +v;
and the nonsingular transformation

zi = Tix;

fori = 1,2, ..., N.Therefore, it is only required to prove that System (5.66)—(5.67)

is stabilisable using a reduced-order control.

By applying (5.77)—(5.78) to the system (5.66)—(5.67), the following closed-loop

system is obtained

¢ o= Az +ED7 (T2 + E[ —k&! ( y’}) + i ) + 6 ) + A%(T,-‘lz»]

&
N
+> D H(T ' 2j) + 6D AH (T 1)

j=1

J#

(5.81)

T = (o2 + Ry REAIE! + [ RV RS (A1t = ARy RE) + Aot — ARy RS |

+[ R RS b | D7 AT i)

N
-1 ~ ~
+Z[R3 REMl-Ij(yj,zy)+Mi1jl(yj,z§1)]
j=1
J#
yl.zzl!, i=1,2,...,N.

(5.82)

(5.83)
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For the system (5.81)—(5.83), consider the Lyapunov function candidate:

V@izo,--aans 2020 2y
N - -1 N 11 _ 2ll I _ 21l
=204 T PET L+ 2@ — )R — &),

where P and Rj are given, respectively, by (5.54) and (5.60).
Lete; = z!7 — 2!’ Noticing that y; = z/, it is easy to see from (5.73) and (5.82)
that

é = (A + Ry RS An)e; + [ Ry'RE 1, | D! (f,-(T,«“z,-) - ﬁ(Ti‘l(yi,?,,-"))) +

N
> {[R;leM,.’j(yj, 4+ Ml-ljl(yj,2§1)] - [R;leM,-’j(yj,2§1) + Ml ;. 2§’)“
j=1
J#
+Ry' RS AM! (2) + AM! (2). (5.84)

In addition, it follows from (5.70) and y; = Z,-I that
ETPEBKET! [fy;', } (5.85)

. : !
=& TPBKE™ [zy»’l’} +&TPBKE™! [[y,,} - [ZZ;‘, “

1 1

=& "PBK& 'z + & PBKae;. (5.86)

Therefore, the time derivative of V along the trajectories of System (5.81)—(5.82) is
given by

V (5.81)—(5.82)
N N
= =D 60T 42 ) S ETTPE [Kaer + AT ) + i (o0
i=1 i=1
N
+23 6P D7 (T ) + B

i=1

N N

42 2 ETTPD 3> HG(T ) + AH(T ')
i=1 j=1
' J#

N N
+2 3 e [RY R | D7 (AT ) = @7 00 2T)) = D el Saen +
i=1

i=1
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N N
23 er R D RTRS (MY v i) = M0y, 210) + [ MY (0, 241 = Mt (0, 210)] )
i=1 j=1

J#i

N
+2" el Rs [RTTRS AM] () + aM!T ()] (5.87)

i=1

where Lemmas 5.1, 5.2 and (5.86) are employed in the implication above.
From the structure (5.79) of u;(y;) and Assumption 5.7, it is observed that

(1) if F1y; =0, then, fori =1,2,...,N

FETPB AT ) 4 ()] = (FICE™ 2)  AW(T ' 1)
= (Fiy)"AW(T, ' z)
=0
@ii) if F1y; # 0O, then, by Assumption 5.5 it follows that fori = 1,2,..., N
ZfETTPB AT ) + i ()]
Fiyi
= (FLCE™ )" AT 2) — (FLCE ™ 7)) —2 gy (1)

| Fry:ll
(Fiy)t Fry;i
< [[Fyillpi(yi) — Wpi()’i)
1Yi
=0.

Therefore, fori =1,2,..., N,
& PB[Kare; + AV (T 2) + i3] < G(PBK)IIE  zill leill.  (5.88)

From (5.56), (5.80), the inequality 2ab < 1a* + eb? withe > 0,and Assumptions
5.7 and 5.8, it follows that

ZFETTPD (T ) + 2f ETTPBG ()
= (') PD; (T ) + (67 )T CTF G ()
16~ zillg (P D; DB (llyill) + (CE™ 2)T F&i (i)

1 _ 1 _ _ I, _ -
sele™ 1+ 557 (PD;!) B2l — 37 F (EFI "yie(PD; 1>si2<||yi||>)

IA

IA

1 _ 1 _ _ 1 . _
Sele™ al? + 557 (PO ) 2l = 5-v7 v (PO ') 2wl

1
Eenff—‘z,-n% (5.89)

where ¢ is a positive constant.
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From Assumptions 5.5 and 5.6,
N
GETPD D H (T ) + AH(T™'2)

j=1

J#

= (&) ZPD 'ry(T7'2))D;& "z, + PD; AH(T'2)

J#t
N
< \e %l | D FP D LT 2 ) DI~ 251l + T(P Dy Hyi (o) IT 'z |
j#i
N
= > [Fewmp + 3D E D)y | 167 2l 16 4
J#

+5(PD; YT (D) (O 112, (5.90)

where the inequality

N
T2l < D FDpIE" 2

j=1

is used in the last implication. In addition, from Assumption 5.7, it follows that

—_ _ 0
< lleill ([R5 R3] D;Y) |: 1 _211:|”

=D ([ RS R3] D7) Ly les . (591)

el [ R} Ry D7 (fi(T ' z) — £i(T7 (i 211)))

As M;;j(z;) is Lipschitz in £, it follows that fori = 1,2,..., N,

eR3Z{ 1R2 (M,J(y,,z )—M (yuAU)) (M”(yl,z )—M”(y,,A”))}
J#t

N
- Z[e RS (Ml 2}y = M0 240) + €f Ry (M 0124 = M 1. 21) |

\x_

N
Z [FR)Zyyp 123" = 217 Nl + KR Zygpr 2} = 217 e ]

\\
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N
= Z [F(R) L,y + 7R Ly | il e

\x.

Mz

[(R2) + A(R3)] L, llei | llej . (5.92)

j 1
i

.

From Assumption 5.5, it follows that fori = 1,2, ..., N,

e’ Ry [R;‘ RIAM! () + AM}’(z)]
= e] RIAM] (2) + e] RyAM]! (2)
< [F(R) + (R |IAM; @)1 e ]

= [(R) + 2R |IT: A BT D) e

N
=X [F@R) + 2R [T D7 IE 2l el (5.93)
j=1

Substituting (5.88)—(5.93) into (5.87) yields
V |577-6.18)

N
= =2 [(120) — e = 25(PDTHFWDH@) 16 2 I + (S e

i=1

+2Z

|_|

F(PBK;) + ((Ro) + 2(R)) TG (D)3 (0 | 167 2] e

N N
ZZ{[/\(P)G(FUHG(PD )T (D) OINE 16 25

[U(Rz) + Amax(R3)]1 L1, il Nlej |l

ﬂMz
%1 Mz ¥1

N
+2ZZ T (R2) + max (R)IG (THT (D) y; (O E ™ zi ] lle |
i=1 j=1

J#i
1
= —EYI(WT + W)Y,
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where ¥ = (|67 zill, 1€ 2all, .., 1€ 2wl Nleall, lleall, ..., llex )T From
the positive definitiveness of W* + W, it follows that System (5.72)—(5.74) is asymp-
totically stable. Hence the result follows. #

Remark 5.16 1t should be noted that in the case of dynamical output feedback con-
trol, the effect of uncertainty, even matched uncertainty, is difficult to cancel com-
pletely. In this section, by exploiting Assumption 5.7 and the transformation (5.64),
the effect of the matched uncertainties in isolated subsystems is cancelled completely
in the proposed control design. Thus the bounding functions of the uncertainties
appearing in isolated subsystems are allowed to be arbitrarily large. This greatly
reduces the conservatism of the control design and improves the robustness of the
designed system. (]

From the relationship between state variables x and z, it is easily observed from
Theorem 5.4 that under Assumptions 5.4-5.8, the continuous reduced-order dynami-
cal output feedback control for the system (5.46)—(5.47) may be presented as follows:
2= (Ap + Ry'RIA)EH + [R3_1R§(A11 - A12R3_1R§) + Ay — A22R3_1R§]yi

+[R7'RS Ly | D' (T i, 21T))

N
+ 2[R RIM 0. 211 + MY G200 (5.94)

=1

j#i
ui = Ejy —K&™! |:2)_;il:| +ui (i) + 5 (i), (5.95)
yi = Cixi, (5.96)

where u; and ¢; are, respectively, defined by (5.79) and (5.80) fori = 1,2,..., N.

It should be noticed that Assumptions 5.7 and 5.8 will be redundant if there is
no uncertainty in the isolated subsystems of (5.46)—(5.47) or if all uncertainty is
treated as uncertain interconnections. In this case, a result which is easier to verify
can be obtained but at the cost of more conservatism. For the sake of simplification
of notation, consider the following system:

N

& = Az + Bui + D Mij(z)) + AM;(2), (5.97)
j#i

inCZ,', i=1,2,...,N, (598)

where z; € R”, u;, y; € R™, the terms

N
ZMij(Zj) and  AM;(z)
j#i
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are the continuous known interconnections and uncertain interconnections, A and B
have the same block decomposition as (5.57), and

C=[I.0].
Then, the system (5.97)—(5.98) may be rewritten as

N

# = Anzl + Anz!' + B + ZM,‘IJ‘(ZJ) +AM/ (2), (5.99)
j#i
N

g = Anz + Azl + Baui + ) M/ z)) + AM!' (z),  (5.100)
i

yi =121, i=12,...,N, (5.101)

Consider the system (5.99)—(5.101). Let A2, be Hurwitz stable. Then, for any positive
definite matrix S € R*~"*®=m there exists a unique R > 0 such that

ALR+ RAy = -S§. (5.102)
Then, the following result can be presented.

Theorem 5.5 Consider the system (5.97)—(5.98). Suppose that

(i) (A, B) is detectable and A, is Hurwitz stable;
(ii) |AM;|| < yvi(@llzl| withi =1,2,..., N forz € 2;
(iii) Miljl j, zj’) is Lipschitz about z§1 with Lipschitz constant £y and
ij
M;j(z;) = Ij(z)z;-
Then, the system is stabilised by the reduced-order control

N

z1 = ApZl" + Anyi + Boui + ZMiIJ‘I()’jv &, (5.103)
j#i

u; = —Kyy; — K2/, i=12,...,N (5.104)

if there exists a positive constant o and a neighbourhood §2' of the origin in 2 such
that in 2"\ {0},

Wi+ W! >0 and Wh + WS > 0,

where W = (Wilj)NxN: W, = (W,'zj)NxN andfori,j=1,2,...,N



5.3 Reduced-Order Control Design for Interconnected ... 145

Wl = [/\(Q) A dmax RVE = hmax (P)yi, i =)
Y _Ul(PE]) max(P)yia i ;éj’
W2 — A(S') - Eakmax(ﬁ), i = ]

_)"max(RS)ZMi’j’a i 7é ]

with P, Q and K = [ K\ K, | as given in (5.54).

Proof Lete; = zi” — 21.” withi = 1,2, ..., N.It follows from (5.100) and (5.103)

that
N

é = Ane; + Z (M (z)) — MY GH]+ aM] (2).

Then, it is observed from conditions (ii) and (iii) that

i P [ZIL M;j(z;) +AMi(Z)]
i
< lev;l o (PIiji)lzill lz;ll + Z?]:] Amax (P)yi @ llzill N1zl
J#i

and

iR zf,vz (M g2t = MY (3. 21D) + AMI ()]
JFEL

< 20 AR Ligglleillle) | + xR allenl? + 577 @ )L 1]

Now, for the closed-loop system resulting from (5.99)—(5.101) and (5.103)—(5.104),
consider the Lyapunov function candidate

V=" (Pz +eRey).

i=1

By similar arguments as those in Theorem 5.4, the result can be established
directly. #

Remark 5.17 Tt is worth noting that the proof of both Theorems 5.4 and 5.5 is
constructive and gives explicit control design procedures. The conditions in Theorem
5.5 are easier to verify when compared with those of Theorem 5.4. But it is at the cost
of more conservatism. It should be noted that the adjustable parameter « in Theorem
5.5 may be used to reduce the conservatism. O
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5.4 Simulation Examples

In this section, the approaches proposed in Sects.5.3 and 5.4 are illustrated by sim-
ulation. Case studies on the high incidence research model (HIRM) aircraft system
and a coupled inverted pendula system are presented.

5.4.1 Case Study on HIRM Aircraft

Consider the dynamics of the HIRM aircraft at the trim values of Mach 0.2 and height
6000 ft taken from [115]. The system matrices are given by

[ —0.0836 —4.9911 —0.7190 —9.8066
—0.0038 —0.2788 0.9772 0
—0.0030 —0.5466 —0.2960 0

0 0 1.0000 0

0 0.0072 0 0
0 0.0861 —0.0011 0
0 0.3320 0.0005 0
0 0 0 0.0016

0.0981 0 0 0

0 0 0 0

0 0.0013 —0.0007 0

0 0 0 —0.0013
—0.0113 0.4223 —0.8991 0.1330
—7.5964 —0.3604 2.2864 0
—0.2419 —0.0313 —0.1489 0

0 1.0000 0.4732 0

[—1.2536 —2.4223 0 0
0.0008 —0.0761 0 0
0.5247 —14718 0 0
5 0 0 0 0
= 0  —0.0006 —0.0091 0.0175
0.0126 0.0498 0.2502 —3.0279
—0.0001 0.0233 —0.0762 —0.3929
0 0 0 0
00100000
c_| 10000000
00010000
(00000001

(5.105)

(5.106)

(5.107)
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This system has eight states: airspeed (m/s), angle of attack (rad), pitch rate (rad/s),
pitch angle (rad), sideslip angle (rad), roll rate (rad/s), yaw rate (rad/s) and bank
angle (rad); four inputs: symmetrical canard deflection (rad), symmetrical tailplane
deflection (rad), differential tailplane deflection (rad) and differential canard deflec-
tion (rad); four outputs: pitch rate (rad/s), airspeed (m/s), pitch angle (rad) and bank
angle (rad). The system has a zero at 1.9938 and poles at 0.04254+1.7614i and
0.010720.1399i, and thus the (A, B, C) is nonminimum phase and unstable.

As in the work described in [148, 177], a decentralised control strategy will be
used to control the integrated HIRM aircraft. Introduce the coordinate transformation
matrix

[0 1.0000 0 000007
0 00314 00402 00 0 0 0
10 0 00000
0 0 0 10000
0 0.0003 00003 00 0 0 1
0 —0.0205 —00131 00 1 0 0
0 —0.009 —0.0122 0 0 0 1 0
0 0 0 01000

In the new coordinate system, the system (5.105)—(5.107) can be described in the
form of (5.1)—(5.2) as follows:

[ —0.2960 — 0.0202 |—0.0220
A= | —=0.7190 —0.2404 ‘—0.2006
| 24.8696 —0.1251 |—0.1220
[ 0.5247 —1.4718
By =|-12536 —24223 |, Ci=[hL 0y]
| 71.0000  0.0000
0 —0.0013] 0 0 0
0.0016 0 1.0000 04732 0
Ay=|=0.1010 0 | —0.3604 22864 —7.5954
—0.0011 0 | —0.0313 —0.1489 —0.2419
| 0.0001 0.1330 | 04223 —0.8991 —0.0113
0 0
0 0
By=| 02502 —3.0279 |, Ci=[L 03],
—0.0762 —0.3929
| —0.0091 0.0175

where the nominal isolated subsystem (A1, By, C1) is stable and minimum phase with
two inputs: symmetrical canard deflection (rad) and symmetrical tailplane deflection
(rad); two outputs: pitch rate (rad/s) and airspeed (m/s), and (A,, By, C;) is unstable
and nonminimum phase with two inputs: differential tailplane deflection (rad) and
differential canard deflection (rad); two outputs: pitch angle (rad) and bank angle
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(rad). The interconnection terms are

0.0013)623 — 0.0007)(?24
Hij; = | —9.8066x2; 4 0.0981x75
7.6624)(21 — 0.0767)(25

X11
—0.0251x12 — 0.0189x13
H21 = 0.3103)611 — 0.0204X12 - 0.0278)613

0.2964x;; + 0.0086x1, + 0.0121x3
—0.0077x11 + 0.0003x12 + 0.0058x3

Suppose that the system sufferers from disturbances

AH)(x, 1)
AHp(x2, 1) = _ AH(x, 1) B
B —0.5846 AH | (x3,1) — 0.0652A H, (x5, 1)

[0.01A f(x2, 1)
0
Afa(xz, 1) =

S O O

where the unknown signals satisfy

IAF] < exp{—2 — t}|xa5]°
A@
AH,

The domain §2 is given by

< sin’ xp + |x23).

lx2s| < 0.53

xij€R@G#2and j #5
Qz[(xll"x127-x13vx21,-..,)C25) J ( # J;é )]

which implies that the limitation on the pitch angle is from —30° to +30°.
Assumption 5.1 is satisfied. Choose the ‘compensator’ gains as

99.6998 —0.3800
Ly = | —0.3800 99.8798
18.1370 —58.7751
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100.0000 —0.0004
—0.0004 103.8401
L, =| —0.1040 349.8709
—0.0019 87.7352
0.0004 —-78.7022

The corresponding solutions of Lyapunov equation (5.4) for Q1 = 10073 and Q, =

10015 are
1.3847 7.9342 ‘13.5392

Py = 7.9342 71.6549 |121.4193
13.5392 121.4193|207.6899

0.5000 0.0029 | —0.0004 —0.0002 0.0015
0.0029 237.7960‘ —46.2122 —20.6196 84.5487
P, =] —0.0004 —46.2122| 18.8694 —11.5992 6.2753
—0.0002 —20.6196| —11.5992 72.7900 3.2090
0.0015 84.5487 6.2753 3.2090 138.2835

Let the matrices which determine the structure of the uncertainties in (5.5) be

0.01
0 0 1
D, = 0 |, Epp = 1 0
0 —0.5846 —0.0652
0

and the bounds on the uncertainties from (5.6) are
yo=exp{—2—t}|xs]” and  ¢pp = sin®xp + [x03).

It is straightforward to check that Assumption 5.2 is satisfied with

G» =[0.0050],

5 [0.01890.6709
1271 0.5021 0.0189 |-

The dynamical compensator (5.11) is completely specified and by direct computation,

. _ 200 —68.1072
weaw= |:—68.1072 200 ]
is positive definite. Thus from Theorem 5.1, the partial state estimate %;, satisfies
(5.12). Suppose the desired eigenvalues of A,y and Ao are {—0.25} and {-3 +
2i, —2}, respectively. According to the algorithm given by Edwards and Spurgeon
[38], the designed sliding surfaces are given by
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0.4326 0.8128 |—0.3901
Si=[8u S| = [0.9016 —0.3901‘ 0.1872 } (5.108)

—0.7659 0.2488 [—0.0121 0.3246 —0.4961
S =[S 52] = [—0.6430 —0.2955‘ 0.0146 —0.3868 0.5911 ] (>-109)

It follows that (5.26) is satisfied if

—4.3264 9.0157 0.0000
T = | —8.1282 —3.9005 4.3264
3.9005 1.8718 9.0157

~0.1 0
le:[ 0 01}

7.6586 —6.4301 0.0011 —0.0030 0.0045
—2.4877 —=2.9552 0.1900 —5.0491 7.7168
T,y =] 0.1213 0.1460 9.9974 0.0693 —0.1059
—3.2457 =3.8677 0.0691 8.1610 2.8106
4.9606 5.9111 —0.1056 2.8106 5.7044

~0.1 0
T”:[ 0 01]‘

Q1 =1 and é2:13.

and

Let

The solutions of the Lyapunov equations (5.31) are

B 0.0934 —0.0245 0.0630
P =2, P, =] —0.0245 0.3594 —0.3211
0.0630 —0.3211 1.1631

By direct computation

2.0000 —0.4700 —0.0410 —0.1242
—0.4700 1.4693  —0.1242 —0.3698
—0.0410 —0.1242 200.0000 —55.8311
—0.1242 —-0.3698 —55.8311 200.0000

M+ M=

which can be shown to be positive definite. Therefore, the requirements of Theorem
5.2 are satisfied. According to (5.36), the controller is now completely specified. For
simulation purposes, suppose that only the bank angle has an initial deviation 0.1 rad

while
a1 =03359 and oy =0.286
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Fig. 5.1 The response of the nonlinear HIRM aircraft system: airspeed (m/s), angle of attack (rad),
pitch rate (rad/s) and pitch angle (rad)
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Fig. 5.2 The response of the nonlinear HIRM aircraft system: sideslip angle (rad), roll rate (rad/s),
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Fig. 5.3 The response of the switching functions

The simulation results in Figs. 5.1 and 5.2 show the effectiveness of the controller. The
airspeed is almost unaffected by the system control variables. This is in accordance
with practice since airspeed is mainly controlled by engine thrust. Figure 5.3 shows
the time responses of the switching functions.

5.4.2 Case Study on Coupled Inverted Pendula

Consider two identical inverted pendula coupled by a moving spring and subject to
two distinct inputs (see [59]). The salient feature of the system is that the position
a of the spring can change along the full length / of the pendula. The input to each
pendulum is the torque u; applied at the pivot point. The two payloads are supposed
to be both known and equal to m [59]. Let

x; = col(x;1, x;2) = col(6;, 6; — 6;)

fori = 1, 2. Then, according to [59], the dynamic equation of the pendulais described
by
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0 O
+ ka? 0 X (5.110)

mi?
1 —1 0 0 0
).62: 1_5 1 Xo + _L us + _k;ﬂzo X1
l mi? ml?
0 O
+ | ka? 0 X2, (5.111)

where k and g are the spring and gravity constants. The system output is chosen as
yi=[1 0]x; for i=1,2.

In order to illustrate our scheme, assume that the uncertainty in the interconnections
is represented by making a an unknown function of the state vector, that is

la| < @ (x).
According to [59], the parameters are chosen as

It is obvious that (5.110)—(5.111) is a similar interconnected system. Comparing
(5.97)—(5.98), it follows that

1 -1 0
A:[O _1] B=|:_1i|, c=[1 0]
D(x1) = P2(x2) =0, M = My =0,
. 0 0 0 0 )
AM,-(x)—dlag[[(_l)iﬂ%0},[(_1)[%O:Hx, (i=1,2).
Let B
K=[115-475], Q=2I, §=2, a=2

It follows that
p— |: 49525 — 0.0518:|

—0.0518 0.0217

and
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R=1, Y=y = @2(x).
By direct computation,

W — 2 — 1.25w*(x) — 4.5531@%(x) —4.5531w%(x)
b= —4.5531w 2 (x) 2 — 1.25w%(x) — 4.5531w%(x)

10
we[! )

Then, it is observed that in domain
Q' = {(x11, x12, X21, X22) | @ (x) < 0.46}

all conditions of Theorem 5.5 are satisfied, and thus the system (5.110)—(5.111) is
stabilised by the reduced-order controller

Xip = =X —uy, (5.112)

X = —Xn —us, (5.113)
—115y; + 47.5%;5, i=1,2. (5.114)

u;

25

_2 L L L L L L L
0 1 2 3 4 5 6 7 8

Time/s

Fig. 5.4 Evolution of state variables of System (5.110)—(5.111) under control (5.112)—(5.114):
xp(t); ————— xpp(t); - —-—-—- X () x22(1)
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With the chosen parameter settings, a simulation with initial state
xo = (—0.8, 1.0, 0.35, 2.3)

is shown in Fig.5.4.

5.4.3 A Numerical Simulation Example

In this section, a numerical example is given to demonstrate the result presented in
Theorem 5.4.

Consider the interconnected system composed of two second-order subsystems
described by

X1 = 0 1 0.2x11 1
e |:_1 _2i|x1 * |:0.1x11 sinx12i| + [_] ] (uy + AW (x1))

+AH; (x) (5.115)

1 2
i = [_12 12}x2+ [_11](M2+A1112(x2))+§ [Ofén] (5.116)
yi=[10]x (5.117)
v2=[10]x, (5.118)

where x; = col(x;;, x;») fori = 1,2, and x = col(x, x,) are the system state vari-
ables, u;, y; are, respectively, the system inputs and outputs of the i-th subsystem,
and the uncertainties satisfy

|AW; (x1)] < y}sin®y,
|AW (x2)] < |yale”
IAH, ()|l < 0.1(x12 + x21)? sin L.
Let
up =mv
{Mz =—[1 Olxx+v, ~

It follows that

.| 01 0.2x1 1
ne |:_1 _z}xl + |:0.1x11 sinx,z] + [_1} (1 + A% (x1))
FAH ) (5.119)

1 2
i = [_01 _12}  + [_IJ CERACHER- [0'5’“1] (5.120)

X12
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yi=[10]x (5.121)
y2=[10]x. (5.122)

—

Therefore, the system (5.115)—(5.118) is a similar interconnected system with the
STP (E;, D;) fori = 1, 2 defined by

Dy =D, =1, E, =0, E, =—1.

Now, choose
and
It follows that

By direct calculation, in the domain
2 ={x||xul =2, x12, x21, 22 € R}
the corresponding parameters are given by

Fi=F =2 &(@)=+5/10, &@)=0
p1(r) = r?sin’r, pa(r) = |rle”

v = 0-021(3612 +x1)% =0, INx»=0
Iy = [Ex” 0 } L5 =03, L, =0

0 1/8
1 1
Z1h, =0, ZrH, = 3’ K, = 3
Then,
1.9844 — £ — 0.04(2 + /2)9 —0.04(2 + v/2)® —% — 0.08 #ﬁ 0
242 345 1
W 22 1.9844 — ¢ —0.08y/ 352y —3 |
—1008/35s  —008,/3%59  2-06V3 0
0 1 1
2 2
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where ¥ = (x5 + x21)2. It can be verified that W™ + W is positive definite in domain
Q" ={(x11, x12, %21, x2) | |x11] <2, |x12+ x| < 1.3, x2 € R}

for the chosen ¢ = 0.01. Therefore, from Theorem 5.4, System (5.115)—(5.118) is
stabilised by the reduced-order control

d)] = —w1 + 02y1 + Olyl sin(w1 - yl) (5123)

. 1 1 1

w) = —wy + §w1 + gyf - §Y1 (5.124)
1 67 5

U= —go - yilyi|sin® y; — (g + 5“/5) A\ (5.125)
1 15

Uy = —ng - §y2 — ye”?. (5.126)

The state responses corresponding to the initial condition
x(0) = (—1.8,2.5,-3.5,4.0)

are shown in Fig.5.5.

0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
Time/s

Fig. 5.5 Evolution of state variables of System (5.115)—(5.118) under the control (5.123)-
(5.126): x@); ————— xpp(t); —— == X1 (1) e x22(1)
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5.5 Summary

In this chapter, reduced-order compensator-based controllers have been synthesised
for nonlinear interconnected systems in which the uncertainties are mismatched and
have nonlinear bounds. Section 5.2 has presented a dynamical decentralised output
feedback control strategy using sliding mode techniques. The notion of the equivalent
control and local coordinate transformations are exploited to establish and analyse
the stability of the reduced-order sliding mode. The known interconnections are
used in the control design which insures the composite reachability condition can be
satisfied by the designed controllers. Some remarks have illustrated the advantages
of the proposed control scheme. Therefore, the developed results can be applied to a
wide class of systems. Section 5.3 has presented two reduced-order control schemes
to stabilise a class of nonlinear interconnected systems with mismatched uncertainty.
Based on the constrained Lyapunov equations, the conservatism of the developed
result has been greatly reduced. The role of coordinate transformations is clearly
shown in the analysis.

It has been shown that dynamical feedback can remove the requirements of min-
imum phaseness of the nominal isolated subsystems. It has also been demonstrated
that the system structure plays an important role in simplifying the analysis and
design of large-scale interconnected systems. The methods proposed in this chapter
may be extended to a wider class of interconnected systems.



Chapter 6
Delay Dependent Output Feedback
Control

In this chapter, nonlinear time-delay systems are considered. Under the assumption
that all the time-delays experienced by the system are completely known, static output
feedback control, reduced-order observer-based control and decentralised control is
investigated using sliding mode techniques. The Lyapunov—Razumikhin approach
will be employed to deal with the time-delay. Simulation examples are provided to
demonstrate the developed theoretical results.

6.1 Introduction

In the mathematical modelling of a real system, it is often assumed that the system’s
future behaviour depends only on the current state. However, such an assumption
is not always true due to the existence of time-delay elements such as material or
information transfer. If the delay is neglected, sometimes the model cannot reflect the
system sufficiently well, which may lead to poor performance. This has motivated
the study of time-delay systems [141].

Time-delay widely exists in the real world. In economic systems, delays appear
in a natural way since the decisions and the effects (caused by the decision) are
separated by some time interval. In communication systems, data transmission is
always accompanied by a nonzero time between the receiver and transmitter of
a message or a signal. Such systems belong to the class of differential-difference
equations which are infinite-dimensional when compared with ordinary differential
equations.

Sometimes the delay may greatly affect the system performance: for example,
a small delay may destabilise a system while a large delay may stabilise a system;
chaotic behaviour may appear if the delayed state involves a nonlinear function but
in other cases, chaotic systems may be stabilised by a delayed feedback [130]. This
shows that time-delay systems are complicated especially when the delay exists in

© Springer International Publishing AG 2017 159
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nonlinear terms. Therefore, the study of time-delay systems is pertinent and valuable
both from a theoretical and applications perspective.

As early as the eighteenth century, time-delay systems have been studied (see
the survey paper [66]). Since Krasovskii extended Lyapunov theory to time-delay
systems [93] and Razumikhin proposed a method to avoid the use of functionals in
the Lyapunov stability analysis [140], great progress has been made, but most of the
early work focused on the analysis of unforced time-delay systems. In more recent
years, the advancement of control theory has motivated the study of time-delay and
control systems. For systems affected by time-delay, contributions have considered
cases where the delay may appear in the system state, input, output and disturbances
experienced by the system [53, 63, 98]. A variety of control approaches such as
sliding mode control, H., control, backstepping techniques and adaptive control,
etc. have been applied to the control of systems with time-delay and many important
results have been achieved [53, 60, 63, 125].

It is well known that sliding mode control, as one of the discontinuous control
approaches, is completely robust to so-called matched disturbances [38, 174]. This
has motivated the application of sliding mode techniques to time-delay systems with
disturbances [53, 63, 84, 112, 132, 154]. It should be noted that most of the existing
results are based on the fact that all of the system state variables are accessible
[53, 63]. However, system state variables are often not fully available. Therefore,
it is essential to study output feedback control which is more convenient for real
implementation.

In the following sections, both static output feedback control and dynamical output
feedback control schemes will be formulated for a class of nonlinear time-delay
systems, and a decentralised static output control strategy is proposed for a class of
interconnected time-delay systems.

6.2 Static Output Feedback Control of Time-Delay Systems

Many results associated with different types of delay such as state delay, input delay,
and output delay have been produced [98, 154, 184]. Most results for linear time-
delay control systems will finally produce linear matrix inequalities (LMIs) [52, 101,
164]. When a time-delay system is nonlinear and has nonlinear uncertainties, the
problem becomes more complicated. Although many results have been obtained for
time-delay systems, the problem of output feedback control of time-delay nonlinear
systems is much less mature.

It has been established that when compared with state feedback, the static output
feedback control problem is much more difficult, even for systems without delay
[165]. Much less attention has been paid to time-delay systems with delayed dis-
turbances using static output feedback sliding mode control and only a very limited
literature is available [84, 112]. A sliding mode control is given in [ 154] where an out-
put tracking problem is considered. Luo et al. studied a class of time-delay systems
where static and dynamic output feedback strategies are both considered [112] but it
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is required that all of the uncertainty is matched. Janardhanan and Bandyopadhyay
[84] proposed a static output sliding mode control scheme for time-delay systems
involving a class of linear discrete-time system.

In this section, a static output feedback sliding mode control strategy is proposed
to stabilise a class of time-varying delay systems with time-delayed nonlinear dis-
turbances. Both matched and mismatched uncertainties are considered where the
bounds on the uncertainties involving time-delay are employed in the control design.
A sliding surface is designed and the system structure is analysed and employed in the
stability analysis of the sliding motion using the Lyapunov—Razumikhin approach.
Then, a sliding mode control with time-delay based on only output information is
proposed to drive the system to the designed sliding surface in finite time and main-
tain a sliding motion on it thereafter. As in [200, 214], the bounds on the unstructured
disturbances are allowed to be nonlinear, but unlike [200, 214] time-varying delay
exists in the system considered, the disturbances and the bounds on the disturbances.

6.2.1 Preliminaries

To develop the time-delay framework, first consider the linear system

x = Ax + Bu (6.1)

y = Cx, (6.2)

wherex € R",u € R™,y € R” are the states, inputs and outputs respectively withm <

p < n. The triple (A, B, C) comprises constant matrices of appropriate dimensions,
where both B and C are of full rank.

For System (6.1)—(6.2), it is assumed that rank(CB) = m. A coordinate transfor-

mation X = Tx exists such that the system triple (A, B, C) with respect to the new
coordinates X has the following structure:

< A Ap = 0 = =
A=~ = , B=|~ |, C=1|0 G, 6.3
[Am Axn i| [32} [ 2] ©3)

where A;; € ROr=m)>(n—m) Ez € R™™ is nonsingular and C> € RP is orthogonal.
Assumed that system (A, A}, C;) with C; defined by

61 = [O(p—m)x(n—p) Ip—m] (64)
is output feedback stabilizable, i.e., there exists a matrix K € R™*@=m guch that

A — ApKC
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is stable. A necessary condition for (Zl 1, Klz, C 1) to be stabilizable is that the invari-
ant zeros of (A, B, C) lie in the open left-half plane.
For the convenience, the following definition is introduced:

Definition 6.1 The matrix triple (A, B, C) or linear system (6.1)—(6.2) is called nor-
malisable if there exists a nonsingular transformation z = Tx such that in the new
coordinate system z, the system (6.1)—(6.2) has the following form

21 =Anz +Ann (6.5)
22 = A2z +Anz + Bou (6.6)
y=[0C]z, (6.7)

where z; € R"™™, z, € R™, Ay, is stable, and B, € R™*" and C, € RP*? are nonsin-
gular. Then, (6.5)-(6.7) is called the regular form of System (6.1)—(6.2).

From Lemma 2.6, the following result is obtained directly.

Lemma 6.1 System (6.1)—(6.2) is normalisable if

(i) rank(CB) =m;
(ii) for the triple (A1), A1z, Cy) defined by (6.3) and (6.4), there exists a matrix K
such that Ay; — A12KCy is stable.

Remark 6.1 Lemma 6.1 gives a sufficient condition under which System (6.1)—(6.2)
is normalisable. If the conditions (i) and (ii) in Lemma 6.1 hold, then the regular
form (6.5)—(6.7) can be obtained from a systematic algorithm [38] together with any
output feedback pole placement algorithm of choice.

6.2.2 System Description and Problem Formulation

Consider a time-varying delay system with time-delayed disturbance described by

x(t) = Ax(t) + Aox(t — d(1)) + B (u(t) + g(t, x(2), x(t — d(2))))
+f (2, x(1), x(r — d(2))) (6.8)
y(1) = Cx(1) 6.9)

where x € £2 C R” (£2 is a neighbourhood of the origin), # € R” and y € R? are
system states, inputs and outputs respectively with m < p < n. The matrices A, A,
B and C represents constant matrices of appropriate dimensions with B and C of full
rank. The vectors g(-) and f(-) represent the matched and mismatched disturbances
affecting the system respectively. The known function d(¢) is a time-varying delay
which is assumed to be continuous, nonnegative and bounded in R™, that is

d:= sup{d(t)} < oo.

teR*
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The initial condition for the system is given by
x(0)=¢@®, te€[-d,0]

where ¢ (-) is continuous in [—d, 0]. It is assumed that the nonlinear functions g(-)
and f(-) are smooth enough in their domain of definition such that the system has
unique continuous solutions for the given initial condition.

First, it is necessary to impose some basic assumptions on the system (6.8)—(6.9):

Assumption 6.1 The triple (A, B, C) is normalisable, and Im(4¢) C Im(B).

Remark 6.2 Assumption 6.1 is a limitation on the linear part of System (6.8)—(6.9). It
guarantees that the triple (A, B, C) can be transformed to the regular form (6.5)—(6.7).
The assumption

Im(Ap) C Im(B)

means that the time-delay term Aox(z — d(¢)) is matched and thus it will not affect
the sliding motion.

Assumption 6.2 There exist known continuous nonnegative functions p;(-)R* x
RP x R? > R* withi=1,2 and @w (") : R™ x R” x R? — R™ such that for ¢ €
R*, and x(¢), x(t —d) € 2

F (2, x(0), x(t — d@)]| < pi(t, y(@), y(t — d(D)) |x(@)]| +
P2(2, (1), y(t —d @) |x(t —d@)|  (6.10)
lg(t, x(t), x(t = d@)|| < @ (1, (1), y(t — d(1))). (6.11)

Remark 6.3 Assumption 6.2 requires that the uncertainties are bounded by some
known continuous functions. It is an extension of the existing results [84, 112, 186]
where it is required that the uncertainty is bounded by the linear combination of
ly(®)| and ||y(t — d)|| which is called the linear growth condition.

The objective now is to design a static output feedback control with time-delay
of the form

u=u(t,y(t), y(t — d)) (6.12)

based on sliding mode techniques such that the closed-loop system formed by the
control (6.12) and the system (6.8)—(6.9) is uniformly asymptotically stable in a
domain of the origin even in the presence of the disturbances. Notably the control
(6.12) only depends on the system output y(¢) and time-delay d(¢). Since d(?) is
assumed to be known, the term y(t — d(¢)) is available and thus the control (6.12) is
called static output feedback control with time-delay.

Remark 6.4 As in the work in [10, 112, 125, 144], the delay experienced by the
system is assumed to be known, which may limit its application. However, in some
important industrial systems such as flow through pipes and web-forming processes,
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the delay existing in the process is known, and can thus be employed in the control
design and/or the compensator design [144]. Furthermore, the approach proposed in
[33] enables the time-delay to be identified in some cases even when the delay is
unknown.

6.2.3 Sliding Motion Analysis and Control Design

The main results will be presented in this section. From Sect. 6.2.2, Im(Ag) C Im(B)
(Assumption 6.1),1i.e., there exists amatrix D € R™*" such that Ao = BD. Then, from
Sects.6.2.1 and 2.6, it follows that under Assumption 6.1 there exists a coordinate
transformation z = Tx such that in the new coordinate system z, System (6.8)—(6.9)
is described by

21 =Anz +Anzn + G, z2(0), z(t — d(1))) (6.13)

2 = Anizi + Amza + BaDT '2(t — d(1) + Ba(u + g(t, T~ 2(t), T~ '2(t — d(1)))
+o(t, 2(t), z2(t — d(2)) (6.14)

y=[0C]z (6.15)

where Aj; € RO—mx0=m) jgstable, B, € R™*™ and C, € RP*P are nonsingular, and

|:f1 (t 2(0)., 2t — d(t)))] = T [t x(0), x(t = dO)] .. (6.16)

fa(t, 2(1), z(t — d(1)))
where fi(-) € R"™™ and f>(-) € R™.

Remark 6.5 Since the coordinate transformation matrix 7' can be obtained using a
systematic approach given in [38], the system in (6.13)—(6.15) is well defined and
can be directly obtained from System (6.8)—(6.9).

Based on the analysis in Sect. 2.6, consider the following sliding surface for sys-
tem: (6.8)—(6.9)
S ={x|FCx =0}, (6.17)

where F' is defined in (2.21). Then from Lemma 2.6, it follows that in z coordinate
system, the sliding surface (6.17) can be described by equation

2 =0. (6.18)

Then from the regular form (6.13)—(6.15), the sliding dynamics associated with the
sliding surface (6.17) are described by

21 =Anz +fit, z(t), z2(t — d ()], 0=0 (6.19)
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where z; € R"™™ are the sliding mode state variables and Ay is stable. It is clear that
the mismatched disturbance affects the sliding motion directly. Obviously System
(6.19) which describes the sliding motion involves time-delay. The following further
assumption is required:

Assumption 6.3 There exist known continuous functions ¢ (-) and ¢, (-) such that
[Uf1 (2. 2(0), 2(t — O] y=o|| < 12, 210, llzi (8 — DD z1 (D]
+¢2(t, 21(0), lz1 (2 — d)IDllz1 (2 — d @), (6.20)
where the functions ¢ (¢, r1, 2) and ¢, (¢, ry, r2) are both nondecreasing w.r.t. r;.

Remark 6.6 Assumption 6.3 is a limitation to the mismatched disturbance. It implies
that when a sliding motion takes place, the uncertainty f; can be bounded by a
known continuous function of states z;(¢) and z;(t — d(¢)). It should be noted that
Assumption 6.3 is unnecessary if the disturbance f(-) in (6.8) does not include time-
delay [200].

Since the matrix Aj; in (6.19) is stable, it follows that for any Q > 0 (Q € R™*"™),
there exists an unique matrix P > 0 such that

Al P+ PA; = 0. (6.21)

For the later analysis, the following lemma is presented:

Lemma 6.2 If Assumption 6.3 holds, then there exist known continuous functions
V1 (-) and Y5 (+) such that

[Pt 20, 2 = A Lomo | = v16 210, N1 = DDIPE2 0]
(21O, o = DDIPR2 ¢ —d@)] (622)

where the functions V¥ (¢t, r1, r2) and ¥ (¢, r1, r2) are both nondecreasing w.r.t. vari-
ables rs.

Proof 1t follows from the fact

121 < Amax (P DIPZ21 (1) (6.23)
212 — d©)]| < Amax P[Pz, (t — d (@) (6.24)

that under Assumption 6.3

[P217i 200, 20 = A0

< dmax (P (@12, 21(0), 21t = DDz ()]
+¢2(t, 21(0), llz1 (. = D) D llzi (0 = d (D))
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= Amax (P (81 (210, 21 = dO)) A PTHIPF 210
62 (1, 210), 1210 = dE) ) A PHIPE 210 = d@)]). (625)

Let
1 1
Yi(t, 11, 72) = Anax(P2)Amax (P 2) 1 (2, 11, 12)

and ] l
Yo (t, 11, 12) = Amax (P2)Anax (P~ 2) (2, 11, 12).

Then it follows that (6.20) is true and the functions (¢, r;, r2) and Y (¢, 1y, 12)
are both nondecreasing w.r.t. variable r, since ¢, (¢, ry, r2) and ¢, (¢, r1, rp) are both
nondecreasing w.r.t. variable r,. Hence the conclusion follows. (]

The following Theorem gives a sufficient condition under which the sliding motion
is asymptotically stable.

Theorem 6.1 Under Assumption 6.3, the sliding mode dynamics (6.19) are uni-
formly asymptotically stable if there exists a domain 2y = {z; | z1 € R"™"} of the
origin in T(£2) and a constant ¢ > 1 such that for any 7,(t) € 2y andt € RT

Y= mn(PTIQP"3) —  sup {01, z(1))} > 0, (6.26)

teR*,z (1) €

where

Ot 21(1) = v (1,210, Sman P~H P22 (D]
+62 (120, S PHIPFAOI)  (627)

and where V1 () and ,(-) satisfy (6.22), and P and Q satisfy (6.21).

Proof For System (6.19), consider as a Lyapunov function candidate V (z;(¢)) =
(z1 ()T Pz, (¢). It follows from (6.20) and (6.21) that the time derivative of V along
the trajectories of System (6.19) is given as

V(@i (1) l6.20)

@) (AL, P+ PAN) 21(0) + 221 (0) PIfi (1, 2(0), 2(t — d (1)) ]ey0=0
—@O) P (PP Pl

+2@ ) PP (1 2(1), 2(t — ()]0

= i PTEOPHIP O + 1Pzl (¥1t, 210, laat = DDIPE 2 0]

+n(t 210,z — d)DIP 2t — d(t))ll) (6.28)
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where Lemma 6.2 has been used to obtain the above. Since (¢, r, r,) and
Yo (¢, r1, rp) are both nondecreasing w.r.t. variable r,, it follows from (6.23)—(6.24)
that

V20, 126 = D) < 91 (120, P HIPE @ = d0)])
(6.29)
Vot 210, 121G = D) < P (1210, A PHIPE 20— dO)]) . (6.30)

When 1 1
IP2z1(t 4+ 0)|| < ¢IIPZz1(0)]|

for any 6 € [—3, 0] and some ¢ > 1, by substituting (6.29) and (6.30) to (6.28), it
follows that

V(z1 () |20
< —Amin(PT2QP™) P22y (1))
+ 91 (1210, A PHIP 21— dO)]) 1P2 2 (O

12 (1 210, A (PTHIPE 21 = A ) 1P O] 1PP 216 = d @)
< <o (PT1OP7H) 1P 02
91 (1210, G PHIP ON) 1P 210
+ 62 (1210, S PHIP O] ) 1P O
~ (P 0P™H = O, 2 0)) IP 210
RALOlS (6.31)

IA

Hence, the conclusion follows directly from Lemma 2.5. #

Remark 6.7 From Theorem 6.1, it follows that the stability of the sliding motion is
completely robust to the matched uncertainty g(-) but is affected by the mismatched
uncertainty /(). Since the sliding mode is a reduced-order system, it is clear that only
J1(+) affects the sliding mode and thus in the proposed configuration the limitation
on the mismatched uncertainty is weaker than in other work [60, 125, 186] where a
similar limitation is imposed on f'(-) instead of fi(-).

Remark 6.8 From the proof of Theorem 6.1, it follows that in order to establish the
stability of the sliding motion, it is necessary to estimate

P2 (2, 2(8), 2(t — d()))]ey=0

which involves uncertainty and a time-varying delay. It should be pointed out that
when the structure of f; is available, (6.22) may give a less conservative bound than
(6.20).
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Theorem 6.1 above has shown that, under appropriate conditions, the sliding
motion on sliding surface (6.17) is stable. The objective now is to design a controller
to drive the system to the sliding surface in finite time. Comparing the linear part of
System (6.8)—(6.9) with the linear part of System (6.13)—(6.15), it follows that

CT'=[0 G, TB = [g ]
2

where C, € RP*P and B, € R™*™ are nonsingular. From the discussion in Sect. 2.6,
it follows that

FeB=rcr'tB=F[0 G1|° | =10 F1]° | = FB,
—— | B B,
¢

is nonsingular since both F, € R™*™ and B, € R™*"™ are nonsingular. Partition the
matrices AT, AT~ and T as

AT " :=[A) A], AT ':=[1 1], T::[g} (6.32)

where A, € R and 1 € R™™ are the first m columns of AT~ and AgT ' respec-
tively; and T) € R"™*" and T, € R"~"™*" are the first m and the last n — m rows of
T. Then, from the analysis above,

. T])C |z T1X
we[] ) e
Now, consider the system (6.8)—(6.9) in £2; x §2, where

21 = {x(@) [ IThx]| = i} C £2 (6.34)
2y = {x(t =d®) [ IT1x(t —d@)|| < p2} C £2 (6.35)

and T is defined in (6.32). Then the following output feedback sliding mode con-
troller with time-delay is proposed for the system

u = —k(t, y(t), y(t — d(1)))(FCB)~'sgn(Fy(t)) (6.36)
where sgn is the usual signum function and the scalar function k(-) is defined by

k(z, y(1), y(t — d(1)))
= [l A1ller + 1 A2C5 'yl + IIFCBlla (1, y(2), (& — d (1))

+ IFCIIT (12, y(@), 30 = d@)) (1 + 165 ¥ @)
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+ 021,30, 30 = d@) (12 + Gyt —d@)) ) +1 (6.37)

forsome n > 0 where matrices A and A, are defined by (6.32), the positive constants
w1 and p; are given in (6.34)—(6.35), and the functions @ (-), p; () and p,(+) are given
in Assumption 6.2.

Remark 6.9 It is clear to see that the sliding mode controller (6.36) with k(-) defined
by (6.37) is well defined since the matrix FCB is nonsingular and the functions
@ (), p1(-) and p,(-) are assumed to be known. Obviously, the proposed control
only depends on the time ¢, the known time-delay d(¢) and the system output y(¢).

Theorem 6.2 Consider System (6.8)—(6.9) in §21 x §2,. Under Assumptions 6.1 and
6.2, the controller (6.36) with the gain k(-) defined by (6.37) drives the system (6.8)—
(6.9) to the sliding surface (6.17) in finite time and maintains a sliding motion on it

thereafter.

Proof Leto (x) := FCx. Then the sliding surface (6.17) can be described by equation
o (x) = 0. From (6.8) and (6.36), it follows that

ols

=o' (x)FC (Ax(t) + Aox(t —d(t)) + B (u() + g(t, x(t), x(t — d(1))))
+f (1. x(0). x(1 = (1))
< lo @I (IFCAX() +Agx(t — DIl + IFCBI 15, (1), x(t = d@))]

HIFCIIf (2, x(2), x(t — d(t)))ll) —k(t,y(0),y(t —d®))llo@)]  (6.38)

where the fact that
o’ (x)sgn(o (x)) = [lo @)l

is used. From (6.33) it follows that in £2; x §2, defined by (6.34)—(6.35),

ITx(0)] < 1 + 1G5 Y@ (6.39)
ITx(r — d(@))|| < pa + |Gy 'yt — d @) (6.40)

From (6.32) and (6.33),

FC(Ax(t) + Aox(t — d(1)))
= FC (AT 'Tx(t) + AT~ ' Tx(t — d(1)))

_ T]X Tlx(t - d)
= Fc([A1 4] |:C2_lyi| +[1n ™) [Cz_ly(t—d)i|)
= FCA\Tyx + FCA,Cy''y + FCT  Tyx(t — d) + FCT,Cy 'y(t — d).

Therefore, from (6.39)—(6.40),
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IFC(Ax(t) + Aox(t — d)))]| < IIFCA |1 + [FCACy 'y ||
+IFCTllpa + IFCTC; 'yt — d)|l. - (6.41)

From (6.10) and (6.39)—(6.40)

If (&, x(), x(t —d(@)))]]
< pit, (), y(t —dO) |7 I1Tx@)|
+ o2 (1. y(0), y(t —d @) |T7"| 1Tt — d@))]l

= 77 (o1 .y, (¢ = d@)) (1 + 165y O1)
21,0, ¥t = d@) (2 + 1Ty = d@DN) ). (6.42)
Substituting (6.11), (6.41), (6.42) and (6.37) into (6.38), yields
o @W)6 () < —nllo @

This shows that the reachability condition [38, 174] is satisfied and thus the conclu-
sion follows. #

Theorems 6.1 and 6.2 together show that the closed-loop system formed by apply-
ing control (6.36) with k(-) defined by (6.37) to System (6.8)—(6.9) is uniformly
asymptotically stable.

Remark 6.10 In this section, coordinate transformations are employed to derive the
regular form and the sliding mode dynamics, enabling the stability of the sliding
motion to be analysed. It should be noted that only static output feedback control
is considered in this section. In the control design, a state transformation (6.33) is
introduced to separate the known parts C, 1y(t) and C; 1y(t —d(t)) from Tx(t) and
Tx(t — d(t)) respectively, so that they can be used in the control design to reduce
conservatism and avoid unnecessary control action. This ensures the conclusion
holds, possibly in an unbounded domain, since the constraint (6.34)—(6.35) only
corresponds to a subset of the state variables.

6.3 Reduced-Order Observer-Based Sliding Mode Control

In this section, a stabilisation problem for a class of nonlinear time-delay systems
with time-delay disturbances is considered based on a reduced-order observer. Both
the observer and the controller are based on a sliding mode approach and the proposed
scheme is robust.
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6.3.1 Introduction

A static output feedback sliding mode control scheme has been proposed in Sect. 6.2.
However, strong conditions are necessarily imposed on the considered system given
the system dynamical information is not available. Therefore, static output control
may not be appropriate for some systems. This has motivated the study of dynamical
output feedback control in which not only the system output, but also additional
dynamics are employed [112, 133].

In this section, a reduced-order observer is designed for a time-delay nonlinear
system using structural characteristics. Based on the estimated states and system out-
puts, a sliding surface is proposed and the associated sliding mode dynamics, which
are nonlinear and time-delayed, are derived using an equivalent control approach and
an appropriate coordinate transformation. A sufficient condition is developed, based
on the Lyapunov—Razumikhin approach, such that the sliding motion is uniformly
asymptotically stable. A sliding mode control law dependent only on the time, the
system output and the designed reduced-order dynamical system states, is developed
to drive the system to the sliding surface in finite time and maintains a sliding motion
thereafter.

Although the delay is assumed to be known, it is allowed to be time varying and
the limitation that the time derivative of the delay is less than unity, which is required
when the Lyapunov—Karasovskii approach is employed, is not necessary.

6.3.2 System Description

Consider a time-varying delay system

X =Ax + Bu +f(t, X, xd) + EAf(t, x, xg) (6.43)
y=Cx (6.44)
where x € R", u € R™ and y € R? are states, inputs and outputs respectively; x; :=
x(t — d) denotes the delayed state, for simplicity, where d := d(¢) is the time-varying

delay which is assumed to be known, nonnegative and bounded in R*, and thus

d:= sup{d(1)} < oo.

teR+

The initial condition associated with the delay is given by
x(1) = $(0), t€[—d,0] (6.45)
where ¢ (1) € @ with @ the admissible initial condition set defined by

O =) (1) € G0 OO =< lo} (6.46)
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for some constant [y > 0. The matrices A € R"*", Be R™", C e R’*" and E €
R™4 (m < p < n) are constant with both B and C of full rank. The vector func-
tions f(-) € R" and Af(-) € R? are, respectively, the known nonlinear term and the
nonlinear uncertainty experienced by the system. It is assumed that all the nonlinear
functions are smooth enough such that the unforced system has unique continuous
solutions.

Assumption 6.4 The pair (A, B) is controllable and the pair (A, C) is observable.

From the fact that (A, C) is observable, there exists a matrix Ly such that A — LyC
has n eigenvalues which lie in the open left-half plane. Then, the inequality

(A — LyC)" Py + Po(A — LyC) < 0 (6.47)

is solvable for Py > 0.

Assumption 6.5 The matrix equation
ETPy=FC (6.48)

is solvable for F' € R?*P where Py satisfies (6.47).

Remark 6.11 Assumption 6.5 implies that (6.47) obeys the constraint (6.48), which
can be considered as the standard Constrained Lyapunov Problem (CLP) [57]. Similar
limitations have been employed in [24, 26, 206, 214]. Several algorithms to solve
the CLP have been discussed in [41, 57]. In particular, recently in [41], it has been
shown that with special parameterisations of the variables L, Py and F, this observer
version of the CLP can be written in the form of strict LMIs and solved using any of
the convex solvers commonly available.

In this section, local results are sought for the time-delayed system (6.43)—(6.44).
In order to avoid difficulties in describing the domain under consideration, the term
“aneighbourhood of the origin” is used to express the domain throughout the section.
Also, since the output matrix C is full row rank, without loss of generality, it is
assumed that C = [I, 0] at the outset.

Assumption 6.6 The nonlinear function f (t, X, xd) is Lipschitz with respect to x and
x4 uniformly for ¢ € R*, and has the decomposition

f(t, X, xd) =D (t, x)xy (6.49)

where @ (1) € R™" is continuous and Lipschitz with respect to x and uniformly for
reRT.

Assumption 6.7 The uncertainty satisfies

147, x, xa) || < p(t, X)l|xall
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where the function p(-) is known continuous and Lipschitz with respect to x uniformly
fort € RT.

Remark 6.12 Assumptions 6.6 and 6.7 require that the nonlinear terms f(-) and
Af () are affine about the delayed variable x;, which limits the class of nonlinear
functions f(-) and uncertainties Af (-). However, they include the linear situation as a
special case. Moreover, the assumption that the delay is not involved in the functions
@ () and p(-) is employed mainly for the simplification of the presentation of the
subsequent analysis, and is not an inherent limitation. The approach proposed can be
extended to the case when @(-) and p(-) have time-delay in the form of @ (¢, x, x;)
and p(t, x, x4).

6.3.3 Reduced-Order Observer Design

In this section, a reduced-order dynamical system is proposed and a sufficient con-
dition in terms of simple LMIs is developed.

Partition System (6.43)—(6.44) in a compatible way to C = [{, 0]. The system
can be rewritten as

).Cl _ Al A2 X1 B] f](l‘,x,)Cd)
BRI b | R P R e
+ [El} AF (8, x, x4) (6.50)
E,

y =X (6.51)

where x = col(x, xp) with x; € R, A; € RP*?, By € RP*™; fi(-) is the first p com-
ponents of f(-) and E is the first p rows of the matrix E.

Consider Inequality (6.47). Partition Py and Ly conformably with the decompo-
sition (6.50)—(6.51) as

| P P | L
P() = I:PzT P3:| and Lo = [ :| . (652)

Applying the partition above to the matrix equation E” Py = FC in Assumption 6.5,
it follows from C = [I, 0] that

ElP,+E]P; =0

and thus from P53 > 0,
P;IPZTEl + E, =0.
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Then, introduce a nonsingular coordinate transformation w = Tx defined by

w1 = Xp

Wy = P3_1P2Tx1 + x 6.53)

where w = col(w;, wp) with w; € RP. Then, in the new coordinates system w, the
system (6.50)—(6.51) is described by

Wi = (A — APy Pywy + Agwa + Bru+ Fi (1, w, wa) + E{AF(t, w,wg)  (6.54)
wa = (P PI(A — AoP3 ' PY) + A3 — AuPT ' PDYwy
+ (g + P PLAYwa + [PT'PE 1,y | B
+ [P3_ P Iﬂ*p:l F(t,w, wa) (6.55)
y=w (6.56)

where Wid € Rp, Wq = COl(Wld, W2d),

F(t,w,wy) == [f(t, x, xd)]x=f—lw
AF(t,w,wy) = [Af(t,x, xd)]

(6.57)
(6.58)

x=T"w

and F(-) in (6.54) is the first p components of the vector F(-) in (6.57). Construct a
dynamical system

Wy = (As + Py PTA)W, + (P3P (A — A2PT'PL) + A3 — A4PT'PT) y
+[P'PY Ly | Bu+ [PS'PY 1| F(t, y, W2, ya, Waa) (6.59)

where wy € R"7? and F(-) is defined in (6.57). The initial condition associated with
the delay d(?) is given by

W2 (1) = (P3P} Liplep (1)

fort e [—c_l, 0] where ¢ (7) is given in (6.45).
Theorem 6.3 Suppose that Assumptions 6.4—6.7 are satisfied in a neighbourhood
of the origin. Then, there exist positive constants oy and oy such that in the neigh-
bourhood of the origin

[wa(t) — Wa(D)|| < a1 exp{—ant} (6.60)
if there exists a constant € > 0 such that

ITHT L Bi L L ppT

A'"P" +PA+ —-PP' +2P; <0 (6.61)

e
6L, —P3 <0 (6.62)



6.3 Reduced-Order Observer-Based Sliding Mode Control 175

hold where B ; ~
A=[A] A]] . P=][P] P3]. (6.63)

Proof Let e(t) = w,(t) — wy(¢). From (6.55) and (6.59),
¢= (A4 +Py'PIAY) e+ [Py'PY 1, 8(F, F) (6.64)
where the symbol
S(F,F) := F(t,w, wg) — F(t,y, W2, Ya, W) (6.65)

is introduced to simplify the notation. Since Py > 0, it follows from (6.52) that
P3 > 0. For System (6.64), consider a Lyapunov function candidate

Vi = el (t)P3e().
Then, the time derivative of V; along the trajectories of System (6.64) is described
by
Vi = e’ (1) (ATPT + PA) e(r) + 2¢" (1) PS(F, F) (6.66)

where A and P are defined in (6.63). Exploiting Young’s inequality 2X”Y < %X X +
eYTY for any scalar ¢ > 0,

20T (1)PS(F, F)

IA

1 - - “
;eT(oPPTe(z) +el|8(F, F)|?

éeT(t)f_’I_)Te(t) + e (e (e(t) + e (Ne(t))  (6.67)
where Lemma A.3 in Appendix A.2 is used. Substituting (6.67) into (6.66),
v, < e’ () (ATPT +PA+ éPPT + szlen,p)e(t) + 8Ll (Dean).  (6.68)
If (6.61) holds, then there exists a constant y > 0 such that
r.= —(ATPT +PA+ EPPT 1Py + yP3) > 0. (6.69)

Consequently, when Vi (e(t — d)) < (1 + y)Vi(e(?)) forany d € [0, E], the inequal-

ity
(1+y)e' (OPse(r) — e (NP3eq(t) = 0

holds and thus from (6.62),
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. = _ - 1--
Vi< e (ATPT + PA+ —PPT +eLP,y)e+ eLPeles
. _ _

+ 1+ y)eTP3e — e§P3ed

IA

S __ 1-_
7 (ATPT 4+ PA+ -PPT 2P, + yP3)e
&

T )Lmin(r)
—e e = =70 (6.70)

IA

where I is defined in (6.69). Inequality (6.70) implies that

Vi(e(n) < e(0)" P3e(0) exp{— 2zl ), (6.71)

Amax (P3)

Notably, there exists a neighbourhood of the origin such that for any initial value
w»(0) in the neighbourhood of the origin, there exists a constant b > 0 and the initial
value w, (0) for the designed dynamical system (6.59) such that

lle(O)ll = lIw2(0) = w2 (0)|| < b.

Then, from (6.71)

Smin(P)e@D > < b hmax (P3) exp{— {2255 1. (6.72)

Let
@1 = v/ hmax (P3)/Amin (P3) b and @y = § f2eCL (6.73)
Then it is clear from (6.72) that (6.60) holds. Hence the conclusion follows. ([l

Remark 6.13 A necessary condition for Inequality (6.61) to hold is that
ATPT 4+ PA < 0. (6.74)

However, from partitions (6.50) and (6.52) and the fact that C = [, 0], it follows
that

(A —LoC) Py + Po(A — LyC) = |:* ATPT +PA]
where * represents entries which do not need to be shown. It follows from (6.47)
that (6.74) holds.
Corollary 6.1 Let3, := Wy — P3Py where W, is the state of System (6.59). Then,
under the conditions of Theorem 6.3, the inequality

lX2() — X2 () || < o exp{—aat}

holds in a neighbourhood of the origin, where the constants oy and o, are those in
(6.60).
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Proof From transformation (6.53) and y = x,
X) —Xp =Wy — P3_1P2T)C1 — Wy +P3_1ng
= Wy — V’ifz.

Hence, the conclusion follows from Theorem 6.3. O

6.3.4 Sliding Surface Design

In this section, a sliding surface based on the system output y and the estimated state
X, given in Corollary 6.1 will be designed.

From sliding mode control theory, for a controllable pair (A, B), there exists a
matrix S € R”*" such that

e the matrix SB is nonsingular;
e the matrix A — B(SB)~'SA has n — m eigenvalues which lie in the open left-half
plane.

Such a matrix S can be designed using any existing state feedback sliding mode
control design methodology [38, 174]. Then, partition the matrix S as S = [S; S>]
where S| € R and S, € R™"~P)_ Choose a switching function as

oy, %2) = S1y + St (6.75)
then, the sliding surface, which is defined in an augmented space, is described by
{1, %2, %) | S1y 4 S2ky = 0} (6.76)

In coordinates (x, ¢) where e = x, — X;, System (6.43) and the error dynamics (6.64)
can be written as

X =Ax+ Bu+ f(t, x, x5) + EAf(¢t, x, x4) (6.77)
e=(As+ Py PIAY) e+ [P3'PY 1) 6.7, ) (6.78)
y =X (6.79)
where .
86(f’f) ::f(tv X, Xd) _f(tv Y, X2 + €, Yd, X2d + ed)' (680)

From x, — X, = e, it follows that
S]y + SQJACZ = Slxl + S2x2 — Sze = Sx — Sze.
Therefore, in the augmented space (x,e), the sliding surface (6.76) can be

described by
{x,e) | Sx — S¢ = 0}. (6.81)
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6.3.5 Egquivalent System and Sliding Mode Dynamics

A sufficient condition will be developed to guarantee the uniform asymptotic stability
of the corresponding sliding motion in this section.

Consider System (6.77)—(6.79) with the sliding surface given in (6.81). During a
sliding motion, Sx — S,e = 0. From equivalent control theory [38, 174], it follows
that

SAX + SBueg + Sf(-) + SEAf () — S>(As + Py ' PLAs)e
Py [PY Ps]o.(f.f) =0  (6.82)
where u,, is the equivalent control. Since SB is nonsingular by design, u,, can be
described by
leg = —(SB)™'SAx — (SBY™'S(f(-) + EAf () + (SB) 'S, (As + P3 ' PLAy)e
+(SB)IS,P [PL Ps]S.(f.f). (6.83)
The equivalent control u,,, involves the uncertainty Af(-), and is not the real control
signal applied to the plant but is used to analyse the sliding mode dynamics. It can
be thought of as the average effect of the applied discontinuous injection signal.
Substituting u,, in (6.83) into Eqgs. (6.77)-(6.78), the equivalent system governing
the sliding motion is given by
% = (A — B(SB)"'SA)x + B(SB)'S2(A4 + P; 'Pi Ay)e
+ (I, — BSB)™'S) (f(t, x, x0) + EAf ("))

+BSB) ISP [PY P3)s.(f.f) (6.84)
¢ = (As+P;'PIAYe + [PY'PY 1)) 8.(F. ) (6.85)
y=1x (6.86)

where 6, (f, f ) is defined in (6.80). From sliding mode control theory, the reduced-
order sliding mode dynamics are given by Eqgs. (6.84)—(6.85) limited to the sliding
surface (6.81). Since by design SB is nonsingular, the matrix § is full row rank, and
thus there exists a nonsingular matrix 7" such that

ST = 1[I, 0] (6.87)
where 7" can be obtained using elementary column operations. Introduce a coordinate

transformation z = 7~ 'x. Then, in the new coordinates (z, ), System (6.84)—(6.85)
can be described by
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2 =T""(A— B(SB)"'SA)Tz + T~ 'B(SB) ' S,(A4 + P;'P1Ay)e
+T7" (I, — B(SB)™'S) (£ (t, Tz, Tza) + EAf (1, Tz, Tza) )
+T7'BSB)™'2P5 " [P] P3][8e(f . )leer:

¢ = (As+ Py'PIAs)e + Py [P P3] [8.(F, )izt

Partitioning appropriately
T~'(A — B(SB)~'SA)T =
-1 -1 —1pT [ M,

T 'B(SB) 'S2(As + Py PyAy) = i|

7' (I, — B(SB)™'S) = Ny }

_ _ 1 [H,
T'B(SB) 'SP '[P} P3] = H2:|

where D4 c R(nfm)x(nfm)’ M2 c R(nfm)xn’ H2 c R(nfm)xn and ]\]2 c R(nfm)xn-
Then, System (6.88)—(6.88) can be rewritten as

z1 = D121 + Dazo + Mye + Nif (¢, Tz, Tzg) + N1EAf (¢, Tz, Tzy)

+ Hi[8e(f ) ]iet (6.88)
22 = D371 + Dyzp + Mae + Nof (¢, Tz, Tzg) + N2EAf (¢, Tz, Tzy)

+ Ha[8o(f . )=z (6.89)
¢ = (As + Py'PTAYe + Py [PL P3] 18.(F, )zt (6.90)

where z = col(zy, zp) withz; € R™ and z, € R"™". Comparing System (6.88)—(6.90)
with System (6.84)—(6.85), it follows that the matrix

D, D, M,
D3 D4 Mz = Aeq (691)
0 0 [As+P;'PIA;

has 2n — p — m eigenvalues which lie in the open left-half plane. From (6.87) and
7=T""x,
Sx — S2€ =271 — Sze‘.

Then, in the new coordinates (z, ), the sliding surface (6.81) is described by

{G1.22,€) | 21 — S2e = 0}. (6.92)
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Partition T as T = [T; T»] where T} € R and T, € R™ " On the sliding
surface (6.92),

S
x=[T) T»] [ ZZ;] = TiSre + Tr2. (6.93)

Thus, by using (6.93), the reduced-order sliding mode dynamics is the equivalent
system (6.88)—(6.90) restricted to the sliding surface (6.92), which is described by

20 = Dyzo + (Ms + D3S2)e + Nof (t, T1S2e + Tozo, T1 Sreq + Tazog)
+NEAf(t, T1S2e + Tozo, T1Saeq + Tazaq) + Hadr(f, f) (6.94)
¢ = (As+P;'PiAYe+ Py [P) P3]6r(f.f) (6.95)

where

ST(f’f‘) = [f(tv X, -xd) _f(tv Y, X2 +e, Yd»> X2d + ed)]x:T[Sze] (696)

6.3.6 Stability of Sliding Motion

A sufficient condition which guarantees the stability of the sliding motion will be
proposed in terms of a set of matrix inequalities.

Theorem 6.4 Suppose that Assumptions 6.4—6.7 are satisfied in a neighbourhood of
the origin. Then, System (6.43)—(6.44) has a uniformly asymptotically stable sliding
motion with respect to the sliding surface (6.76) if there exists a matrix P > 0 such
that in a neighbourhood of the origin in the state space (2, e), the matrix inequality

X, A PN,®()T, PN,@()T)S>

k X2 O 0

W .= <0
* ok X3 e1p? (VT TS,
* ok * X4

holds with qo := inf{Anax (W (-))} < 0, where
Lo =7
A =P M2 +D3S2 + _H2P .
&

In the above W is symmetric, the xs represent the corresponding symmetric entries,
and

X): = D[P+ PDy+ LPNLEE"N] P + LPH,H] P + qoP

Xy : = ATPT + PA+ LPPT + 6,471, + q2Ps

X3:=¢e1p*(VT]T, — P

Xy =e10*C)V(TS)TTS: + 8292’}21n7p — P3
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where the constants g, > 1, &1 > 0 and g, > 0, P3 is defined in (6.52), and A and P
are defined by (6.63).

Proof The analysis above shows that (6.94)—(6.95) represents the sliding mode
dynamics in the coordinates (z, e). It is only required to prove that System (6.94)—
(6.95) is uniformly asymptotically stable. Consider a Lyapunov function candidate

V(z2(0), (1)) = 2 (1)Pz2(1) + € (t) P3e ). (6.97)

Then, the time derivative of V (-) along the trajectories of the dynamic system (6.94)—
(6.95) is given as

V = 5 (DIP + PDy)zy + 225 P(M;, + D3S3)e + 222 PNf (+)
+22 PN,EAf(-) + €' (ATP" + PA)e
+2(e"P + 2L PHy) 81(F . f) (6.98)
where A and P are defined in (6.63). From (6.49),

23 PNof (1) = A PN2@ (t, T1She + Tr22) (T Saeq
+ Thzoa) = 22 PNa® () T1S2e4 4 28 PN, @ () Thz204. (6.99)

From Assumption 6.7 and Young’s inequality 2X”Y < 1X"X +¢¥”Y for any
e > 0, it follows that

1
25 PNEAS() < — 5 PN2E(PN,E) 2
1
+ 1| Af (1, TiS2e + Taza, T1Saeq + Tazaa) ||
1
< g—zzT PN>E(PNAE) 2 + 1 p> () (el (T182) " T1 S2e4
1

+22,T) T1 S2e4) (6.100)
and from (A.6) in Appendix A.2,
_ ~ 1 __ _
2(e"P+ 2 PHy) 87(f,f) < —(e" PP"e + 23 PH>(PH,)" 20 + 223 PH,P" ¢)
&
+er.27 (" e+ efeq). (6.101)

If
V(z2d, €q) < q2V (22, €)

for some g, > 1, then from the definition of V (-) in (6.97)

g2 (23 (VP22 (1) + €' () P3e(t)) — 234 (1) P22a (1) — €}y (1)P3eq(r) = 0. (6.102)
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Substituting (6.99)—(6.101) into (6.98) and employing (6.102),
V < Z5(DEP 4 PDy)zy 4 2L P(My + D3Sy)e + 225 PN, ® ()T Sre4
+ 22 PN>® () Thz2a + éz;PNzE(PNzE)Tzz
+e10%0) (e§(T, ) T1Sseq + 22T Tozag + 22, T1T Szed)
4T (ATPT + PA)e + :—z(eTf’PTe S PHy(PH) 2 + 23 PHLPTe)
+ 6227 (e"e + efeq) + g (25 (VP2 (1) + €' () P3e())

— 23, ()P22q(t) — €l (1) P3eq(t)
=YWY" < qo (Iz2l* + llell?)

where Y := [20 e 724 eyq],and gp < Ois used in the last inequality. Hence, by apply-
ing Lemma A.1 in Appendix A.1, the conclusion follows. #

Remark 6.14 The necessary condition for X; < 0is that DZP + PD4 < Oissolvable
for P > 0. Since (6.74) can be rewritten as

(Py'PIA; +As) Ps+ Py (Py'PLA, +A4) <0

which shows that A, + Py PJ A, is stable because P; > 0, and A4 + P; ' P] A, has
n — p eigenvalues in the open left-half plane. Since A,, defined in (6.91) has 2n —
p — m eigenvalues which lies in the open left-half plane, the matrix

Dy M, + D3$;
0 Ay + P;'PIA;

associated with the sliding mode dynamics in (6.94)—(6.95), has 2n — p — m eigen-

values which lie in the open left-half plane. Therefore D4 has n — m eigenvalues

which lie in the open left-half plane, which in turn implies that the matrix inequality
D,P+PDy; <0

is solvable for P > 0.

Remark 6.15 Since the sliding motion is completely robust to the matched contribu-
tion, it should be emphasised that the function @ (-) in Theorem 6.4 can be replaced
by @;(-) if f(-) in System (6.43) can be expressed as

F) = Bfo(-) + @1()xq

which may reduce conservatism.
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6.3.7 Sliding Mode Control Design

In this section, a control law will be proposed such that the reachability condition
[38, 174]
o’ (3, %2)6 (. %2) < —nllo(y, %) (6.103)

is satisfied for some constant n > 0 where o (-) is the sliding function designed in
(6.75).
Consider System (6.43)—(6.44) in a neighbourhood of the origin defined by

{x [ lxll = &}

Let
[ := max{ly, Iy}

where [y is given in (6.46). The following control law is proposed:
u=—B) (141 — ;P PLAPT PE + S2(4s — AgPT ' PD))y
+ 5 (A4 + P3_1P2TA2) wa + (S — 52P3_1P2T)A25€2
+p(t,y. %)t — $2P5 ' PE|
571y, 52, vas Raa) ) = KC)SB) ™ {20y (6.104)

where the function k() is the control gain to be determined later.

Theorem 6.5 Suppose Assumptions 6.4—6.7 are satisfied in a neighbourhood of the
origin. Then, the control given in (6.104) drives the system (6.43)—(6.44) to the sliding
surface (6.76) and maintains a sliding motion if in the neighbourhood of the origin,
the control gain k(-) satisfies

k() > a; exp{—azt}( [(S1 = S2P PDA|| + 1] (81 — 2P ' PIE| 2,

+ 81 = 52P3PL] (1 + explend)) 2 ) + (6.105)

where o and oy are given in Theorem 6.3, and 1) is a positive constant.

Proof From the analysis above, all that needs to be proved is that the reachability
condition (6.103) is satisfied when applying the control in (6.104) to System (6.43)—
(6.44).

From (6.75), (6.50)—(6.51), (6.59) and using the fact that

2 ~ —1pT
x2=w2—P3 sz

in Corollary 6.1,
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G0 8) = (81 = PT'PE) (Ary + Avxa + E1AF () + Sa (As + P5 PEA2)
+ (P5'PE(A = 2P PT) + Ay — A4PT'PY)y)
+(S) — 2Py PDBiu+ S, [Py P 1| Bu
+ (85 — S2P3’1P2T)f1(-) + 5 [P;lPZT In_p] F(t,y, W2, Ya, Waq).

(6.106)
It is clear that
(S1 = $2P3 ' P)Biu+ S, [Py Py 1] Bu
= SiBiu — $:P; ' Py Biu + [S2P5'P) S5 [gl } .
2
= $\Biu + S,Bou = SBu. (6.107)
By similar reasoning, and from (6.57),
(S1 = 2P PO + S [Py PY Ly F()
=Sf() =S [Py'P] 1] S, ) (6.108)
where . A .
8. f) =1t x,xq0) —f(t,y, X2, Ya, X2a)- (6.109)
Substituting (6.107) and (6.108) into (6.106) yields:
6. %) = (S141 — $2P5 ' PY AP PY + Sy(A3 — AsP5'PY))y
+ (81 — $2P5 ' P Arxs + (S1 — S2Py PDELAf ()
+Sz (A4 + P;]PZTAQ) \/,{/2 + SBu
+SF(t.x, %) — $2 [P PY Ly ] 8(F. ). (6.110)

Note
SS(f. ) = $2[Py'PY 1,] 8¢, F) = [S1 — $2P5'PY 0]58(F. /)
and in the neighbourhood of the origin,
Ixall < 1.
It follows by applying control (6.104) to (6.110) that

o’ ()6 () < ||o(->||( 1(S1 = $2P5 ' PDA | s — ol
+11(S) = S2PS PDE || (p(t, x) — p(t, . £2))
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+ 181 = $2P5 PELZ bz = Rl + laa = F2al)) = KOl O]
<o exp{—azt}( [(S1 = $2P5 ' PDA|| + 111(S) —

$2P3 ' PDENZ, + 1S — $2P3 ' P 1|1

+ explaad) 2 ) o ()| = k(o (]l 6.111)

From the choice of k(-) in (6.105), it follows that
o' ()6 () < —nllo)].

Hence the conclusion follows. |

Theorem 6.5 shows that the control in (6.104) drives System (6.43)—(6.44) to
the sliding surface (6.76) and maintains a sliding motion thereafter. Theorem 6.4
has shown that the sliding motion is uniformly asymptotically stable under certain
conditions. From sliding mode control theory, the closed-loop system formed by
applying the control (6.104) to System (6.43)—(6.44) is uniformly asymptotically
stable.

Remark 6.16 From (6.76) and/or (6.81), it follows that the sliding surface is designed
in the augmented space (x, X) and/or (x, ¢). The formulae in (6.76) and/or (6.81)
clearly show that it is not required that e(#) = 0 when the sliding motion takes place.
This implies that in the reduced-order sliding motion stability analysis, it is not
required that e(¢) = 0. Also, in the reachability analysis, only the condition that

e = oy exp{—aat}

is employed. It should be pointed out that here the fact that |le(?)|| is bounded is
enough to guarantee reachability for some sufficiently large control, and it is not
required that the estimation error e(t) is zero.

Remark 6.17 As in much of the existing work [101, 131, 141, 184], the delay is
assumed to be known for the purpose of the observer design, which makes the
observer-based control scheme delay dependent.

6.4 Decentralised Static Output Feedback Sliding
Mode Control

In this section, a class of interconnected time-varying delay systems is considered
where both the known and unknown interconnections have time-delays. A decen-
tralised static output feedback sliding mode control, which is dependent on the time-
delay, is synthesised to control the interconnected system such that the corresponding
closed-loop system is globally uniformly asymptotically stable.
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6.4.1 Introduction

The phenomenon of time-delay is often encountered in interconnected engineering
systems. Mohmond and Bingulac [118] considered a class of interconnected systems
where a delay does not appear in the interconnection terms. However, the intercon-
nection between two or more physical systems is often accompanied by phenomena
such as material transfer, energy transfer and information transfer. From a mathemat-
ical point of view, these transfer phenomena can be represented by delay elements
[127]. This has motivated the study of time-delay interconnected systems [22, 118,
187, 218].

It should be noted that most of the existing results for time-delay interconnected
systems are based on the assumption that all system states are available, and the asso-
ciated decentralised output feedback results are scarce. Specifically, when delays are
included, only a few results are available [72, 113, 135, 227]. A class of nonlinear
interconnected systems with triangular structure is considered in [72], and an inter-
connected system composed of a set of single-input single-output subsystems with
dead zone input is considered in [227]. Park et al. proposed a decentralised control
approach for large-scale discrete-delay systems in [135]. However, in [135, 172, 227],
the control schemes are based on dynamical output feedback. A decentralised model
reference adaptive control scheme is proposed in [113] where the interconnections
are linear and matched.

Recently, various control approaches have been employed to deal with time-delay
control problems of interconnected systems. Adaptive control is usually powerful
for systems possessing parametric uncertainty [113], while backstepping approaches
require the considered systems to have a special structure [227]. Sliding mode control
is completely robust to so-called matched uncertainty, and can be used successfully
to deal with mismatched uncertainty [208]. Since the sliding mode dynamics are
reduced order, it is possible to reduce the conservatism in the stability analysis of
the sliding motion. This has motivated the application of sliding mode techniques
to time-delay systems [53, 112, 132, 154, 208]. However most of the published
work focuses on centralised control systems. In [200], a decentralised static output
feedback control scheme is proposed using sliding mode control but the results
obtained are local, and time-delays are not considered. Results on applying sliding
mode techniques to time-delayed interconnected systems are very few. In the limited
available literature [28, 56, 195], it is required that all system state variables are
available and the interconnection terms are linear and matched. The assumption that
all the terms involving time-delay are matched in [28, 156, 195] means the reduced-
order sliding mode is no longer a time-delay system. To date, a global decentralised
static output feedback sliding mode based control scheme for interconnected systems
with mismatched time-delay interconnections has not been formulated.

In this section, a class of nonlinear interconnected systems with time-varying
delays is considered, where the time-delay appears not only in the isolated sub-
systems, but also in the interconnections. The interconnections are separated into
matched and mismatched components and are dealt with separately to reduce the
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conservatism. Using appropriate coordinate transformations, sliding mode dynamics
are derived which are reduced-order time-delayed interconnected systems. Sufficient
conditions are developed using a Lyapunov—Razumikhin approach such that the slid-
ing motion is uniformly globally asymptotically stable. Unlike existing related work
[28, 156, 195], the derived sliding mode dynamics here involve time-delays due to
the delayed mismatched interconnections. A decentralised static output feedback
control strategy is proposed to drive the system to the composite sliding surface.

6.4.2 System Description and Problem Formulation

Consider a time-varying delayed interconnected system composed of n, n;-th order
subsystems

X = Aixi + B; (u; + Gi(t, x;, xig)) + Z (Hyjyja, + AHj (1, X}, xiq,))
ji
6.112)
3 = Cixi, i=1,2,....n (6.113)

where x; € R%, u; € R™ andy; € R withm; < p; < n; are the state variables, inputs
and outputs of the i-th subsystemrespectively. The triples (A;, B;, C;) and H;; € R™"*/
(i # j) represent known constant matrices of appropriate dimensions with B; and C;
of full rank. The vector G;(-) is a matched nonlinearity in the ith subsystem. The
terms
Z;’:]' H,'jyjd] and z;l:l' AH,'j (Z, Xj, )de,.)
JF# JF#

are, respectively, known interconnections and uncertain interconnections in the i-th
subsystem. The symbols

Xig, = x(t —d;) and  yg =yt —dy)

represent delayed states and delayed outputs respectively, where d; := d;(¢) is the
time-varying delay which is assumed to be known, continuous, nonnegative and
bounded in R, that is

d; = sup{d;(t),i=1,...,n} < oo.

teR*

The initial conditions are given by

xi(t) = ¢i(t)  te€[—d;,0]
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where the ¢;(-) are continuous in [—Ei, Olfori = 1,2, ..., n. Itisassumed that all the
nonlinear functions are smooth enough such that the unforced system has a unique
continuous solution.

Since the sliding motion is insensitive to matched uncertainty, it is useful to
deal with matched interconnections and mismatched interconnections separately to
reduce the conservatism. In view of this, consider the following decomposition of
the interconnection terms:

Hy = H{ + H], (6.114)
AHy() = AH(t, xj, Xjq)) + AHJ(1, X}, Xjq,) (6.115)
where
H{ = BD; (6.116)
AH(1, %, Xja,) = BiAOy(t, X}, Xja,) (6.117)

for some Dj; € R™>P" and A®;;(-) € R™ where A®;(-) is uncertain fori # j, i,j =
1,2,...,n.

Remark 6.18 From basic matrix theory, the decompositions in (6.114) and (6.115)
which satisfy (6.116) and (6.117) respectively, can be obtained in the following way.
Consider the /-th column vector Hi(jl) of matrix Hy forl =1,2, ..., p;. For a given
matrix B;, decompose
o _ (Dya D\b
HY = H) + H)

such that
(H{)* eImB;) and (H)" € Im(B)*

where (Im(B;))* is the orthogonal complimentary space of Im(B;). Then
a __ (Mya 2)\a (Pj) a
Hy = [ HP - Y]
b _ (OO IAN Pi)\b
Hy = [ P ]

will be a choice for the decomposition (6.114). The decomposition for the uncertain
interconnections AH;(t, x;, Xj4;) can be obtained in the same way.

Assumption 6.8 There exist known nonnegative continuous functions g;(-), o;(-)
and B;;(-) such thatfori,j =1,2,...,n

G2, x, xig) | < gi(t, yi, Yia,) (6.118)
1460, x;, xia) | < oii(t, yi, yia) lyia Il @ #J) (6.119)
||AH§(t,ijde,)|| < Bii(t, yis 1yja, D llyjall, G #J) (6.120)
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where f;; (-, -, r) is nondecreasing with respect to the variable r in R,

Remark 6.19 Assumption 6.8 is a limitation on the uncertainties that can be toler-
ated by the system. Similar to [227], it is required that the interconnections can be
described or bounded by functions of the system outputs. Unlike [227], time-delays
are involved in the interconnections; the bounds on the uncertain interconnections
are nonlinear and the results obtained are global.

It follows from (6.115), (6.117), (6.119) and (6.120) that there exist known con-
tinuous functions p;(-) such that

| AH; (@, xj, Xig) | < 0, vy Yia) lyig I, i #J, 6,j=1,2,...,n. (6.121)
Assumption 6.9 rank(C;B;) = m; fori=1,2,...,n.

From [38], Assumption 6.9 implies that there exists a nonsingular linear coordinate
transformation: X; = T;x; such that the triple (A4;, B;, C;) with respect to the new
coordinates has the structure

A Zil Ziz B 9 ~ ~.
A,_[AB A,-J’ B,_|:Bi2:|, Ci=[0 Ca] (6.122)

where A; € Re—m)xi=m) B, ¢ RM>M i nonsingular and Cjp € RP*Pi is
orthogonal.

Assumption 6.10 The triple (Xl- 1, Z,-g, E;) is output feedback stabilisable, where
Ei = [O(Pi*mi)x(ﬂifpi) Ipi,mi ] s 1= 1, 2, oo, n

Remark 6.20 1Inthe regular form (6.122), the matrices Zu withj =1, 2,3, 4, Eiz, and
Cp, are dependent on the coordinate transformation used. However, if Assumption
6.9 holds, the satisfaction or otherwise of Assumption 6.10 does not depend on the
coordinate transformation employed. Hence, Assumptions 6.9 and 6.10 together,

describe inherent properties of the triple (A;, B;, C;).

From Sect.2.6, Assumptions 6.9 and 6.10 guarantee that there exist a coordi-
nate transformation x; — z; = T;x; which will transform the triple (4;, B;, C;) to the
following form in the new coordinate system z;,

Aj Ap 0
[AB A,J’ [BJ, [0 Ca] (6.123)

where A;; is stable and both B;; € R™*™ and Cj, € RP*Pi are nonsingular.

Note, the analysis above implies that m; < p;. However, if m; = p;, Assumption
6.10 can be replaced by the assumption that A1 is stable. The associated discussion
becomes simpler in this case, and details are available in Sect. 5.3 in [38].
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Remark 6.21 Assumptions 6.9 and 6.10 are limitations on the triples (A4;, B;, C;).
They ensure the existence of the output sliding surface. Assumption 6.10 requires
(Z“,Ziz, &;) instead of (A;, B;, C;) as in [227] to be output feedback stabilisable.
The former is related to a system with order n; — m;, while the latter is an n;-th order
system. Sometimes this reduced order problem is more amenable to solution: for
example, if the matrix triple is related to a single-input and two-output system, the
output feedback problem reduces to a classical “root-locus” investigation [41].

The objective of this section is to design a variable structure control law of the
form
u; = ui(t, yi, Yid;) i=1,2,...,n (6.124)

using sliding mode techniques such that the associated closed-loop system formed
by applying the control law in (6.124) to the interconnected system (6.112)—(6.113),
is globally uniformly asymptotically stable, even in the presence of the uncertainties
and time-delay. It is clear that the control ; in (6.124) depends on only the time ¢, the
i-th subsystem output y; and delayed output y;; . Since the d; := d;(¢) fori =1, ...,n
are assumed to be known, the term y;,, is available for design. The control in (6.124)
is called a delay dependent decentralised static output feedback control.

6.4.3 Sliding Mode Stability Analysis

A composite output sliding surface is presented for System (6.112)—(6.113) and the
associated sliding mode dynamics are derived. Then the stability of the sliding motion
is investigated.

It has been shown in Sect.2.6 that under Assumptions 6.9 and 6.10, there exist
matrices F; € R™>*Pi such that

F [0 Ca]=[0 Fa] (6.125)
where Fj; € R™>*™ is any nonsingular matrix which does not affect the sliding
motion.

For the interconnected system (6.112)—(6.113), consider the composite sliding
surface defined by

{Col(xl,xz, x| Sy =0, i=1,2,. n} (6.126)

where
Si(x;) := F;Cix; =F,~y,~, i=1,2,...,n (6.127)

and the matrices F; satisfying (6.125) can be obtained using the algorithm given in
[38].
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Under Assumptions 6.9 and 6.10, it follows from the analysis in Sect. 6.4.2 that
there exists a coordinate transformation x; — z; = T;x; fori = 1, 2, ..., n such that
in the new coordinates z = col(zy, 22, - - -, Zu), the system (6.112)—(6.113) can be
described by

.| A An 0 -1 -1 $
o= |:Ai3 Ai } at I:Bi2i| (Mi TG Tz Ti zia) + Z (Diyia

j=1

JF#L
+ A0, T} 'z, Tj‘lzjd,)))
+ DT (Hﬁ’.yjd,. + AH)(1, T, ', Tj‘lzjzzj)) (6.128)
ji
vi=[0 Cola, i=1,2,...,n (6.129)

where A;; € R"™™ is stable; both B;; € R™>*™ and C;; € RPI*Pi are nonsingular;
H§(~) and Hi’jf(-), A®;(-) and AH{}(-) are givenin (6.114), (6.117) and (6.115) respec-
tively. Since A;; is stable, it follows that for any Q; > 0, the Lyapunov equation

A,?;Pi+PiAil Z—Qi, = 1,2,...,1’1 (6130)

has a unique solution P; > 0 fori = 1, ... n. For convenience, partition

T, =: [; } T = Wy Wal (6.131)

where T;; € RU—0xn and W;; e R"* =) Ttis clear that System (6.128)—(6.129)
can be rewritten as

41 = Apzin +Apzp + 20 Tin (Hf]’-yjd,. + AHf]’-(t, Tj_lzj, Tj_12j¢,~)) (6.132)
J#
n
. . P—
zip = Ai3zi1 +Aiazip + Bip (u,- + G;(-) + Z (Dijyjd_/ + A@ij(l, T] % ’I} Z]d/')))
j=1
JF#
b b =1, m—1
+ 30 T (Hbyjg, + AHLG T 5T 50 (6.133)
JF
yi=[0 Cnl]z, i=12....n (6.134)

where z; := col(z;1, zip) wWith z;; € R%™™ and z;, € R™.
From (6.127), (6.134) and (6.125),

Sixi) =Fyi =F;[0 Ca]z=[0 Fp] [2] = Fnzi

i
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where F;p € R™>*™ is nonsingular. Therefore, in the new coordinates z, the sliding
surface (6.126) can be described by

{col(zl,ZZ, ) | =0, i= 12n} (6.135)
Further, partition the output distribution matrix in (6.134) as

0 Cal=| 0 Com | Coa]. (6.136)
Cis

where Cj; :=[0 Cp] € RP*0=m) and Cpy € RP*™. When the system in
(6.132)—(6.133) is constrained to the sliding surface, z;; = 0, from partition (6.131)

—1 —1
T, 'z =Wiuzn and T, zig = Wiz,

l l

From (6.136), the i-th subsystem output y; is described by
yis ;== [0 Cilzin = Ciszin, i=12,...,n (6.137)

Then, from the structure of System (6.132)—(6.133), the sliding mode dynamics of
System (6.112)—(6.113) associated with the sliding surface (6.126) is described by

n

tn = Anza + > T (HECizng + AHE Wz, Wazng))  (6138)
j=1
J#i

where W;; is defined by the partition (6.131) fori = 1, 2, ..., n. Obviously, System
(6.138) is a reduced-order interconnected system with dimension >\, (n; — m;)
when compared with the system (6.112)—(6.113) which has dimension >_;_, n;.

Theorem 6.6 Assume that Assumptions 6.8—6.10 hold. Then, for the sliding surface
in (6.126), the sliding motion associated with the time-delay interconnected system
(6.112)—(6.113), is governed by dynamical system (6.138). Moreover, the sliding
motion is globally uniformly asymptotically stable if

(i) the n; x n; symmetric matrix
Ni:= Q;—PT; ( ZJ’}; gngsP]flq{(H{;)r) TiP:—q Zj?;li giP; >0
forsomeq > lande; >0fori=1,2,...,n

(ii) the n x n matrix function M + MT > 0 where M = [mj(-)1uxn is defined by

Amin(Ni)a l=.]

i) [ =¥t Ciszar vl Cis I |zt NPT LI Cjs & 7
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forsome y; > 1fori,j=1,2,....,nand u := . infz {Amin(M —|—MT)} > 0.
Proof The analysis above has shown that for System (6.112)—(6.113), the reduced-
order sliding mode dynamics associated with the sliding surface (6.126) are given
by the system described in (6.138). All that remains to be proved is that (6.138) is
globally uniformly asymptotically stable.

For System (6.138), consider the Lyapunov function candidate

n
T
V(zit, 2215 oo o5 Zn1) = ZZHPiZil
i—1

where P; > 0 satisfies (6.130) fori = 1, 2, ..., n. Then, the time derivative of V (-)
along the trajectories of System (6.138) is given by

n n n
Ve = — D zhQizin +2 D D i PiTuH.Ciszjng,

i=1 i=1 j=1
J#i
+2>° > P Ty AR (6.139)
i=1 j=1
J#

where (6.130) has been used to obtain the expression in (6.139).
From Lemma B.1 (see Appendix B.1), it follows that for any &; > 0,

1 .
22 PiTiHyCizjua, = — 2 PITaHCuP; (Ta HCio)' Piza

J
+ez1Pizig, G #)). (6.140)
Since the z;; fori =1, 2, ..., n are independent of each other, it is clear that
V(2iays 21dy5 - - - > Znta,) < gV (211, 2215 - - -5 Zn1)
for g > 1, is equivalent to
ZhaPizig, < qzhPizn,  i=1,2,....n (6.141)
which implies'
Izig | < villzall,  i=1,2,....n (6.142)

Tt is clear that Inequality (6.141) implies that Amin (P)|zi14;1* < gAmax (P zi1||> from which
it follows [|Zj14; I < ga/Amax(Pi)/Amin(P;) llzi1]l. This shows that one choice for y; in (6.142)

i8S Vi = g/ Amax(Pi) /Amin(P;) for i =1,2, ..., n where ¢ can be chosen as any constant bigger
than 1.
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for some positive constants y; > 1 with i = 1, 2, ..., n. Further from (6.137) and
(6.142),
lyisa; Il = ICiszita, | < il Cisll lzit |l (6.143)

Since B;;(t, yjs, r) is nondecreasing with respect to the variable r € R, from (6.120),
(6.143) and (6.137)

PiTy AHJ() < viBi(t, Ciszjs villCicll I IDUP T I 1 Cisll llzjn | G # ). (6.144)
Therefore, from (6.139), (6.140) and (6.144), when

V(114> 221dss - -5 Znta,) < qV (211, 2215 -+ Znl)

it follows that
. n n n ] B
Vo < - D0+ 23 (LT HICE, TG P
i=1 J

i=1 j=1

J#

n n
T
+ZZSij1Pij1
i=1 j=1
T
n n
+2>° " Byt Cizin il Cisll Iz D IPTi I ICsl Nzl 1zl

i=1 j=1

J#
n
2 T
- Zi1NiZil
i=1

n n
+2° 3 yiBi(t. Gz, villCill Iz DIPTa LIl Nizaa 1211

IA

i=1 j=1

J#
| llz11 |l
= —zUznl zall -+ zat 11M + MT)
[E®1]
1. -
< =5 inf (A (M + M) ; lzin |
1 2
= —5ull (6.145)

where z = col(zy, 22, ..., Z,). Since u > 0, the conclusion follows from Lemma A. 1
(See Appendix A.1). \Y
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Remark 6.22 If m,, = p,, for the ry-th (1 < ry < n) subsystem, then

Yro = Zry2

and thus from (6.137), y,,s = 0. In this case, from the proof of Theorem 6.6, condition
(i) in Theorem 6.6 can be weakened to be

Ni= 0= Py (X o LHECPT CLHDT)TEP — g X" 0 &iP; >0,
J#ir JF#LTo

fori=1,2,...,n.

6.4.4 Reachability Analysis

The objective in this section is to design a decentralised static output feedback sliding
mode control such that the system states are driven to the sliding surface (6.126). For
the interconnected system (6.112)—(6.113), the reachability condition is described
by (see, [69])

n

3 ST (xS (x)

0 6.146
1Sl (0.146)

i=1

where the switching function S;(-) is defined by (6.127). In order to develop a global
reachability condition based on static output feedback control, the following condi-
tion is imposed on the System (6.112)—(6.113).

Assumption 6.11 The matrix equation
ICi = FiCiA,

is solvable for I'; withi =1,2,...,N.

Remark 6.23 Assumption 6.11 is required to guarantee global reachability, and is
unnecessary when only the local case is considered. Similar conditions have been
employed by Hui and Zak in [219].

Theorem 6.7 Consider the time-delay interconnected system (6.112)—(6.113).
Under Assumptions 6.8—6.11, there exists a global delay dependent static output
feedback decentralised control law which drives the system (6.112)—(6.113) to the
composite sliding surface (6.126), and maintains a sliding motion on it thereafter.

Proof Sincethetriplein (6.123) is obtained from (A;, B;, C;) using the transformation
z; = Tix;, it follows that fori = 1,2, ...,n

0

= [Biz] GT7' =[0 Ca]
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where both B;; € R™*"™ and Cj; € RPI*Pi are nonsingular. Then, from (6.125), it
follows that

FCB = F[0 Cal [ N ] = FoBy
i2

which shows that F; C;B; is nonsingular because F;; and B;; are nonsingular. Construct
a variable structure control

n
ur = —(FiCiB) ™ { Moy + (I CiBill gt i yia) + mi + D IF Gl yia
J=1

Viald
+ D IFGH piOyia ) sen(Fivn) | (6.147)
j#i
where g;(-) and p;(-) (i #)) are defined by (6.118) and (6.121) respectively;
n; can be chosen as any positive constant for i,j = 1,2, ...,n, and the symbol

sgn(-) denotes the usual signum vector function. From (6.112), (6.127), (6.121) and
Assumption 6.11

n T ) 'A
Z Si (xl)Sl('xl < Z (FYz iyi Z (Flyl) FICB (ui + Gi(t,xi,xidi))

ISl 1Ey) | 1Ey) |
+> Z IFCiH | 11yja;
i=1 j=
J#i
+ D pi(t v i) IFCill Hlya Il (6.148)
i=1 j=1
JF#

Substituting the control from (6.147) into (6.148), it follows from (6.118) that
an ST ()Si(x)
INTED]

- Zn: ( _ (Fiy)"sgn(Fiyi)
- | Fiyill

i=1
VFiCiBillgitt, vis yia) + IFiCiBill 1Gite, i 30 )
Fiy)Tsgn(Fiy) <~ (Fiy)'sen(Fiyi)
mi— > eSS EGH ) lyia
; 1ol 2 (2 G

J#i

+ > (D IECH;) v
i=1 1

JF#L
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Z (Fiy)"sgn(Fiy:)

T Zp,,(t Yir Yia) IFiCil 1a |
i .

j#i

+Zzpy(r Vi Vi) I Cill 1y | < = Zm <0

i=1 j=1

JF#

i=1

where the conclusions (i) and (ii) of Lemma B.2 (See Appendix B.2) are employed
to achieve the expressions above. Hence the conclusion follows. v

From sliding mode control theory, Theorems 6.6 and 6.7 together show that the
proposed decentralised output feedback control law in (6.147) uniformly asymptot-
ically stabilises the system (6.112)—(6.113) globally.

Remark 6.24 From the proof in Theorem 6.7, when the interconnections can be
expressed in a superposition form as Z’{LR ®;;(-) where @;;(-) can be expressed in

JFl
terms of (or bounded by) functions of known information: #, y; and yj,;, the intercon-
nection effects can be canceled completely by designing an appropriate decentralised
control law to guarantee reachability.

Remark 6.25 1f there exists a term, for example, ﬁikxk (i # k) in the i-th intercon-
nections, the approach proposed here can be applied directly. In this case, condition
(i) in Theorem 6.6 should be replaced by

N : Pn,(z —HUC,uP7 CL(HY) )T,{P qZS,
J#l l#z
— (LT P+ PTG ) > 0.

Also, a condition that there exists a matrix Iy such that
Iy Cy = FiC;Hy (6.149)

needs to be added to Assumption 6.11. The example in Sect.6.6 will be used to
illustrate this.
6.5 Numerical Simulation Examples

In this section, numerical examples with simulation are provided to illustrate the
control schemes proposed in Sects. 6.2—6.4.
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6.5.1 Static Output Feedback Control

Consider the time-varying delay system with delayed disturbance described by

101 0 00 0
i=| 10 0|x+]|=10 1]x¢-dw)
01-5 00 0
A A
0
+| =1 (u(t) + ot x(1), x(1 — d(t)))) n
0
[ —;
B
V2B1(t, x(1), x(t — d()x1(t) + Ba(t, x(1), x(t — d(1))x (t — d (1))
0

Br(t, x(), x(t — d(1)))x3(1) + Pa(t, x(1), x(t — d(1))x3(t — d(1)))
F(x(0) x(1—=d (1))

(6.150)
001
y=|:0 1 O]x (6.151)
—_———
c

where x = col(xy, x», x3), u and y = col(y;, y,) are respectively the state variables,
the inputs and the outputs of the system. The unknown functions 8;(-) and B, (-) are
time-delayed disturbances which are assumed to satisfy

1B1O)] < (2(0) [ sinyi (r — d(0))]
1B20)1 < Iyi(t = d(@))] sin® y1 (1) + (2(1))*.

The matched delayed disturbance g(-) has unknown structure but satisfies

lg()ll < y3(t)siny,(t — d(1)) .
@ (-)

The domain considered here is
1, 2
2=1013,x) [ neR, Zxj+x3 <12r.

Obviously
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If (¢, x(2), x(t — dO)I| < V2(2(0))* [ siny; (¢ — d(0)] x|
p1()
+ (Iy1(t = d(@®)] sin® yi (1) + 32(1)?) lx(t — d(@©)]

p2(°)

and Assumption 6.2 holds.
Clearly CB = [0 —1 ]T is full rank. According to the algorithm given in [37], the
coordinate transformation X = Tx with

1 0

T:

o o |

0
0
1

O -

transforms the triple (A, B, C) into the following from
[511 %12} _
Az Axp

5]

It is clear that the triple (A, B, g) is output feedback normalisable with the choice
K =0 due to the stability of A;. Further Im(Ag) C Im(B) since Ag = BD with
D =[10 —1]. Therefore Assumption 6.1 is satisfied.

Since (6.152)—(6.153) already has the regular form (6.5)—(6.7), it follows that

(6.152)

(6.153)

T=T, An =An
A =An, Ay =4y _
Axp = Ap, B, =B, C=C=5h.
Let Q = 101. It follows that the Lyapunov equation (6.21) has a unique solution

P = diag{0.5, 1}

and thus

According to [37], choose F = [0 1]. The designed sliding surface from (6.17) is
then described by
S(x) = {(x1,x2,x3) | y2 =0} (6.154)
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By direct computation, it follows from (6.16) that

V2 0
0

A= [(2) (1’] Bi(IPY 2 (1) + [ | } B2 (WP 21 (t — d(1)). (6.155)

When a sliding motion takes place, y»(¢) = 0, and thus
B =0, 1BOI = It —d@)]sin® yi ().
Then,
[Pt 20, 20 = d@D oo
< Jla(t = @) | siny (1)? | P2 ¢ = d o) (6.156)
By comparing (6.156) with (6.22), it follows that
() =0
Vo) = llz1(t — )| siny1 (1),

Therefore,

O, 21(1) = L2V 2(siny; ()| P2 2(1) .

Let ¢ = 1.01. By direct computation, y > 0.0026 > 0 in 7'(£2), and thus the condi-
tions of Theorem 6.1 hold in the domain 7'(£2). From (6.36) and (6.37), the control
is given as follows:

u = (1004991 + /(20 + 02(0) = 51 (1) + 30 sin’ yi (¢ = d(1)
+V202(0) sinyi (t = d@)] (i + 1) + (1 ¢ = d@)]sin’ yi (1)
+02(0)") (2 + (¢ = dO)) + ) sen2(0). (6.157)

For implementation purposes, choose
wr=pr=2 and n=1.
The time-varying delay d(z) is chosen as

d(t) =2 +ssint.
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Fig. 6.1 The time responses 3
of the state variables of 25l X,
System (6.150)—(6.151) 1 - %]
under control (6.157) 20 - = X5
\
1.5 ]
o
1F R
a |
2 \
© 05¢( 1
7] ! N
ok - - _
-0.5¢ 1
_1 L 4
-1.5 1
_2 L L L L
0 1 2 3 4 5
time [sec]
Fig. 6.2 The time responses 60
of control signal (6.157)
(upper) and sliding function = 40 i
(6.154) (lower) £ 20 ]
8
0 I
2 1 2 3 4 5
time [sec]
2
c
2 15t 1
[&)
2os ]
=
@ 0
0% 1 2 3 4 5
time [sec]

A simulation with the initial condition
¢ (t) = col(cos(?), 1, —2sin(?))

is shown in Figs. 6.1 and 6.2 and confirms that the proposed approach is effective.
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6.5.2 Reduced-Order Observer-Based Feedback Control

Consider a time-delay system described by

-1 0 0 1 1 1
X = 0 1 0 [x+ 1 u—l—z 1 —11|A4AfC¢)
1 0 —1 -1 0
————
A B E
X7 X134
+ | x\ X130 + [x121x124 exp{—1 — 2} (6.158)
2
X11X13d
[ftx,xq)
1 00
y—|:0 ) Oj|x (6.159)
—_— —
c

where x = col(xy1, x12, x13) € R, u; € R and y = col(y;;, y12) € R? are, respec-
tively, the state variables, input and outputs of the system. The uncertainty is assumed
to satisfy

IAf (2, x, x|l < 0.3]x12] sin®(©) [|xqll.
S —
p()

The considered domain is
2 = {11, x02, x13)| ¥l < 5, |xi2] < 116, [xi3] < 5.

It is clear that Assumptions 6.4 and 6.7 hold, and

0 0 x]21
SC) =10 |xnlexp{— =2} x7, |x
0 0 _x%1
®()
0 0 0
= x}x13aB + | 0 |xilexp{—1 — 2} 0 | x4 (6.160)
0 0 0
D()

which shows that Assumption 6.6 holds. Let

T
001
L‘):[ozo]'
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It is straightforward to check that A — LyC is stable and Assumption 6.5 holds with
Py=0.51

and
F = diag{0.25, —0.25}.

Lete = 0.8. It follows that the conditions in Theorem 6.3 are satisfied with y = 0.01,
and thus the reduced-order observer (6.59) is well defined and

ap =5, o = 0.1825.
According to the algorithm given in [38], the sliding surface is chosen as
S:=1[851 $]1=10.1961 —0.9806 | O] (6.161)

and the coordinate transformation matrix 7 is

0.1961| 0.9806 0
T =[T, T,] = | —0.9806| 0.1961 0
0 01
Then,
ST =[1 0 0]
and
- 0o | 0o o
[gl gz = | 2mm]l| =15 0
3 4 —0.9806[1.4709 —1
- [ —0.0833
[Zl =107 | 0.1249
g | —0.1061
M 0 0 0.0833
[Ml =10""10 0-0.1249
2 |0 0 0.1061
3 0 0 0
[Nl = | 12748 —1.2748 0
N,

- —0.2500 1.2500 <1
When the system is constrained to the sliding surface, it follows from (6.161) that

x12 = 0.980652e 4 0.1961z;, = 0.1961z;, (6.162)
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where z =: col(z11, 212, z13). From Remark 6.15, the function matrix @ (-) in
Theorem 6.4 can be replaced by @ () in (6.160). Let

g, = 1.01, g =2, and & =0.8.

By direct computation, it follows that the matrix W defined in Theorem 6.4 is given
by

—0.2848 0.3063 0 —0.0833w 0 0
0.3063 —0.4794 0 0.0490 0 0

* * —0.1825 0 0 0

* * * —0.3768 —0.2942 0

* * * —0.2942 —0.2550 0

* * * * * —0.1080

where
@ = |xpp| exp{—t — 2}

and * represents the corresponding symmetric entries, which is negative definite
in the considered domain £2 with maximum eigenvalue gy = —0.0125. Therefore,
the associated sliding motion is uniformly asymptotically stable. Further, by direct
computation, .Z, and %, can be given by

Z, = sin?7r  and Lo, = exp{—t —2}.

Then the k(-) satisfying (6.105) can be determined directly and thus the controller
(6.104) is well defined. For simulation purposes, the uncertainty Af(-) is chosen as

[ 0.27xp2 sin?(0) [lxall
Af () = [—0.12x12 sin(0)|lxall |

Let n =2, and xo = (—3.5, —1, 4.5) with wyy = 2. Assume the delay is
d(t) =5+ sin(r)
and the initial condition associated with the delay is
@ (1) = [cos(r) 0 1 + 2sin()].

The simulation results in Fig. 6.3 demonstrate that the proposed approach is effective.



6.5 Numerical Simulation Examples 205
8 20
6 X11
. _.X 10
y 4 12 E
L 2} T S o0
) \ c
0 0t S 8
-2 /» -10
-4
-2
0 5 10 0O 5 10
time [sec] time [sec]
0.5 2
b =
S @
'.§ 0 g 0 N
2 °
o 3
g @©
5 -0.5 g -2
® g
-1 -4
0 5 10 0 5 10
time [sec] time [sec]

Fig. 6.3 Evolution of states, control, sliding function and estimate error (e(t):=x;3 — X3)

6.5.3 Decentralised Output Feedback Control

Consider an interconnected time-delay system composed of two third-order subsys-
tems and described by

-8 0 1 0
f={ 0=8 1 |x+| 0| (i + G +x0)P0s sin g Agi) )
1 10 1 610
Ay B
0 —1
+11 0|y (6.163)
4 1
———
Hyp,
-6 0 1 0
b=] 0-6 1 n+|0|(n+a00)
110 1 -
2()
—_— ——

As B,
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4(x114, + X124,) (sin x13)2 Ay ()
+ 4(sin x13)2x134, (Ahy ())? (6.164)
(11 + X12) X134, (sin x114,) > Aho ()

AHy(+)

(110
6.165
001:|x1 ( )

—_—
G

(110
6.166
001:|x2 ( )

—_—
(@)

Wherex1 = CO]()CH, X12, X13) € R3 andxz = COI()CQl, X22, )C23) € RS,ul € Rand Uy €
R,andy; = col(yi1, y12) € R?andy, = col(ya, y22) € R? are, respectively, the state
variables, inputs and outputs of the system. The uncertainties Ag;(-), Ag2(-), Ahi(-)
and Ah;(-) are assumed to satisfy

|Ag1 ()] < (x134,)? sin® (x11 + x12)
[AR ()] <1

|Ag2 ()] < %214, + X224, | X35 SiN* X20
[Aha ()] < lIy1a, 1l

In this example,

Ale =0 and H21 =0.

The decompositions (6.114) and (6.115) can be given as

00 0-—1
H,=|00|, H,=|1 0 (6.167)
4 1 0 0
AH{, = AHY, =0, HY, =HS =0 (6.168)
AHS, = By (x11 + X12) X134, (sin x114,)> Ahs (+) (6.169)
1 (+)
[©21] < Iynyiea | 1yia,ll (6.170)
S——
az(+)
4(x114, + X124,) (sin x13)2 Ahy ()
AHY, = 4(sin x13) %134, (AR ()2 (6.171)
0

IAHS O]l < 4sin® yio 114, + Vg, = 4sin’yi2 Iyig . (6.172)
——

B2 ()
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It is straightforward to check that Assumption 6.8 is satisfied with

1) = ¥} 1y12a, 1 sin? y11, () = y2141y%

ap(-) =0, a2 (-) = [yiyizq |
Bi12(-) =0, Ba1 () = 4sin® yp
p12(-) =0, P21 (:) = \/16 sin® y12 + (V11y124,)%

Assumption 6.9 can also be shown to hold. Using the algorithm given in [38], it
follows that Assumption 6.10 is satisfied with

and the coordinate transformations z; = T;x; for i = 1, 2 are given by
0.7071 —0.7071 0O 0.7071 —0.7071 0O
T, = -1 -1 0 and T, = -1 -1 0
0 0 -1 0 0 -1
and the sliding surface matrices are

Fi=[0 1] and F,=[0 1].

Let
O1=0=D.

The corresponding solutions to the Lyapunov equations (6.130) are

0.0625 0 0.0833 0
Pl:[ 0 0.0625] and Pz:[ 0 0.0833]'

Further, choose p = y; = y» = 1.1. By direct computation,

v | 09108 —0.0083
=1 -0.0083 0.9049

09375 0
NF[ 0 0.9375]

M 0.8991 0
| —0.5185sin*y;; 0.9375 |

It can be verified that the conditions in Theorem 6.6 are satisfied globally. So from
Theorem 6.6, the sliding motion associated with the sliding surface
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{(e1r, x12, X135 %21, %22, X23) | X13 = 0, x23 = 0}
is globally uniformly asymptotically stable. By direct computation, Assumption 6.11
is satisfied with

n=nr=[10].

From Theorem 6.7, the decentralised control law

up = =y — (yfl y12a,° sin® yi1 + \/16 sin y1o 4+ (11y124,)% + ZO)sgn(yu)

y = —yo1 — (Iy210, 3 + 2.0616][y24, | + 16) sgn(y22)

stabilises the system (6.163)—(6.164) globally.
For simulation purposes, assume the delays are

d(t) = 2 — sin(z)

and
dr(t) =1 —0.5cos(1).

The initial conditions are

¢1(t) = col(cos(t), 0, —2 sin(z))

15 T T 10
X1 X1
1ol - =X )
\ - X3 5 - Xy
\
5r1
- \ or
X o~
g | s |
w Or —— L |
® I
» I
_5,
I
_5 I
I
-10p
_10,
-15 - - -15 . .
0 2 4 6 0 2 4 6
time [sec] time [sec]

Fig. 6.4 The evolution of the state variables of the system (6.163)—(6.164)
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Fig. 6.5 The time responses of the control signal and sliding functions

and
¢o(t) = col(0, 1, 2 + sin(?)).

The simulation results in Figs. 6.4 and 6.5 demonstrate that the proposed approach
is effective.

Remark 6.26 In the example above, the interconnection terms have been decom-
posed into matched and mismatched parts as in (6.167)—(6.172). These are subse-
quently ‘processed’ separately. If all the interconnections in the example are taken
as mismatched, then, the conditions of Theorem 6.6 will not be satisfied. This shows
that the decomposition in (6.114) and (6.115) can be used to reduce conservatism.

6.6 Application to River Pollution Control

In this section, the decentralised control scheme developed in Sect. 6.4 will be applied
to a river pollution control problem.

Consider a two-reach model of a river pollution control problem [111]. It is
assumed that the concentration of biochemical oxygen demand (BOD) for the first
subsystem is perturbed by a time-delay. Then, based on the approach given in [15],
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the system can be described by

. 13250 0.1 ~13.2(1 — §)
Y= [—0.32 —1.2]x2+ [0 } (“1 + [o }yul)
—_— —_———

Ay B Gi()
+ AH;» () (6.173)
. —1.320 0.1 0.9 09 0
Y= [—0.32 —1.2}52 + [o }(“2 +G20) + [o }y‘“’l + [0 0.9]”l
————— ——— ———— ——— ————
Ay By H>, I:IZ]
+ [50'95”} (6.174)
—_—
AHy(+)
Vi 2[1 O]X], y2=[1 0])(2 (6175)
S—— S——
Cl CZ
where x; := col(x;;, x12) and x, := col(x1, x22). The variables x;; and x;, represent

the concentration of the BOD and the concentration of dissolved oxygen respectively,
and the controls u; are the BOD of the effluent discharge into the river fori = 1, 2. The
constant § € [0, 1] is the retarded coefficient. The uncertainties G,(-) and AH1,(+)
are added to illustrate the obtained results, and are assumed to satisfy

1G2()] < (v24,) sin® y2
IAH > || < expl{y: — 2}|y2q, sint].

Let .,
§=0.5, g1 =06.6[yyl g = (yoa,)* sin’ ys
ap = B2 = pr2 = exp{y> — 2}|sin¢|, Hi =0

0.45 0
H21=[0 ]—i—[o} HS, = 0.45B,
—— = Doy
H§1 szl
—0.45 0
AHyy = [0 . ] + [o]’ AHS, = —0.45y, B,
————
-— == A6y
AHS, AH;’I
ar; = pa1 = 045, P21 =0
~ 09 0 00 ~
H21=|: i|~|—|: ],H“ =B,[90].
0 0 0 09| 21772 [90]
DZI

fra frb
H2] HZI
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It is straightforward to check that Assumptions 6.8 and 6.9 hold. Since both the
subsystems are square, Assumption 6.10 is replaced by the condition that A;; is
stable [38]. The coordinate transformation matrices 7; are chosen as

[0 1
T,=T, = 10]

Then

AnAp| _[-12-032 (A An| _ [—-1.2-0.32
AzAu | |0 —0.66 |’ | A Ay | |0 —1.32

0 0 0

[o]=[m]=[1] 1 eal=t0 al=po 1)

Let O = Q, = 2.4. Then, P = P, = 1. The sliding matrices are given by
Fi=F=1
and the sliding functions are
Si=y1 and S5 =y

By direct computation, Assumption 6.11 holds with

I = —-0.66
and

I, =-132
and Eq. (6.149) is satisfied with

15 =0.9.

Following Remark 6.25, it is directly verified that the conditions in Theorem 6.6 hold
with
p=vyi =y =10l
Then, System (6.173)—(6.175) is stabilisable globally by the control
up = —10{=0.66y; +0.9y; + (1.56[y14,| + 1) sgn(v)} (6.176)
= —10{ — 132y, 4 (0.1(yag, siny2)? + 5

+ explyz — 2)sint)sgn() | 6.177)
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Fig. 6.6 The evolution of 12
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where the term 0.9y, in Eq. (6.176) comes from the interconnection ﬁ21x1. For sim-
ulation purposes, the delays are chosen as

di(t) =3—2sin(#r) and d(t) =1
and the delay related initial conditions are chosen as
¢1(t) =col(2cost, 1) and ¢ (¢) = col(0, 1 — sin(r)).

The simulation results in Fig. 6.6 show the effectiveness of the results obtained.

6.7 Summary

In this chapter, time-varying state delay systems have been considered. Section 6.2
presents static output feedback control strategies. Approaches to deal with nonlin-
ear matched and mismatched disturbances have been proposed when time-varying
delay is involved in the nonlinear bounds on the disturbances. Specifically, in the
reduced-order observer-based control scheme proposed in Sect. 6.3, coordinate trans-
formations are employed to explore the system structure. The features of sliding
mode control are used to enhance the robustness of the scheme. This reduced-order
observer scheme has benefits for implementation. Section 6.4 has shown a decen-
tralised static output feedback sliding mode control law to globally stabilise a class
of time-varying delay interconnected systems. It has been shown that the effects
of the interconnections can be canceled completely in the reachability analysis by
designing an appropriate decentralised control law if the interconnections have the
form given in Remark 6.24. Several examples have been presented to illustrate the
results.



Chapter 7
Delay Independent Output Feedback
Control

This chapter will introduce time-delay independent control design for nonlinear
systems using output feedback control, and then study large-scale interconnected
systems.

7.1 Introduction

Control design for nonlinear time-delay systems has been discussed in Chap. 6 but
the control algorithm required that all the time-delays are precisely known, and thus
can be used by the control algorithm. However, in many cases, the time-delays may
not be known precisely. Specifically itis very difficult to identify the time-delay if it is
time varying. Therefore, it is of interest to study control of time-delay systems when
the delay is unknown. It should be noted that a time-delay dependent result is usually
less conservative than a corresponding time-delay independent result but requires
that information on the time-delay is available, which may be limiting. However,
the delay dependent controller usually explicitly depends on the time-delay and
thus needs memory to store historical data in implementation, which needs more
resources.

In Sects.7.2 and 7.3, local stabilisation is considered for affine nonlinear control
systems with uncertainties involving time-varying delay. It is not assumed that the
nominal system is either linearisable or partially linearisable. A static output feedback
variable structure control is synthesised to stabilise the system uniformly asymptoti-
cally, and a control strategy to enforce exponential stability is also derived in Sect. 7.2.
In Sect. 7.3, an appropriate transformation is introduced to express the affine nonlin-
ear system in regular form which facilitates both design and analysis. Then, sufficient
conditions are developed based on the Lyapunov—Razumikhin approach such that
the sliding motion is uniformly asymptotically or exponentially stable. A static out-
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put feedback control law, independent of the time-delay, is synthesised to guarantee
reachability.

Section7.4 focuses on the stabilisation problem for a class of large-scale
systems with nonlinear interconnections. A decentralised static output feedback vari-
able structure control is synthesised and the stability of the corresponding closed-
loop system is analysed. A set of conditions is developed to guarantee that the
considered large-scale interconnected systems are stabilised uniformly asymptoti-
cally. Section7.5 provides some examples to demonstrate the results developed in
Sects.7.2-7.4.

7.2 Lyapunov Technique-Based Variable Structure Control
for Nonlinear Systems

This section presents time-delay independent variable structure output feedback con-
trollers to stabilise affine nonlinear systems based on Lyapunov techniques.

7.2.1 Introduction

It is well known that linear dynamical systems cannot adequately describe many
phenomena commonly observed in the real world. In order to incorporate complex
phenomena, it is necessary to investigate nonlinear systems as a means to more
accurately model real systems. Compared with linear control systems, the study of
nonlinear systems is relatively immature—largely due to their complexity. In the
control paradigm, state or output feedback is used to form a closed-loop system to
improve the dynamic performance. Compared with state feedback, output feedback
is much more difficult because effectively only a subset of the state variables are
available for design and controller implementation. However, in reality, usually only
a subset of measurements is available for use by the controller. One way to circum-
vent this problem is to design an observer to measure/estimate system states [159,
180, 210], and then use the estimated states to replace the true states to form the
feedback loop. However, the separation principle usually does not hold for nonlinear
systems, which implies that approaches using the true state to design the control law
may produce completely different results when estimated states are used for imple-
mentation. Although observer based or dynamical output feedback control has been
extensively applied [139, 208], extra devices or hardware are necessary which may
be too expensive to implement. Therefore, there is a need to consider static output
feedback control approaches for nonlinear systems.

In recent decades, static output feedback control has been widely used in control
design (see, e.g., [34, 84, 112, 147, 207]). Howeyver, the systems considered in much
of the existing work are either largely linear or delay free. A class of linear time-
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delay systems is considered in [34]. By introducing an artificial delay, a static output
feedback control scheme is provided in [147] where the considered system is linear
and delay free. A class of linear time-delay systems with nonlinear disturbance is
considered in [207] where it is required that the time-varying delay is precisely
known. Luo et al. considered a class of time-delay systems where both static and
dynamic output feedback strategies are studied [112] but it is required that all of the
uncertainties are matched. Janardhanan and Bandyopadhyay [84] proposed a static
output feedback sliding mode control scheme for time-delay systems where a class of
linear discrete-time systems is considered. Recently, a class of nonlinear time-delay
systems with uncertainties bounded by nonlinear functions has been considered in
[208] butitis required that the time-delay is exactly known and observer-based output
feedback is used. Some interesting results on stabilisation of nonlinear time-delay
systems have been developed in [136] but state feedback is employed. The problem
of static output feedback stabilisation for nonlinear systems is full of challenge
especially when the system experiences both uncertainties and time-delay.

Control systems with time-delay disturbances have been widely studied (see, e.g.,
[71, 188]). Much of the existing work studying systems with disturbances is based
on the fact that the nominal system is stable or has desired performance [71, 188,
207, 221]. In this section, a class of affine nonlinear control systems with nonlinear
uncertainties which involve time-varying delay is considered. Similar to the work
in [71, 188, 207, 221], it is assumed that the nominal system is output feedback
stabilisable with an output feedback control law having been well designed. Then, a
robust static output feedback variable structure control is synthesised such that the
corresponding closed-loop system is uniformly asymptotically stable in the pres-
ence of uncertainties and time-delay. Both matched and mismatched uncertainties
are considered, and the accessible bounds on the uncertainties are employed in the
control design to reduce the effects of the uncertainties to enhance the robustness of
the designed controller. Furthermore, a set of sufficient conditions is developed to
guarantee that the closed-loop system is exponentially stable. The designed control
does not depend on the time-delay and thus it is not required that the time-delay is
known. It is not required that either the system is square, or the nominal system is
linearisable or partially linearisable.

7.2.2 System Description and Analysis

Consider an affine nonlinear system described by

X = f(x)+g)u+ Ag(x, xq)) + Af (x, xq) (7.1)
y = h(x) (1.2)

wherex € 2" C R" (% is aneighbourhood of the origin),u € R™,y € % C R? are
system state variables, inputs and outputs respectively. The functions f(x) and g(x)
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with f(0) = 0 are both known functions, and Ag(x, x4) and Af (x, x;) are matched
and mismatched uncertainties respectively—which include all the disturbances and
modelling errors. The symbol x; := x(¢r — d(¢)) denotes the delayed states where
d(r) is a time-varying delay which is assumed to be continuous, nonnegative in R*
and

d := sup{d(1)} < oo.

teR*

The initial condition relating to the time-delay is given by
x()=¢@), 1e[-d.0] (7.3)

where ¢ (-) is continuous in [—d, 0]. It is assumed that all the nonlinear terms are
smooth enough such that the existence and uniqueness of solutions of the unforced
system is guaranteed.

For System (7.1)—(7.2), the system

X = f(x)+gu (7.4)
y = h(x) (7.5)

is called the corresponding nominal system. The following assumptions are imposed
on the system (7.1)—(7.2).

Assumption 7.1 There exist known continuous nonnegative functions «; (+), a2 (+),
a3(+) and B(-) such that

[Ag(x, xa)|| < a1 (y) + ax(y)as(x, || xall) (7.6)
1A (x, x)ll < BCx, llxall) (7.7)

where B(x, r) is a class JZT function.

Remark 7.1 The mathematical definition of the class J# function has been provided
in Definition2.5 in Sect.2.2). Assumption7.1 provides limitations on the matched
and mismatched uncertainties, and requires that the bounds on the uncertainties are
known. It should be noted that the bounds on both the matched uncertainty Ag(x, x;)
and mismatched uncertainty Af (x, x,) are nonlinear and subject to the time-delay
with general forms. This is in comparison with the existing work in [75, 112, 132,
207,221] where the bounds are functions of system outputs or satisfy a linear growth
condition.

Assumption 7.2 There exists a continuous function u,(y) in %/, a C' function
V(x) : R" R and a continuous function M(-) € R defined in % such that in
the considered domain 2",
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c(llxl) = Vx) < ca(llx) (7.8)
v
I (f () + g(x)ui(y)) < —cs(llx]) (7.9)
v
Ha— < cq(llx1) (7.10)
X
v
a—g(x) = M(y) (7.11)
X

where ¢ (), ¢2(+), ¢3(-) and c4(+) are class .# functions in R*, and

V. (aoV Vv aVv
ax (8x1’ axy” an)'

Remark 7.2 Assumption 7.2 limits the nominal system (7.4)—(7.5) where the con-
ditions (7.8)—(7.10) guarantee that the nominal system is output feedback stabilised
by u = u;(y). The condition (7.11) provides a constraint on the Lyapunov function
V(-). In order to form a static output feedback control scheme, the limitation (7.11)
is required. It should be noted that for a linear system (A, B, C) with Lyapunov
function

V =x"Px

where P > 0 satisfies
(A—BKC)'P+ P(A—BKC) <0

condition (7.11) degenerates to the condition that there exists a matrix F such that
the matrix equation
B'P=FC

holds, which is the well known constrained Lyapunov problem (CLP) [41, 57]. It
is clear to see that the conditions (7.8)—(7.10) together with the limitation (7.11) is
an extension of the CLP. The CLP has been extended to the nonlinear case in [196]
but it is required that the system considered is square. The current consideration
has extended the CLP to the non-square nonlinear case which renders all previous
settings as special cases in this regard.

Assumption 7.3 The inequality
llx(+ I < ydlxI)
holds for some continuous nonnegative function y (-) if
V@ +0) <w(Vx@®)), 60e[-d,0]

for some function w(-) defined in R™ satisfying w(r) > rinr € R*.
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Remark 7.3 1t should be noted that Assumption7.3 is a limitation on the function
V() given in Assumption7.2. It is not required if there is no time-delay involved in
the system. Since the considered systems are nonlinear, Lyapunov functions may have
various forms/structures for different systems. Therefore, there is no general way to
check Assumption7.3. However, if V (-) has a quadratic form, then Assumption7.3
is satisfied automatically. Moreover, Lemma C.1 and Remark C.1 in Appendix C
present classes of functions which satisfy Assumption7.3.

In this section, itis assumed that the nominal system (7.4)—(7.5) is output feedback
stabilisable and the control u; () in Assumption 7.2 has been well defined. The objec-
tive is to design a variable structure control such that the corresponding closed-loop
system is uniformly asymptotically stable in the presence of time-delayed uncertain-
ties. The local case will be considered. For ease of exposition, the domain considered
may not be specifically stated in the subsequent analysis unless it is necessary, but
each variable’s dimension will be clearly shown.

7.2.3 Asymptotic Stabilisation Control Synthesis

A static output feedback control will be synthesised such that the corresponding
closed-loop system is uniformly asymptotically stable. Then conditions for expo-
nential stabilisation will follow.

For System (7.1)—(7.2), consider an output feedback control law

u(y) = u(y) + uz(y) (7.12)

where the function u (-) is given in Assumption 7.2, and u(-) is defined by

() [ M) (pe ) + £BM). MO A0 o
0, M(y)=0
where M (-) € R is given in (7.11), ¢ is an adjustable positive constant, and o (-)
and o, (+) are determined by (7.6).
The control (7.12) is called a variable structure control due to the term u,(-)
which usually prescribes a different structure between the outside and the inside of
the surface M (y) = 0. The following result is ready to be presented.

Theorem 7.1 Under Assumptions7.1-7.3, the closed-loop system formed by apply-
ing the control (7.12)—(7.13) to the system (7.1)—(7.2) is uniformly asymptotically
locally stable if there exists a class & function () such that

c3(llxll) = %a%(x, yUIx1D) = calllxDBCe, y (lx (D) = adllx) (7.14)
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for some positive constant g, where c3(-) and c4(-) satisfy Assumption7.2 and o (-)
and B(-) satisfy Assumption7.1.

Proof The closed-loop system obtained by applying the control (7.12)—(7.13) to
System (7.1)—(7.2) is described by

X = f(x)+gx) W(y) +uz(y) + Ag(x, xq)) + Af (x, xq) (7.15)
y = h(x). (7.16)

For System (7.15)—(7.16), consider the Lyapunov function candidate V(x) in

Assumption7.2. The time derivative of V (x) along the trajectories of the system
is given by

. A% A%
V]a15-a.16 = x (f(x) + gx)ui(y)) + ag(x)(uz(Y)

av
+Ag(x,.Xd)) + EAf(xvxd)

A%
< —c(|lxl) + ag(x)(uz()’) + Ag(x, xq))

aV
+—Af(x, xq) (7.17)
ax

where (7.9) is used to obtain the last inequality. From the definition of > (-) in (7.13),
Inequality (7.6) and Eq. (7.11), it follows that
(1) if M(y) = 0, then

1%
ag(x) (ua(y) + Ag(x, xq)) = M(y) (u2(y) + Ag(x, xq4)) = 0;

(ii) if M(y) # 0, then

Vv
a—g(x) (ua(y) + Ag(x, xq))
X

IA

Ag(x, xa)ll

Vv oV
I gXusr(y) + H —g(x)
X 0x

IA

MM 0) (s + 5 )
P o™ T 2
HIMO @)+ aa(es, al)
1
= — 1Mo () = 3= IMG) P ) + M) len )
FIM )l (et (r, )

1
= —5 IMOIPa3 () + IM ) e (Ve (¥, l1xa - (7.18)
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Then from the special case of Young’s inequality ab < 5 a® +5 b2 it follows that
forany ¢ > 0

1
M () llaa (p) a3 (x, |x4]l) < Zoz%(y)nM(y)n2 + %a%(x, Ixal).  (7.19)

Further from (7.19), (7.18) and the analysis in (i) and (ii) above, it is straightforward
to see that

aV & 5

ag(X) (u2(y) + Ag(x, xq)) = §a3(x, llxall)- (7.20)

From (7.7) and (7.10),

oV
—Af(x,x4) <
0x

aVv
EH IAfCe, x|l < calllxIDBx, lxal)- (7.21)
Substituting (7.20) and (7.21) into (7.17) yields

V < —alxl) + 013(x lxall) + caCllxIDBCx, llxall). (7.22)

In order to apply the Razumikhin approach, suppose that for any d(z) € [0, d],
Vx+60)) =wV(x(®))

where w(-) _satisﬁes w(r) > r for r € R". Then from Assumption7.3, for any
d() € [0, d],
lxall < y(xID. (7.23)

From the result (i) of Lemma?2.3 in Sect.2.2 and the condition that «3(-) is a class
T function, the function a3( -) belongs to class JZ1. Since B(-) is also a class Z1T
function, if V(x(t +60)) < w (V(x(¢))), then (7.23) holds and thus

a3(x, [[xgl) < e3(x, y(llxID) (7.24)
Bx, lIxal) = BCx, y(llxID)- (7.25)

Applying (7.24) and (7.25) to (7.22), it follows from (7.14) that

V < —e(lxl) + ag(x Y (Ix1D) + callx DB Ce, v Alx (D)

= —a((lxD).

Hence the conclusion follows from the Razumikhin Theorem 2.5 in Sect.2.5. v

Remark 7.4 As for much of the existing work for fully nonlinear systems [71, 136,
211], the conditions developed in this section are sufficient and there is no general
way to check the conditions due to the complexity of nonlinear systems. However,
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Theorem 7.1 has provided a way of dealing with nonlinear systems with time-delay
disturbances. Moreover, the results developed are not dependent on time-delay and
thus it is not required that the time-delay is known.

7.2.4 Exponential Stabilisation Control Synthesis

Based on the analysis in Sect.7.2.4, an output feedback control law will be synthe-
sised for System (7.1)—(7.2) in this section such that the corresponding closed-loop
system is exponentially stable. The Assumptions7.1 and 7.2 are now strengthened
to the following corresponding Assumptions 7.4 and 7.5.

Assumption 7.4 The uncertainties Ag(x, x;) and Af (x, x;) satisfy

Ag(x, x) || < a1 (y) + aa(W)llxall (7.26)
1Af s xa)ll < Bi(llxlD) + B2(llxall) (7.27)

where @) : % +— RT and a, : % +— RT are known continuous and nonnegative
functions, and B; : RT > R* and B, : RT — R* are known nonnegative and
¢ C! functions.

From Assumption7.4, 8;(-) and B,(-) are # C' functions, and it follows from
result (ii) of Lemma?2.3 in Sect. 2.2 that there exist continuous functions 83 : RT
R* and B4 : RT — R* such that

Bi(r) = Bs(r)r (7.28)
Ba(r) = Ba(r)r. (7.29)

It should be noted that one of the choices to obtain 83(-) and B4(-) has been given in
the proof of Lemma?2.3 in Sect.2.2.

Assumption 7.5 There exists a continuous function u, : % +— R™, a function
matrix M(-) € R!" defined in % and a C' function U (x) : R” — R such that in
the considered domain 2,

Ki|lx|> < Ux) < iollx|? (7.30)
iU
- (f@) +g@u() = —fe3flx (7.31)
104
Ha_ < kgl x|l (7.32)
X

oUu
a—g(X) = M(y) (7.33)
X
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for some positive constants «; fori = 1, 2, 3, 4, where

U . U dU U
ax  \ox; 9xy” 7 ox,

Remark 7.5 The conditions (7.30)—(7.32) in Assumption 7.5 imply that the nominal
system (7.4)—(7.5) is stabilisable by u = u,(y). Suppose that f(x) and g(x) are c!
functions. Then it follows from [91] that Assumption 7.5 is satisfied if the nominal
system (7.4)—(7.5) is exponentially stabilisable by a C' function u = u,(y), that is

= f(x)+g@u(y) (7.34)
is exponentially stable.
The following result is now ready to be presented.

Theorem 7.2 Under Assumptions7.4 and 7.5, System (7.1)—(7.2) is locally expo-
nentially stabilised by the control

u(-) = ua(y) +uz(y) (7.35)

where u,(-) satisfies Assumption7.5 and u,(-) is defined in (7.13), if there exist
constants ¢ > 0 and g > 1 such that

MI=K3—£@—U>O (7.36)
2 K1
where
K K
vi= sup {Kms(nxn) + k4 Qm( ann)] (7.37)
xeZ K1 K1

and where the constants k| and K satisfy (7.30), ks and k4 satisfy (7.31) and (7.32)
respectively, and B3 () and B4(-) are defined by (7.28) and (7.29) respectively.

Proof For the closed-loop system formed by applying the control (7.35) into (7.1)-
(7.2), consider the Lyapunov function candidate U (x) defined in Assumption 7.5. The
time derivative of U (x) along the trajectories of the closed-loop system is described
by

.U U
U=~ ([ +g@uay) + gg(x)(uz(y) + Ag(x, xq))

14
+——Af(x, xa)
0x

oUu oUu
< —sllxll® + Eé’()é)(uz(y) + Ag(x, xa)) + WAf(x, xq). (7.38)
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Following the analysis on Inequality (7.20) in the proof of Theorem 7.1, it is straight-
forward to see that

U & )
ag(X) (u2(y) + Ag(x, xq)) = Ellxczll (7.39)
holds for any constant ¢ > 0.
From (7.27) and (7.32),
aU
a—fo(x, xa) = kaPfr(lxDlx Nl + kaBo(llxa Dl x|l (7.40)

Substituting (7.39) and (7.40) into (7.38),
. g
U < —s|x|* + EII)CdII2 + kaBrllxDIx Nl + waBo(llxa D1l (7.41)

If the inequality U (x(t + 0)) < qU (x(t) ho_lds forg > 1and 6 € [—d, 0], then, it
follows from (7.30) that for any d(¢) € [0, d]

killxal? < Uxg) < qU(x(1)) < grallx|?

K
Ixall < ,/qK—fnxn. (7.42)

Since B,(-) is class # C', it follows from the nondecreasing property of 8,(-) and
equation (7.29) that

,32(||xd||)§,32( @nxn): @m( @uxu)uxu.
K1 K1 K1

and thus

Therefore, when
Ux(@+0)) <qUx@)

forg > 1and 6 € [—d, 0],

. & qKs qkK2 qKa
U < —isx|I* + 5—||x||2 + kaBs(lxIDlIx 1> + ks —/34( —||x||)||x||2
K1 K1 K1
_ (. _Ea2 _ ) 2
= (=57 = v)ix
= —plx|?
w
< -—ZUK) (7.43)
K2
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where (7.30) is used to obtain the last inequality, and © and v are defined by (7.36)
and (7.37) respectively. From Inequality (7.43),

1
IOl = [ <V ()
Ki
3 /U(x(on exp[_gt]
K1 K2

U(x(0)) exp [ Iz ]

K1

which implies that System (7.1)—(7.2) is exponentially stable.
Hence the conclusion follows. \%

Remark 7.6 1t should be noted that a similar assumption to Assumption 7.3 has been
removed in the study of exponentially stabilisation because the relevant condition has
been guaranteed by condition (7.30). This can be seen from the derived inequality
(7.42) which shows that Assumption 7.3 has been satisfied if (7.30) holds.

7.3 Sliding Mode Technique-Based Variable Structure
Control for Nonlinear Systems

This section presents time-delay independent variable structure output feedback con-
trollers for nonlinear systems using sliding mode techniques.

7.3.1 Introduction

Nearly all real systems are nonlinear in nature and are subject to nonlinear distur-
bances in which time-delay is often encountered [65, 185, 226]. Nonlinear time-delay
systems have been extensively studied [74, 185, 189, 212, 213].

In all of the associated existing results for time-delay systems, it is required that
the bounds on the disturbances satisfy a linear growth condition (i.e., linear functions
of ||x|| and/or ||x(¢+ — d)||). Recently, the bounds on the disturbances/uncertainties
have been extended to the nonlinear case for time-delay systems [210]. However, the
designed control explicitly depends on the time-delay which requires the time-delay
to be perfectly known. More recently, Pepe and Ito proposed an interesting sliding
mode control scheme for nonlinear time-delay systems in [137] but it requires that
all the system states are available to the controller. As pointed out in [74], most of
the existing sliding mode controllers depend on time-delay, and thus require that the
time-delay is known and hence require memory, which is difficult to implement in
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real systems especially for the case of time-varying delay. Although a memoryless
control was proposed for a class of linear systems with nonlinear disturbance in [74],
it is required that the nonlinear disturbances are matched and it is again assumed that
all the system states are available.

LMI techniques have been widely applied to linear time-delay systems [65, 105],
and provide a systematic design approach. However, it is difficult to find a systematic
design approach for nonlinear systems because nonlinear systems are very complex
and exhibit very rich phenomena. It is desirable to develop a set of conditions such that
the controlled nonlinear system exhibits desired performance levels. In this section, a
robust stabilisation problem is formulated for a class of nonlinear systems with time-
varying delay disturbances. Not only are the disturbances nonlinear functions of the
state variables, but the nominal system is nonlinear as well. It is not required that the
nominal systems are linearisable or partially linearisable. The disturbances involved
are matched and mismatched, and are bounded by nonlinear functions of the state
and delayed state variables. By employing an appropriate coordinate transformation,
the system is firstly transformed to regular form, which facilitates both analysis
and design. Based on the Lyapunov—Razumikhin approach, sufficient conditions
are derived to guarantee that the sliding motion is uniformly asymptotically stable,
or exponentially stable, irrespective of the disturbances and time-delay. A static
output feedback sliding mode control law is then proposed to drive the system to
the sliding surface in finite time and maintain a sliding motion on it thereafter. The
developed control is independent of the time-delay and thus does not require memory
for implementation.

7.3.2 System Description and Problem Formulation

Consider a class of nonlinear systems with disturbances described by

X=ft,x)+ g, x)(u+(t,x,x5)) + ¥ (1, x, xq) (7.44)
y = h(x) (7.45)

where x € £2 C R”" (£ is a neighbourhood of the origin), u € R" and y € £2, C R”
are, respectively, the state variables, inputs and outputs with m < p < n. It is
assumed that the matrix function g(-) € R"*™ is known and has full column rank;
the nonlinear vectors f(-) € R"” and i (-) € R? with 4(0) = 0 are known. The terms
¢ () and ¥ (-) represent the matched and mismatched disturbances respectively. The
notation x; := x (¢t — d) represents delayed states where d := d(t) denotes the time-
varying delay which is continuous, nonnegative and bounded in R* := {r | ¢ > 0},
and thus
d := sup{d(t)} < oo.

teR*

The initial condition relating to the time-delay is given by
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x(t)=¢(t), te[-d,0] (7.46)

where ¢(-) € ® and O is the admissible initial condition set defined by
@ :={c®1¢0) €% g0 1O =aq} (7.47)

for some constant g; > 0. It is assumed that all the nonlinear functions are smooth
enough, which guarantees that the unforced system has a unique continuous solution
int € [0, +00).

Suppose that the Jacobian matrix of /(x) is full row rank in £2. Then, there exist
n — p smooth functions §; (x) defined in the domain §2 fori = 1,...,n — p such
that the Jacobian matrix of the vector function

T(x) = [810x) -+ 85 p(x) AT () ]

is nonsingular in the domain £2. This implies that 7 (x) forms a diffeomorphism in
2. Let
2= [8100), .. B p (0]

The diffeomorphism 7'(-) defines a new coordinate system:
T: x col(z,y) =T(x). (7.48)

Further, it is assumed that the input distribution function matrix g(z, x) satisfies

[3T(’C)g(z, x)] — [ 0 } (7.49)

ax G([s )’)

where G (7, y) € R™ is nonsingular in R x £2, because g(-) has full column
rank.

Remark 7.7 There is no systematic way to find a diffeomorphism 7'(-) satisfying
(7.49). However, for some special cases, it is possible to find the associated diffeo-
morphism. Consider System (7.44)—(7.45) when

[t x) = f(x)

and
glt,x) =gx) = [g1(x), g2(x), ..., gn(x)]

where g;(-) € R" fori =1, 2, S m anq the output y € R is a scalar. From [121],
there exists a diffeomorphism 7 (-) with 7°(0) = 0 such that

|:8T(x)

5 g(x)] = go(y) (7.50)
X
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if

() rank{d(Lj;h(x)) 1 j=0,1,....n— 1} —n:

(i) [adiw,adjw] =0fori, j=0,1,....n—1;

(iii) [gi,ad}w] =0fori =1,2,...,mand j = 1,2,...,n — 2, where w is the
vector field satisfying

dh 0
: w) =

< d(L’}*h) > 0

d(L’"h) 1

(Here the notation is the same as in [121, 123]). Then, the diffeomorphism T can be
obtained by

721 = Lsh(x),

22 = L3h(x)

Zu1 =L 'h(x)

where y = h(x). Further, from Sect. 5.4 in the Ref. [123], the results can be extended
to the multi-output case. If the first n — m rows of go(y) in (7.50) are a linear
combination of the last m rows of gy(y), then a linear coordinate transformation 77,
can be obtained using basic matrix theory and the transformation T := T o T will
satisfy Eq. (7.49).

Then, in the new coordinates (z, y) defined by (7.48), the system (7.44)—(7.45)
can be described by

Z
[y'l] = F1(t, 2,1, y2) + ¥1(t, 2, Y1, Y2, 2d> Y1d> Y2d) (7.51)

V2= Fat,2,9) + Gt y)(u+ P, 2, ¥, 24, Ya)) + ¥2(t. 2, ¥, 24, ya) (7.52)
y = col(y1, y2) (7.53)

where z € R*"77, y; € RP™ and y, € R” form the system states in the new
coordinate system, and # € R™ and y := col(y;, y») € R? are the inputs and outputs
respectively. In Egs. (7.51)—(7.52),

Ya =yt —d), zg :=2z(t —d)
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and
R [9T
[Fz(-)] = [ax f(t,x)LTl(Z’y) (7.54)
Lo |®mO (T
() = [%(.)} = [Bx lﬂ(t,x,xd)]X:Tl(z’y) (7.55)
D () = [P, %, X)) ymg 1y - (7.56)

In the new coordinates (z, yi, y2), the domain 2 is transferred to
Qr = 2, x 82y, x 2y, ={(z,y1,2) =T(x) | x € 2}

wherez € 2, y; € £2y, and y, € §2,,. The system (7.51)—(7.53) has two properties:

e it is in the usual regular form for sliding mode design;
e the system outputs y together with the variable z form the full state (z, y).

The first feature is very useful for the constructive application of the sliding mode
paradigm to practical design, whilst the second feature provides the opportunity to
employ the system output to reduce conservatism in static output feedback control
design.

In the subsequent analysis, the stabilisation problem for System (7.51)—(7.53)
will be considered. The objective is to design a static output feedback sliding mode
control law

u=u(t,y) (7.57)
which depends only on time ¢ and the output y, but is independent of the delay
d(t), such that the closed-loop system formed by applying the control to the system
(7.51)—(7.52) is uniformly asymptotically stable irrespective of the disturbances and
time-delay. The local case will be treated in this section. In order to avoid unnecessary

notation in describing the local region, the domain may not be specifically stated,
but each variable’s dimension will be clearly shown.

7.3.3 Sliding Motion Analysis and Control Synthesis

In this section, a sliding surface is proposed first and then a sliding mode control is
synthesised.

7.3.3.1 Stability of the Sliding Motion
For System (7.51)—(7.53), choose the switching function as

5(z, ) == ». (7.58)
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Then, the output sliding surface is described by

{col(z, y1, y2) | y2 =0}. (7.59)

Since System (7.51)—(7.52) is in regular form, it follows from sliding mode control
theory that the corresponding sliding motion is dominated by System (7.51) which,
when limited to the sliding surface (7.59), can be described in a compact form by

X = Fi (t, X) + ¥,(t, X, Xq) (7.60)

where X := col(z, y;) € R"™™ and X; := X (¢ — d) are the states and the delayed
states of the sliding mode dynamics. The considered domainis X € 2y := £2,x£2,,
and

Fi(t, X) :=Fi(t,z,y1,0)
Ui, X, Xg) :=W1(t, 2, 1,0, 24, ¥14, 0)

where, from (7.55), the term W¥,(-) is caused by the mismatched disturbance ¥ (-).
The initial value related to the time-delay for the system (7.60) can be obtained from
(7.46) based on the coordinate transformation (7.48).

The objective now is to analyse the stability of System (7.60) in the domain £2x.
The following assumptions are imposed on System (7.60):

Assumption 7.6 There exists a C' function V(-) : R* x R"™ > R* and class %
functions r;(-) fori =1, ..., 4 such that for any X € £2x the following inequalities
hold

M X < vV, X) < (X1,

LAV oV )
(i1) 5 T (—) Fi (@, X) = —r5(I1X1D,

0X
aV
- x
(iii) H x| = ra (1 X1
oV oV Vv T
where X = [ﬁ s a}?V ] and col(Xy, X5, ..., X,_n) = X.
| 5 wm

Remark 7.8 Assumption 7.6 implies that the nominal part of System (7.60), i.e., the
dynamics )
X =Fi(1, X)

is asymptotically stable to guarantee that the sliding mode (7.60) is asymptotically
stable. It should be noted that the fact that the system

X = Fi,(t, X)

is asymptotically stable does not imply that either the nominal uncontrolled system
in (7.44) or the nominal system in (7.51) is stable. From the fact that any class %2
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function r(-) can be expressed as
2
r(t) = a’(7)

where «(-) is a class .# function, it is straightforward to see that Assumption7.6 is
the same as the corresponding conditions in the converse Lyapunov Theorem (see
Sect.2.3.3) if the Jacobian matrix of Fis(-) is bounded in a neighbourhood of the
origin (see, e.g., Theorem 4.16 in [91]). Here, the functions rl.z(-) instead of r; () for
i =1, 2,3 are used in Assumption 7.6 to simplify notation.

Assumption 7.7 The disturbance ¥ (-) in (7.60) satisfies
W15, X, Xa)ll < m (2, 1XHL (1 XalD (7.61)

where (-, 71, ) is a known class # .7 function! w.r.t. the variables 7, and 7».

Under Assumption 7.7, the function 7n(-) has a decomposition as

n ) =@ 1 XL 1 XaDIXI+ n20, 1XAL 1 Xa DI Xl (7.62)

where the scalar functions 1, (-, -, ) and 1, (-, -, T) are nondecreasing with respect
to the variable 7 in RT.

Assumption 7.8 For any 6 € [—d, 0], the inequality
V(i+0,X(1t+0)) < p(V(t, X))

where p(-) is a continuous nondecreasing function satisfying p(t) > t for r > 0,
implies that there exists a .# C! function by(-) > 0 such that

X+ 0)l < bo(IX (D).

Remark 7.9 Assumption 7.8, which is related to the time-delay, is a limitation on the
function V() given in Assumption 7.6. If time-delay is not involved, Assumption 7.8
is unnecessary. A class of functions satisfying Assumption 7.8 is identified in Lemma
C.1 and Remark C.1 in the Appendix C.

Since by(-) is a class J# C' function, there exists a continuous function b(-) such
that
bo(IIX 1) =bUIXIDIXI, X € 2. (7.63)

IThe definition of the class of #/.% function can be found in Sect.2.1.
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The function b(-) defined by (see [202])

bo(")’ r € (0, +00)
_ r
PO= awey
dr o

is continuous and satisfies Eq. (7.63). Note, if the functions r; () fori = 1,2, 3,4 in
Assumption 7.6 are strengthened to class .# C! functions, then there exist continuous
functions ¥; (-) such that for any X € 2y

ri(IX1D = 9 (IXIDIXAL i=1234 (7.64)

The following result is ready to be presented.

Theorem 7.3 Suppose that r;(-) fori = 1,2, 3, 4 in Assumption 7.6 are class % C!
functions. Then, under Assumptions 7.6—7.8, the system (7.51)—(7.52) has a uniformly
asymptotic stable sliding motion associated with the sliding surface (7.59) if there
exists a continuous nondecreasing function w : R* — R satisfying

w(t) >0 for >0
such that for X € Q2x and t € RY,

D31XID = 241X i (1, IX 1. boC1 X))

=94 (1XIDBAX D0z (£, 1X 1 bo(IXID) = w(IXI)  (7.65)

where n1(-) and n,(+) are given in (7.62), and by(-) and b(-) satisfy (7.63).

Proof From the analysis above, System (7.60) is the sliding mode dynamics relating
to the sliding surface (7.59). It remains to be proved that System (7.60) is uniformly
asymptotically stable.

Under the conditions that 7; (-) are class .2 C! functions, the inequalities in (7.64)
hold. Consider the Lyapunov candidate function V (-) defined in Assumption 7.6 for
System (7.60). The time derivative of V(-) along the trajectory of System (7.60) is
given by

A (ﬂ)r (Fust, X) + U (1, X, X))
ot 0X
vV av\T av\7’
=5+ (a—x) Fit, X) + | (a—X) | 1, X, X0l

< =r3UIX ) + ra(IX D0, 1X 1, 1 X a1
=5 (IXIDIX N + S«NX D OIX I
+24(IX DO IX N X gl (7.66)
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where (7.62) and (7.64) are used.
If there exists a functi(_)n p(+) defined in R™ which satisfies p(t) > 7 for T > 0,
such that for any 8 € [—d, 0],

V(IE+60,X1E+0) <pV(t, X(1) (7.67)

then, fr(_)m Assumption 7.8, there exists a class 2~ C! function such that for any
0 € [—d 0]
I1XE+ ) < bo(I X)) =bAXDIX] (7.68)

where (7.63) is used above. Since both 71;(-, -, T) and 1,(-, -, T) are nondecreasing
w.r.t. the variable T € R, itis clear that if (7.67) holds, then from (7.68) and (7.66),

V < =03 XIDIXIZ + 21X Dy ¢ XL Bo(IX D) 11X
A0 (IXIDBAX Dna(e, 1X 1 Bo(1X D) 1X 11
= —(1932(||X||) — 94 (IX i (e, X1 BoCl1 X 1))
=94 (IX DX D722 1 X, bo<||X||)>)||X||2
< —w(IXIDIX|*

where (7.65) is employed above. Hence the conclusion follows from the well known
Razumikhin Theorem 2.5. \%

Consider the case when the system
X = Fi(t. X)

is exponentially stable. In this case, it follows from [91] that there exist constants
y; > 0 such that Assumption 7.6 is satisfied with

ri(T) = ¥1, i=1,234 (7.69)

The following result can be obtained.

Corollary 7.1 Suppose that Assumption 7.6 holds with r; () satisfying (7.69). Then
under Assumption7.7, the sliding motion of System (7.51)—(7.52) associated with the
sliding surface (7.59) is exponential stable if for X € 2x andt € R, the inequality

2 2 2
pi= sup [m(r, X1, 2P IXN) + 22 (51X, y—ﬁnxn)]
1 1 1

Xefx
2
V.
< _3
V4

(7.70)
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holds for some v > 1 where y3 and y, satisfy (7.69), and n,(-) and n,(-) are given
in(7.62).

Proof From condition (i) of Assumption7.6 and (7.69), for any constant v > 1 and
any 6 € [—d, 0], if
Vi+60,X(t+60)) <vV(t X(1))

then
VEIXE+O)> < V(E+6,X(t+6))
<vV(t, X)) < v X))
This implies
IX (1 +6)] < %ﬁnxmn.
Choose

bo(7) = y ﬁr and  p(7) = vr.
1

It is straight forward to see that Assumption 7.8 holds. Then following the proof of
Theorem 7.3, it follows that if

V(+06,X(t+0)) <vV(, X(1))

holds, then
= (n = yam (01X 2 11
»2 2
V(e X1, —fnxn))nxn
1
)/2
< —m(—— sup [m(t IX1. 2 1X1)
V4 XeQy
2 2
+2 o (. 1x1, —ﬁnxn)})nw
4! 4!
2
vV
= —y4(—3 - u)nxn2.
Va
From (7.70),
vi
V4(—* - u) >0
)Z
Hence the conclusion follows. \Y

Remark 7.10 Corollary 7.1 shows that Assumption 7.8 is unnecessary if
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X =F ls (t P X )

is exponentially stable. From (7.61) and (7.62), the limitation on the mismatched
uncertainty ¥ (-) is reflected through (7.65) or (7.70). Since X = (z, y;) € R"™
represent the partial state variables of x € R" and

Ui, X, Xg) :=¥1(t, 2, 1,0, 24, y1a, 0)

where from (7.55), ¥, (+) is only a subcomponent of the uncertainty ¥ (-), itis straight-
forward to see that the conservatism of (7.65) and (7.70) is reduced when compared
with the results in [210, 214], where the limitationis on ¥ () in x € R”. Similar to the
work in [89, 224], the assumptions and conditions are imposed on the transformed
system, which usually reduces conservatism due to the favourable structure of the
transformed system, although the relationship between these assumptions and the
original system may not be transparent.

Since the input distribution matrix G (¢, y) of System (7.51)—(7.52) is nonsingular,
it is straightforward to see that both terms @ () and ¥, (-) are matched disturbances.
Theorem 7.3 and Corollary 7.1 show that only ¥, (-), which is the mismatched dis-
turbance, affects the sliding motion. This is consistent with the well known fact that
the sliding mode is insensitive to matched uncertainty.

7.3.3.2 Reachability Analysis

Consider System (7.51)—(7.53). The following assumptions are required.

Assumption 7.9 The disturbances @ (-) and ¥;(-) in (7.52) satisfy

12, 2z, y, 24, Yol = @1(t, 2, ¥, 2a, Ya), (7.71)
1¥2(t, 2, y, za, Yo | = @a(t, 2, Y, 2a» Ya) (1.72)

for some known functions @ (-) and @, (-) which satisfy the generalised Lipschitz
condition w.r.t. the variables z, z4 and y, uniformly for 7 € R™ and y € £2,.

Assumption 7.10 The nonlinear function F»(z, z, y) in (7.52) satisfies the gener-
alised Lipschitz condition w.r.t. the variables z uniformly fort € R* and y € £2,.

From Assumptions 7.9 and 7.10, the following inequalities hold

|1 (2, 2, ¥, 24, Ya) — @1(,0, ¥, 0, 0)]
< Lot Dzl + ZLo2(t, Y)llzall + Lo, Wllyall (7.73)

|2 (2, 2, ¥, 2as Ya) — @2(2,0, y, 0, 0)]
< Lot Nzl + ZLoa (t, WIzall + ZLoya(t, W) IIyall (7.74)
| F2(t, 2, ) — Fa(2, 0, )| < Lk (2, y) 2]l (7.75)
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where %,; fori = 1,2, 3 are the generalised Lipschitz bounds of the function
with respect to z, z; and y; uniformly for (r, y) € R x £2,. Consider System
(7.51)—(7.53) in

{@ Yzl <q2. ye 2y} C 2

where ¢, is a positive constant and £2, := £, x £2,,. Let

q := max{qi, g2} (7.76)

where ¢ is defined in (7.47). Construct the control law

u(t,y) = =G~ (1, y)F2(1,0, ) = G (1, »(IG @, Yl (2,0, y,0,0)
+@5(1,0,y,0,0))sgn(y2) — G~ (¢, y)k(t, y)sgn(y2) (7.77)
where F,(-) is given in (7.52) and @ () and @, (+) satisfy (7.71). sgn(-) is the usual
signum function, and k(-) is the control gain to be determined later. The G (¢, y) is
given in (7.49), which is nonsingular in R* x %/, and thus the control u(-) in (7.77)
is well defined. The control u(-) in (7.77) is only dependent on the time ¢ and output

y but independent of the time-delay d(z). It is called a memoryless static output
feedback control.

Theorem 7.4 Consider the nonlinear system (7.51)—(7.52). Under Assumptions 7.9
and 7.10, System (7.51)—(7.52) can be driven to the sliding surface (7.59) in finite
time and maintains a sliding motion on it thereafter by means of the control (7.77) if
the control gain k(-) is chosen as

kt,y) :=q(Lrit,y) + 1GE VI Lo 1 (1, ) + L2 (t, y) + L3(t, ¥))
+ L1 (1Y) + Ly (. Y) + L3t ) + p (7.78)

for any constant p > 0, where ¢ > 0 is defined in (7.76), and @ (-), @ (-) and F,(-)
satisfy (7.73), (7.74) and (7.75) respectively.

Proof From Eq.(7.52),
viva=ys (F2(t, 2, ) + G, ) (u+ @(t,2,y, 24, ¥a)) + ¥2(t, 2, ¥, 24+ Ya))-
Substituting the control u(-) in (7.77) into this equation yields

332 =] (Rt 2. 3) = F2,0.9) + 3] Gt )@ ()

—IG, Y@ (t,0,y,0,0)y] sgn(yz) + y; ¥2(-)
—@(t,0,y,0,0)y) sgn(y2) — k(t, y)y, sgn(y). (7.79)

Under Assumption7.10,
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s (Fz(t, z,y) — F(t,0, y)) < Iyl 1Fx(t,z, y) — F2(t, 0, y) |l
< qZLr,1(t, Myl (7.80)

and from the fact that s” sgn(s) > ||s|| for any vector s (see, Lemma 1 in [199]), it
follows that under Assumption7.9,

¥3 Gt )P () — Gt ) @i(t,0,y,0,0)y] sgn(y2)
<yl IGE W @it 2.y, 24, va) — 121G, Yl @1(2, 0, y, 0, 0)
= I I1GE WI(@1(t. 2, y. 24, ya) — @1(2,0, ¥, 0,0))
< Il IGE W (Lot DNz + L2 (£, D Nzall + L3 (2 D))
< @GO Lm 1 (t, ¥) + L2 (1, ¥) + L3 (1, ) (7.81)

where (7.73) is employed above. By similar reasoning as in (7.81),

VIW(t, 2, Y, 24, Ya) — @2(t, 0, y,0,0)y7 sgn(ys)
< [Iya (wz(r, 29,24 a) — (1,0, 3.0, 0))

= 4132 (Zirt O + Loz () + Ziia (). (7.82)

Substituting (7.80)—(7.82) into (7.79) yields

332 = (Lea ) F1GENN (Lot (1 3) + Lioi2(t, ) + L0, 7))

+ Lo, 1 (8, Y) + Lo (1. y) + L3 (2, y)) [y2ll = k@, )yl
= —ply:ll

where (7.78) is employed above.
Hence the conclusion follows from s(-) = y; in (7.58). \Y

Following the transformation (7.48), the disturbance ¥ (-) in (7.44) is split into
Y (-)in(7.51)and ¥, (+) in (7.52). The former only affects the sliding mode dynamics
while the latter only impacts on the reachability. From sliding mode control theory,
Theorem 7.4 together with Theorem 7.3 (or Corollary 7.1) shows that the associated
closed-loop system is uniformly asymptotically (or exponentially) stable.

Remark 7.11 Assumptions 7.7 and 7.9 are imposed on ¥, (-) and ¥, (-) respectively
based on their different effects. This has improved the robustness when compared
with the existing work (see, e.g., [210, 214]) where both Assumptions7.7 and 7.9
are required for ¥ (). Assumption7.7 and Eq.(7.62) show that ¥;,(-) must vanish
at X = 0 and X; = 0 to guarantee that the sliding motion is asymptotically stable.
However, here it is not required that the matched disturbance vanishes at the origin.

It should be noted that in the control design, the parameter g should be selected
properly. This depends on g; and g, through Eq.(7.76). From (7.47), g, can be
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determined by the admissible initial conditions relating to the delay, and g, can
be estimated by Inequality (7.65). In addition, the results developed in this section
include systems with linear nominal dynamics as a special case. The design paradigm
can be applied to the systems discussed in [74, 75, 209] by appropriate modification.

7.4 Decentralised Output Feedback Control for Nonlinear
Interconnected Systems

This section considers the stabilisation problem for a class of nonlinear large-scale
interconnected systems with uncertainties based on a memoryless static output feed-
back control scheme.

7.4.1 Introduction

Many practical systems are often modelled as dynamical equations composed of
interconnections between a collection of lower dimensional subsystems. A decen-
tralised control approach is adapted to reduce information requirements. These have
motivated the study of this section.

Time-delay is an important factor in the effective of control of a large scale
interconnected system. The interconnections between two or more physical systems
are often accompanied by phenomena such as material transfer, energy transfer and
information transfer, which, from a mathematical point of view, can be represented
by delay elements [126]. This has motivated the study of large scale time-delay
interconnected systems, and many results have been achieved [2, 70, 217].

However most of the existing results consider situations where all the system
states are available. The associated decentralized output feedback results for time
delay large-scale interconnected systems are very few [73, 227]. An output feedback
decentralised control scheme is given in [120] for the case of discrete interconnected
systems. A class of nonlinear interconnected systems with triangular structure is
considered in [227], and a large-scale system composed of a set of single input
single output subsystems with dead zone input is considered in [227]. In both [73,
227], the control schemes are based on dynamical output feedback which increases
the computation greatly due to the associated closed-loop system possessing possibly
twice the order of the actual plant.

In many of the existing control schemes, controllers are explicitly dependent on
time-delay [6, 208] and/or limitations on the rate of change of the time-delay must
be imposed [51]. In addition, as pointed out in [227], most of the existing variable
structure controllers for nonlinear systems use knowledge of the delay explicitly
and hence require memory, which is difficult to implement in practice especially for
the case of time-varying delay. Although a memoryless control for a class of linear
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systems was proposed based on a back-stepping approach in [227], the nonlinear
uncertainty is required to be matched and it is assumed that all the system states are
available. A memoryless sliding mode control scheme is given in [195], but all the
nonlinear terms are assumed to be matched and are without time-delay. This renders
the associated sliding mode dynamics to be delay free and thus there is no delay
involved in the stability analysis of the sliding mode dynamics. More recently, a class
of nonlinear time-delay interconnected systems is considered by [210]. However, it
is required that the time-delay is precisely known and each subsystem is square.
Further, the results given in [210] do not render themselves suitable for extension to
the non-square case.

In this section, a variable structure control is synthesised to stabilise a class of
large-scale time-delay systems with nonlinear interconnections. The bounds on the
uncertainties are nonlinear and involve time-delay states. A decentralised variable
structure control scheme using only output information is proposed which is indepen-
dent of time-delay. Based on the Lyapunov—Razumikhin approach, sufficient condi-
tions are derived such that the closed-loop system formed by the designed control
and the large-scale interconnected systems is uniformly asymptotically stable. Lim-
itation on the rate of change of the time-delay is unnecessary. A compensator, which
increases the required computation levels for large-scale interconnected systems, is
notrequired either. Further study shows that the effects of the known interconnections
can be largely rejected if they are separated into matched and mismatched parts and
dealt with separately. Unlike the work in [210], it is not required that the subsystem
is square, and it is not required that the time-delay is known. Thus the controller does
not require memory.

7.4.2 System Description and Basic Assumptions

Consider a time-varying delay interconnected system composed of n n;-th order
subsystems described by

X = Aixi 4 Bi (u; +&(t, xi, xi4,)) + Fi(x) + ¥ (1, x, xg) (7.83)
Vi IC,'.X,', i=1,2,...,n, (784)

where x := col(xi,...,x,), x; € R", u; € R™ and y; € R” are the state vari-
ables, inputs and outputs of the i-th subsystem respectively. The triples (A;, B;, C;)
represent constant matrices of appropriate dimensions with B; and C; of full rank.
The functions &;(-) are matched uncertainties in the i-th subsystem. The function
vectors F;(x) € R™ are known and analytic with F;(0) = 0. The terms v; (¢, x, x4)
are uncertain interconnections of the i-th subsystem. The symbols

Xig, ‘= xi(t —d;) and  xg :=col(Xi4,, X2dys - - - » Xnd,)
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are the delayed states, and the symbols d; := d;(¢) denote the time-varying delays
which are assumed to be known, nonnegative and bounded in R™, that is

d; = sup{d;(t)} < oo, i=1,2,...,n.

teR+

The initial conditions associated with the time-delays are given by
xi(1)=¢;(t), t€[—d;,0]

where ¢, (-) are continuous in [—3,-, O] fori =1,2,...,n.Itis assumed that all the
nonlinear functions are smooth enough such that the unforced interconnected system
has a unique continuous solution.

In this section, the local case will be considered. In order to simplify the descrip-
tion, the considered domain will not be stated unless it is necessary. However, each
variable’s dimension will be clearly identified. Note, if all the relevant conditions
hold globally, the developed results can be extended to the global case.

Since the function vectors F;(x) are known and analytic with F;(0) = 0, there
exist analytic function matrices @;(-) € R" x2izim guch that (see [3])

Fi(x) = &;(x)x, i=1,2,...,n.
Partition the matrices @;(-) as
D (x) := [ i1 (x) Pia(x) -+ Dip(x) ]
where @;;(-) € R"*" fori, j = 1,2, ..., n.Itfollows fromx = col(xy, x2, ..., x,)
that the interconnection terms F;(x) can be expressed by

Fi(x) = Z¢ij(x)xj- (7.85)
=

It should be noted that the matrices @;;(-) which satisfy Eq.(7.85) are not unique.
One way to find the matrices @;(-) and thus @;;(-) is presented in [197].

System (7.83)—(7.84) can be considered as being generated by interconnecting its
isolated subsystems. The following basic assumptions are required.

Assumption 7.11 There exist known continuous functions p;(-), @;(-), @;;(-) and
Bij(-) such thatfori, j =1,2,...,n

& (2, xis xig) | < pi(t, yi) + @i (t, yi)ll Xia, | (7.86)

i 2, x, xa)ll < i@ 0l I+ D7 B 0lxjg . (7.87)

j=1 j=1
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Remark 7.12 Assumption7.11 describes the limitations on the uncertainties that can
be tolerated by the system. It is not required that the interconnections are described
or bounded by functions of the system outputs as in [142, 214]. Furthermore, unlike
[118, 142, 214], the bounds on the uncertain interconnections are nonlinear and
involve the time-delay state variables.

Assumption 7.12 The triples (A4;, B;, C;) are output feedback stabilisable for i =
1,2,...,n.

Assumption 7.12 is fundamental and implies that there exist matrices K; such that
for any Q; > 0, the equations

— Q; = (A — BiK;C;))T P, + P,(A; — BK;C;) <0, i=12....n (7.88)

have unique solutions P; > 0.

Assumption 7.13 There exist matrices E; such that

BI'P, = E;C; (7.89)

where the matrices P; satisfy (7.88) fori =1,2,...,n.

Remark 7.13 Assumption 7.12 together with Assumption 7.13 describes a structural
characteristic associated with the nominal isolated subsystems (A;, B;, C;) which
is the standard Constrained Lyapunov Problem (CLP) (see, e.g., [57]). A similar
limitation has been imposed by many authors [24, 26, 57]. Necessary and sufficient
conditions for solving the CLP can be found in [41, 57].

The objective now is, under the assumption that all the isolated subsystems are
output feedback stabilisable, to design a variable structure control law of the form

u; = u;(t, yi), i=1,2,...,n (7.90)

such that the closed-loop system formed by applying the control law in (7.90) to the
large-scale interconnected system (7.83)—(7.84), is uniformly asymptotically stable
even in the presence of the uncertainties and time-delays. Since the control u; in
(7.90) are only dependent on the time ¢ and the i-th subsystem’s output y;, and are
independent of time-delay, they constitute a delay independent decentralised static
output feedback control.

7.4.3 Decentralised Output Feedback Control Design

A decentralised output feedback controller which is independent of the time-delay
will be proposed for the large-scale interconnected system (7.83)—(7.84).
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Consider the control law

1
wi = —Kiyi — ﬁEiyiwiz(t, i)+ ui(, yi), i=1,2,....n (191)

where K; € R™*Pi are design parameters satisfying (7.88), @; (-) are given in (7.86),
g > 0 are constant and the terms u{ (-) are defined by

_ Eiyi . . YR
() = [ TE Pi (8 Y Eiyi #0 (7.92)

O, Eiy,' =0

where E; satisfy (7.89). Clearly each element u; is decentralised because it is only
dependent on the time ¢ and the local output y;. Thus the u; in (7.91) are called
decentralised output feedback variable structure controllers in Sect.7.4.

The following result is now ready to be presented:

Theorem 7.5 Under Assumptions7.11-7.13, the closed-loop system formed by
applying the control (7.91)—(7.92) to System (7.83)—(7.84) is uniformly asymptot-
ically stable if

where W (-) = [w;;(-)lanx2n is a function matrix defined by

[ Jemin (1) — @hmax (P1) — 2| Pi @y (x) |
— 20 (1, x) | 2 | l<i=j<n
Amin(P;) — &4, n+l1<i=j<2n
wii(-) = =2||P;D;; ()|l — 20;;(t, ) Fll, i#j and 1<i,j<n
=2BiG—n) (& Xj—) I Pil, l<i<n,andj>n
=2B(—nyj (& XD Pi—nl, i>n,andl1 <j<n
0, otherwise

for constants g > 1 and & > 0, where o;;(-) and B;;(-) satisfy (7.87) for i, j =
1,2,...,n.

Proof Applying the control (7.91)—(7.92) to System (7.83)—(7.84) and considering
Eq.(7.85), the corresponding closed-loop system can be described by
. 1 2 a
Xi =Ajxi + B (—Kicixi - 2—aEi)’iw,- @, yi)+uit,y)+& (l, Xi, xidi))
&
+ D Py (0)x; + Vit X, Xa) (7.93)
j=1

where u{ () are given by (7.92) and ®;;(-) satisfy Eq.(7.85) fori, j =1,2,...,n.
For System (7.93), consider the Lyapunov function candidate
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Vx(@®) = V(xi(t), x2(0), ..., xa (1)) = inT(t)Pixi(t) (7.94)

i=1

where P; > 0 satisfy Eq.(7.88) fori = 1, 2, ..., n. Then, the time derivative of V (-)
along the trajectories of System (7.93) is given by

. n n 1
V==l Q422 3] BB = 5 B ) + i 0. 30)
i=1 i=1 !

+2 ixiTP,»B,»S,-(t,x,», )C,'di) + Z’ZlixiTP,-QPij(x)xj

i=1 i=1 j=1

+2 ] Pt x, xa). (7.95)

i=I
From (7.86), (7.89) and Young’s inequality, it follows that for any &/ > 0
x/ PiBi&i(t, xi, xig,) = (Eiy) & (1, xi, xid;)
< IEiyillpi @, yi) + IIEi yillwi @, yi) llxig, |

1

¢
< I Eiyillpi(t, i) + ﬁnE,«yinzwf(r, ¥+ 5 g I, (7.96)
i

From (7.89) and the definition of u{ (-) in (7.92), it follows that
() if E;y; = 0, then u{ () = 0, and thus

x! PiBiuf(t, yi) + | Eiyillpi (¢, yi) = 0
(ii) if E;y; # 0, from the definition of u{(-) in (7.92),

x] PiBuud(t, y;) + | Eiyill i (¢, vi)

r Eiyi
< —(Eiy) pi(t, yi) + I1E; yill i (¢, yi)
| E; y:ill
=0.
Therefore, from (i) and (ii) above,
x| P Biuf (¢, yi) + | Eiyillpi (2, yi) <0, i=12....n (7.97)

Further, from (7.89),
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1
—x P;B;E;y;wi(t, y;) + aIIE villP@(t, yi)
281 2¢¢

1
= x] CTETEyyio?(t, yi) + —

El tl
zal || yillP@w?2(t, yi)

2a

= (Ey,) Eyiw 2<r,yi>+

2 — | EyilP@?(t, y) =0.  (7.98)

2[1

Therefore, from (7.96), (7.97) and (7.98)

n
ZxTPB( Ely,w (t, yi) +uf (. y) )+zx,-TPiBi%'i(t,xi,xid,)
i=1
n

1
5—22 x] PiBiE; i, y,>+2x PBul (1, y,>+2||Ey,||p,(r )

i=1 i=1 i=1

1 2 2 - &l 2
+ le 52 I Eyi 2@ (t, yi) + ; — Iia ]

1 n
< 5 2 il I (7.99)
i=1

From (7.87),

X Pt x, xa) < bl 1P D (e (8, 01| 4 Big (8, ) lxja, 1)

j=1
= > (st 0PI il 15
i=1
+Bis 1 O 10, 1) (7.100)

Applying (7.99) and (7.100) to Eq.(7.95) yields

V< —Zx szz+zs Iid, ||2+2ZZx P;®;j(x)x;

i=1j=1

£33 (g e NP I 1 10+ i e NP i 1) - (7-101)

i=1j=1
From the definition of V() in (7.94), it is clear that

V(X1d,s X2dys -+ +» Xna,) < qV(x1, X2, ..., %), (g >1)
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implies that

n n
a D Amax (POIX = D hamin (P |1, |1

i=1 i=1
n n
>q inTPix,- — Zx& Pixiq,
i=1 i=1
> 0. (7.102)

Therefore, when
V(Xtdys o5 Xna,) < qV (X150, X,)

it follows from (7.102) and (7.101) that

Vo< =D min (@D 4+ D el xig 1P +2 D D I1P®y ol lxi ]l 1x;

i=1 i=1 i=1 j=1
n n
A2 (i NP il 1+ By (2 )Pl i W1 xa, 1)
i=1 j=I

n n
+4 D dmax (P17 = D Ain (P x4, I

i=1 i=1
n n
= = (in(@0) = G P 15l = X (Rmin(P) = & ) i,

i=1 i=1

+23° 3" (IR @) + ey DI i s
i=1 j=1

2" B NP il llxja, |
i=1 j=1

1
= —EY Wrey+we)y”

IA

1
— i (W) + W) Axll? + llxall®)

IA

1 2
—§V||X||

where
Y= [l Il gl 1%na, 1] -

Hence, by applying Lemma A.1 in the Appendix A.1, the conclusion follows from
y > 0. ]
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Remark 7.14 From inequalities (7.87) in Assumption 7.11, the bounds on the uncer-
tain interconnections are dependent on the system states, and thus they cannot be
employed in the control design since static output feedback is used. The effects of
such interconnections have been reflected through «;; (¢, x) and g;; (¢, x) in the matrix
W in Theorem7.5. From Lemma A.1 in Appendix A.1, it is straightforward to see
that the result in Theorem 7.5 can be extended to the global case if

y o= inf {hnin (W7 )+ W())} > 0

holds globally.

It is well known that one of the main challenges for large-scale interconnected
systems is to deal with interconnections. It is assumed that the function matrices
®;;(-) in the decomposition (7.85) are only dependant on the i-th system’s outputs
Vi, that is

cbij(x):(;b,-j(y,»), i,j:1,2,...,n.

In this case, the known interconnections @; (x) in System (7.83) are described by
®i(x) = D By (yi)x;. i=1,2,....n (7.103)
i=1

where @;;(-) € R">" It is clear to see that the expressions (7.103) include linear
interconnections as a special case in which the matrices @;;(-) are constant.

In order to reduce the effects of the interconnections, the objective now is to
separate the interconnections into matched and mismatched contributions, and then
try to reject the effects of the accessible parts by appropriate additive control elements.
Denote the /-th column vector of the matrix &@;;(y;) by ch.(;) (y)forl=1,2,...,n;.
For the given input matrices B;, it is assumed that Im(B;) represents the image of the
matrix B;, and (Im(B;))* denotes the orthogonal complimentary space of Im(B;).
Using basic matrix theory, decompose the vector dﬁi(]l-) (y:) as

‘pi(_,l') (yi) = (dj;,l-) N + (¢l.<]l.)(y,-))b

such that
@ ()  eIm(B) and (@ () € (Im(B))*

forl=1,2,...,n;. Let
o0 = [(@P 0" @F ) -+ (@ )]

o) =@ G) @F i)’ - @ ']
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It is straightforward to see that @;;(y;) has the following decomposition
D (vi) = P (vi) + D (i), Lj=12,....n (7.104)
where
DL (vi) = Bi®i; (y), i,j=12,....n (7.105)

for some 5[j (y;) € R™>ni,
Then, consider the following control law:

1 .
ui = —Kiyi — == Eiyi (t, yi) + uf (1, yi) + ul (¢, yi), i=1,2,...,n

2¢f

(7.106)
where K; and u{(-) are given in (7.91), and the additive control element uib(') is
defined by

Eiyi - 1 T3 2)
- 5 I(Eiyi)" @i )ll” ), Eiyi #0
W) = ”E[yinzj;(%;,n( ) i) ). Eryi # 7107

09 Elyl = O

where @; (i) satisfy (7.105). It should be noted that the control (7.106) is generated
by adding the term (7.107) to the control (7.91).

Corollary 7.2 Assume that the interconnections of System (7.83)—(7.84) can be
expressed in (7.103). Then, under Assumptions7.11-7.13, the closed-loop system
formed by applying the control (7.106) to the system (7.83)—(7.84) is uniformly
asymptotically stable if

inf {Ain (F" () 4+ ()} >0
where the matrix F() = [Ej(')]2n><2n is deﬁned by

Amnin(Qi) = qhmax (Pi) — 204 (¢, xi) || P ||

;)= = 2] I=i=j=n
Y =2/[Pi®} (y) || — 20 (&, ) || Pl i#j and 1<i,j<n
wii (), otherwise

for some constants
8? >0 and g¢q>1

where the functions w;;(-) are defined in Theorem7.5 and the matrices (Dl-bj(-) are

defined in (7.104).
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Proof From (7.103), (7.104) and (7.105),
Dol Bty + D 5] P
i=1 i=1

= Zx PBu (t, y,)-‘rZZx PB(D”(y,)x]-‘rZZx P¢'l](y )X (7.108)

i=1j=I i=1j=1

Based on the structure of the control in (7.107), consider the following two cases:
(1) if E;y; = 0, then from (7.89) and (7.107),

Zx PiBiub(z, y,)—i—ZZx PiBi®;;(yi)x;

i=1 j=I

= Z(Eiyi)ru?(tv yi) + ZZ(Eiyi)Taij(yi)xj
i=1 i=1 j=1
=0

(i) if E;y; # 0, then from (7.89), the definition of uf.’(o) in (7.107) and Young’s
inequality,

Zx P Bul(t, yl)—i—ZZx P B;®;;(yi)x,

i=1 j=I1
= Z(E,-y,-)Tuf(t, yi) + ZZ(Eiyi)Taij(Yi)xj
i=1 i=1 j=1
h
<Z<Ey,)Tu , y,)+22( I Ey)" @y 0IP + -l ||)

i=1 j=I1

—Z( o)’ ”E’yy"nz(zz SICEy) az,(y,)n)
+ZZ b||(Ey,>Ta>,,<y,>|| +ZZ—||x]||

tljl i=1 j=I

—Z(Z b) ;117

i=1 *j=1

From the analysis in (i) and (ii) above, it follows that

n

ZxTPBu (t, y,)+ZZx PBQ),J(y,)xJ <Z(Z

i=1 j=I1 =1 j=1

N |

)||xi||2. (7.109)
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By applying (7.109) to (7.108),

ZZx PBu (t, y,)—i—ZZZx P®;(x)

i=1 j=1

<222xTPCD”(y,)xj+Z(Z ~)||xi||2. (7.110)

i=1 j=1 i=1

Hence, the conclusion follows by following the proof of Theorem7.5. (]

Remark 7.15 From the proof of Corollary 7.2, it is clear to see that using the decom-
position (7.104), the nonlinear term

n n
Z inTpiBi(pij(yi)xj
i=1 j=1

which results from the matched interconnections can be largely rejected by the
designed control (7.107) by choosing the positive parameters 8? small enough,
although this approach may result in high gain control. The numerical example in
Sect.7.5.3 will show that the conservatism can be reduced by employing the additive
term (7.107).

7.5 Simulation Examples

Examples are presented in this section to demonstrate the results obtained from the
approaches developed in Sects.7.2-7.4.

7.5.1 Case Study—A Mass—Spring System

Consider a mass—spring system which experiences a hardening spring, linear viscous
friction and an external force described by (see [91])

ms + ¢§ + ks + ka’s® =u (7.111)
where s denotes the displacement from the reference position, m is the mass of the
object sliding on a horizontal surface, k is the spring constant and u is an external

force which is considered as the control input. The term

ks + ka®s®
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is used to model the restoring force for the hardening spring. Let x = col(xy, xp) =
(s, $). Then,
X1 =x» and X, =34.

From Eq.(7.111),

. c k k 55
Xp=——Xp— —X| — —a’x] +u
m m m
k k5, c
=—|—+ —ax;)x1— —x2t+u.
m m m

The model is parameterised as in [91] (see, pages 172—173) (alternatively choose
m = ¢ = k = a = 1). Then, the system is described by

= |:—(l +xx22))c1 —xz] + [(1):|(u +Ag(x, xa)) + Af (x, x0)  (7.112)
1 ~—
fe 8()

y =X +x (7.113)

where y is the system output. As in [180], the system output here is chosen as the
linear combination of the position and velocity, which guarantees that the nominal
system is output feedback stabilisable. This may occur in some real systems such as
certain remote control applications where the number of transmission and receive
lines/frequencies are limited [180]. The uncertainties Af (x, x;) and Ag(x, x;) are
not an inherent property of the system but are specifically added to illustrate the
results obtained in Sect.7.2. It is assumed that

[Ag(x, x)Il < 1+ ysin®y+ y* |xqll (7.114)
—_—— S —
ai () a() a3()
IAf (e, x|l < 0.01|x]| [lxqll® . (7.115)
—_———
B(C)

Then, consider an output feedback control

u(y) =—y (7.116)

and a Lyapunov function candidate

T 41 1 4
V=x |:1 1:|x—|—§x].

It is straightforward to see that V (-) is a continuous positive definite function. By
direct computation,
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1
0.697||x||> < V(x) < 4.303||x|> + E||x||4 (7.117)

ﬂ . ~2 92 A4 2

ix (f(x) +gXui(y)) = —2x7 — 2x; — 2x] < —2||x||

aV 3
— || < 8.606|x| + 2||x|
0x

A%
Eg()t) =2x1 +2x0 =2y = M(y).

Let
ci(r) =0.697r%,  c(r) = 4.303r% + 3%,
c3(r) = 2r?, cs(r) = 8.6056r + 2r3.
It is clear to see that both Assumptions 7.1 and 7.2 are satisfied. Further, assume that

Vx(t+60)) =qV(x@))

for any 0 € [—d,0] and ¢ > 1. From Inequality (7.117), it follows that for any
d €0, d],

1
0.697||x411*> < V(x(t — d)) < qV (x(1)) < 4.303¢|x|*> + Eqnxn“.

Then,
lxall* < 6.2g/1x)1* + 0.72¢]|x]*.

This implies that Assumption 7.3 is satisfied with

y(r) =6.2qr2 +0.72gr*. (7.118)

By direct computation, it is observed that the conditions of Theorem 7.1 are satisfied
in the domain
2 ={xlxll=1}

with
a(r) = 0.017>

if the parameters ¢ and ¢ are chosen in the shaded open set shown in Fig.7.1.
Based on Theorem 7.1, the mass—spring system (7.112)—(7.113) is stabilised by
the control
U=uy+u
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Fig. 7.1 The estimated 14p
admissible region for the

parameters ¢ and g 1.35

-
w

s
)
o

1.2

Parameter q

1.0
0 005 01 ------------- 1ﬁ.2
Paramter =
where
=y (7.119)
) 1,5
s — _(Ii_l (14 ysin®y) 4+ 1y ), y;éO. (7.120)
0, y=0

For simulation purposes, choose
e=0.1 and ¢ =1.05.
The time-delay is chosen as
d(t) =2 — 1.5cos(t)
and the initial condition relating to the delay defined in (7.3) is chosen as ¢ () = sin .

The simulation results in Fig. 7.2 are as expected.

Remark 7.16 From Fig.7.2, it is clear to see that chattering occurs in the control
signal. This is a result of the discontinuous control u;(-) in (7.120). One way of
overcoming this drawback is to introduce a boundary layer about the discontinuous
surfaces (see [13]).

Remark 7.17 Considering Assumption 7.3, it is straight forward to see that in the
simulation example,

1
w(r)=gqr and y(r)=,/4.303¢gr?+ Eqr“.

By direct computation, Assumption 7.3 is satisfied for any ¢ > 1. The parameter ¢
is embedded in the inequality (14) through the function y (). From the expression
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displacement X,

LU — - — velocity x,

time [sec]

control signal u(t) ||

time [sec]

Fig. 7.2 The time response of state variables of mass—spring system (7.112)—(7.113) (Upper) and
the control signal (Bottom)

for y(-) in (7.118), inequality (14) implies a limitation on the parameters ¢, & and
the domain size. In this example, any parameter pair (¢, ¢) lying in the shaded area
in Fig.7.1 will satisfy the conditions in Theorem 7.1 in the domain

2= {x|lxll = 1}.

For simulation purposes, (g, ¢) = (0.1, 1.01) is chosen which lies in the shaded area
in Fig.7.1.

7.5.2 Sliding Mode Control Synthesis

Consider a nonlinear system with time-delay disturbances

—6x3x3 — 4x3 — 2x;

1 2
_3x2x32 —3x2 + R ( % —xl)

1
3x§x3 — 3x3 — 7 (x% — x1) exp{—t} cos(x3t)

V4O
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—4 (x3sin® 1 + 1)

+ 0 (u+¢@, x,x)) + ¥, x,xg) (7121
0
g()
T 1 T
y=:[n »n]| = |:x3 Z(x%—xl)i| (7.122)

where x = col(x, x2,x3) € R®, u € Rand y € R? are, respectively, the states,
input and outputs, and ¢(-) € R and ¥ (-) € R? are the matched and mismatched
disturbances respectively, satisfying

¢ = (1aal + |x3] + 1) exp{—1)
¥ — x| 3y = xd

1 :
Ol < —( | X242 sin? (x34) + T ) (7.123)
JI1+ 4x§
Let
=X
T:11=4% ) (7.124)

1 2
V2 = Z(xz —Xx1)

The Jacobian matrix of T is given by

0 1 0
0 0 1
11 1
4 27

which is nonsingular, and thus the transformation

T (x1, x2, x3) = (2, y1, ¥2)

defined in (7.124) is a diffeomorphism. It is clear that

—4 ()c2 sin® ¢ + 1)
oT 3
Wetn=| 0 0 ! 0
ax 1
—— —X2 -1 0
L 4 2
0
= 0
| (0t sin®t + 1)
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The system (7.121)—(7.122) in the new coordinates (z, y;, y») can be described by

2 —3zy? —3z+y3
] ¥ (- 7.125
|:y1 ] [322y1 — 3y1 — y2exp{—t}cos(yi?) 0 ( )

Fi()

. l 2 2 2

V2= =2y + 52y, + (L4 yisin’ ) (u+ @) +¥() (7.126)
——

—_— ——

F() G0

where the disturbances

d() = [q) (t,x, xd)]x1:1274y3

v (-
|:l1/;8i| = [JT(X)lﬁ(t,x,xd)]g;gz%yz

where ¥ () € R? and ¥,(-) € R By direct computation, it follows from (7.123)
that
@) < (zal + Iy1| + 1) exp{—t}

@ (")

11O < Izaz] sin®(ty1a) + |y2ay2]

1 .
¥ ()] < = (lzazl Sin*(ty14) + [y2a)2]) -
4

@ (")

Choose the switching function s(z, y) := y,. Then, the sliding mode dynamics are
described by

' —3zyf — 3z
X = W, (1, X, X 7.127
[322)71 _3y1 +Wi,( ) ( )
—_—
Fis ()

where X = col(z, y;). Substituting y, = 0 in the bound on ¥, (-), it follows that

W15, X, X) || < |zazlsin®(ty1) < |zazl
——

n

and thus Eq. (7.62) holds with

m()=0 and () =]z

This implies that Assumption7.7 is satisfied. Construct a candidate Lyapunov func-
tion
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V() =220 + ¥ ().

It is straightforward to check that Assumption7.6 holds and the r;(-) satisfy (7.69)
with
vi=pm=1, p;3=+6 and =2

Let v = 1.1. By direct computation, all the conditions in Corollary 7.1 hold in the
domain
2x ={z y)|lzl =28, y1 € R}

which guarantees that the sliding motion is exponentially stable. Then, from (7.77),
the designed control is

2y,
1+ y}sin’t
kY
1+ y?sin®¢

u(t,y) = — (Iy1l + 1) exp{—t}sgn(y2)

sgn(y2) (7.128)

where, according to (7.78), the control gain function k(-) is chosen as

1 )
k(t, y) = q(zyg + (14 y2sin 1) (exp{—t} + 0.75)) +p.

From Corollary 7.1 and Theorem 7.4, the closed-loop system formed by applying the
control (7.128) to the system (7.121), is exponentially stable.
For simulation purposes, the initial states are chosen as xo = (—16, 2, 5). The
delay is chosen as
d(t) =2 —sin(r)

and the initial condition relating to the delay is given by
¢ =[sin() 0 1+cos()]", +e[-3,0.
The constants g and p are chosen as
g=3 and p=1.
The simulation in Figs.7.3 and 7.4 demonstrates the effectiveness of the proposed

approach: Fig.7.3 shows the time response of the closed-loop system states and
Fig. 7.4 presents the designed control signal and sliding function.
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15 2 25 3
time

Fig. 7.3 The time response of System (7.121)—(7.122) under the control (7.128)
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]
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time
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o -20r b
—40 ! ! ! !
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time

Fig. 7.4 The time response of the control signal (7.128) (bottom), and the switching function

(upper)
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7.5.3 A Time-Delay Nonlinear Interconnected System

In order to illustrate the results obtained, consider an interconnected system described
by

-4 0 0 0 0.1x12x22
X1=1 0 —4 0 |xi+ |0 |[(u+&( x1,x14)) + —0.1x7
0 2 2 2 (Sx21 — 5x22)x12
—_— —_——
Ay B Fi(x)
+Yi (2, x, xq) (7.129)
. 10 15 1
=130 |2t (M2+$2(I,X2,X2d2))
— ——
As B
0.1x17 + 2x12 — 6x13
[ 7.130
|:(x22 — x21)(=2x12 + 6x13) T 1 %) ( )
Fy(x)
010
Y1 = [0 O l}xla (7131)
—_——
Cy
y2=1[-1 1]xa, (7.132)
—_——
(@)

where x; 1= col(x1, x12, x13) € R and x; := col(x21, x2) € R? are states, y; =
col(yi1, yi2) € R? and y, € R! are outputs, and u, u, € R! are inputs. The
uncertainties &; (-) and the uncertain interconnections ¥; (-) for i = 1, 2 satisfy

112, x1, x1a) | < 2+ y1)? sin*(yi2t) + [yi2y11 sint] [ x1a, |

p1(t,y1) @ (t,y1)
2 .
182(2, x2, x2a,) | < 3[y2l exp{—t} + y;|sint| [|lx14, ||

p2(t,y2) @ (1,2)

1 1
.2
Iy (2, x, xg) |l < §|x11008x22| llx2l + Z|x12| sin” t || x24, ||

ap(t,x) Bra(t.x)

Ya(t, x,x4) =0

where the bounds on v (-) imply that

a () =pu)=0
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and the fact that ¥, (-) = 0 shows that
o1 () = a2(’) = () = Bn() =0.

The interconnections Fj(-) and F,(-) can be expressed in (7.103) as follows:

(00 0 0.1
Fl() =100 X1 + —0.1 0 X2
100 Syn —=5yn
S—— S——
D11(y) Di2(y1)
(0.1 2 -6 000
BO=" 6y2i|x1+|:0 0 0]"2'
—_—
D31(y2) P22 (y2)

It is straightforward to see that the decompositions (7.104) and (7.105) hold with

D) =0, @) =0

0 0 0.1
Qi) = | 0| [2.5y1 =25y |+ | —0.1 0
2|\ 0 0
—_—— D12(y1)
B b ()
[ 1 0100
D1 (y2) = _1] [02y, —6y2]+[ 0 0 O]
L N————
@21 (y2) —_
B2 o @2, (v2)

Dn(y) =0,  @5(y) =0.
Let
Kl = [1 3]5 K2 = _87
01 =381, 0> =D.

Then the solutions to the Egs. (7.88) and (7.89) are

Pi=5h, Pr=|455105
E =0 2], E,=~-1

1.25 0.25:|

Let
g =e'=¢’=0.1 (i=1,2) and g¢=10lI.

Based on the parameters above, the control given in (7.107) is well defined. By direct
computation,
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10
X411
5| - X
- X3
0fF —=
5 ‘ ‘ ‘ ‘ ‘ ‘ ‘
0 1 2 3 4 5 6 7 8
time [sec]
2
X1
1h :
- Xy
o/
|
v
_1 .
_2 Il Il Il Il Il Il Il
0 1 2 3 4 5 6 7 8
time [sec]

Fig. 7.5 The time response of the state variables of System (7.129)—(7.132)

6.7900 —0.2 — §|x11 COS X2 0 —0.6667 — %|x12| sin’ ¢
r_ | 02550 4.28?0 0 0
0 —0.6667 — 5|x12| sin>¢ 0.9000 0
0 0 0 0.9000

which is positive definite in the domain
£ = {(x11, X12, X13, X21, X22) | [x11] < 10.5, |x12] < 3.1, x13, x21, X2 € R}.

Hence from Corollary 7.2, the system (7.129)—(7.132) is stabilised by the control
(7.91). Simulation results presented in Figs. 7.5 and 7.6 show the results obtained are
effective.

Remark 7.18 Consider a comparison of the matrix W in Theorem 7.5 and the matrix
I’ in Corollary 7.2. By direct computation it follows that

6.9900 —14.1435 — §|x11 cosxn| 0 —0.6667 — %|x12| sin® ¢
—17.8891 4.4850 0 0
0 —0.6667 — %|x12| sin?¢  0.9000 0
0 0 0 0.9000

W =
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-60 . . . . . r
0 1 2 3 4 5 6 7 8

time [sec]

40 T

-20 . . . . . . .
0 1 2 3 4 5 6 7 8

time [sec]

Fig. 7.6 The time response of the control signals

It is straightforward to check that W + W7 is not positive definite even if x;; = 0
and x|, = 0, and thus Theorem 7.5 cannot be applied to the system (7.129)—(7.132).
This confirms the result stated in Remark 7.15.

7.6 Summary

In this chapter, time-delay independent control schemes have been proposed based
on the Lyapunov—Razumikhin approach. Local stabilisation results using static out-
put feedback control are achieved for a class of nonlinear systems with time-delay
disturbances. The Lyapunov direct method is used in Sect.7.2 and sliding mode
techniques are employed in Sect.7.3. Although some of the developed conditions
may not be straightforward to check in Sects.7.2 and 7.3, a framework is provided
to stabilise nonlinear systems with time-varying delay disturbances using a delay
independent output feedback controller.

A control strategy for a class of interconnected systems with time varying delays
has been presented in Sect.7.4. Where it is not required that the subsystems are
square. The proposed controllers are decentralised, independent of the time-delay
and based only on output information, which is convenient for implementation.

It should be noted that the Lyapunov—Razumikhin approach may lead to a con-
servative result but the developed results are delay independent and are independent
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of the upper bound d on time-delay d(¢). This implies that it is not required that
the time-delay is known, or the bound on time-delay is known. The limitation on
the rate of change of the time-varying delay is not required, as is required using the
Lyapunov—Krasovskii approach. Therefore, the developed results can be applied to
a wide class of nonlinear systems. A tutorial case study of a mass—spring system and
simulation examples have shown the effectiveness and feasibility of the proposed
control strategies.



Chapter 8
Sliding Mode Observer-Based Fault

Detection and Isolation

This chapter considers the problem of robust fault detection and isolation (FDI)
for a class of nonlinear systems using sliding mode observers. The focus is fault
reconstruction and estimation for system faults and sensor faults in the presence of
nonlinear uncertainties.

8.1 Introduction

It is well known that automatic control systems can reduce the consumption of
energy and save manpower, and thus they are widely applied in industry. However
such systems are subject to malfunctions and errors because the human operator
interaction is reduced/removed in these systems. Furthermore, unexpected variations
in the external surroundings or normal wear and tear of components can also make
the system faulty. The effect of the faults can cause catastrophic accidents if not
detected in time. Therefore, fault detection and isolation (FDI) techniques are of
practical significance.

Faults are classified, according to their physical locations, into system faults,
actuator faults and sensor faults. In recent decades, the study of FDI has made many
significant advances [40, 50, 78, 150, 223]. Compared with actuators, sensors are
passive elements in the sense that they only provide operational information about
the system, and do not affect the system behaviour directly, and thus have been less
studied when compared with the study of actuator FDI.

Obviously, autonomous systems, where the human operator is removed from the
loop, are more dependent on the increasing numbers of sensors to acquire system
information. This, in turn, makes systems more vulnerable to faults in sensors. The
potential for faults in the sensors becomes even more critical when they are applied
to the automatic control of a system, where the effects of malfunctions may be
devastating [61].

© Springer International Publishing AG 2017 263
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The main task of FDI is to indicate that something is wrong and determines which
subsystem or component has a fault. The advancement of modelling techniques
provides the possibility exploiting model-based FDI approaches which have been
considered a very effective method for FDI both in theory and practice [20].

Various model-based approaches have been developed [20], and in particular
observer-based techniques have obtained much attention. The comprehensive sur-
vey paper [49] provides an overview of observer-based approaches, and since then
many results have been established (see e.g., [20, 50, 151, 194] and the references
therein). Subsequently, some control inspired approaches, for instance, sliding mode
techniques [40], modern differential geometric approaches [138] and adaptive control
[223] have been successfully incorporated with the observer-based FDI approach. It
should be noted that adaptive control is usually only powerful for overcoming linear
parametric uncertainty whilst modern geometric approaches tend to require strong
geometric conditions on the systems considered. Sliding mode techniques, however,
have good robustness and are completely insensitive to so-called matched uncer-
tainty [38, 174]. It has been shown that sliding mode techniques can be used to deal
with both structured and mismatched uncertainty [200]. Therefore, the application
of sliding mode techniques for robust FDI offers good potential.

This chapter considers fault detection and isolation (FDI) issues for nonlinear
systems with uncertainties, using an equivalent output error injection approach. A
particular design of sliding mode observer is presented for which the parameters can
be obtained using LMI techniques. In Sect. 8.2, an estimation approach is presented
to estimate system faults where the estimation error is dependent on the bounds on
the uncertainty. For a special class of uncertainty, a fault reconstruction scheme is
proposed where the reconstructed signal can approximate the fault signal to any accu-
racy even in the presence of the class of uncertainties. Section 8.3 considers sensor
FDI for nonlinear systems. A nonlinear diffeomorphism is introduced to explore the
system structure and a simple filter is presented to ‘transform’ the sensor fault into
a pseudo-actuator fault scenario. A sliding mode observer is designed to reconstruct
the sensor fault precisely if the system does not experience any uncertainty, and to
estimate the sensor fault when uncertainty exists. Finally, case studies on a robotic
arm system and a mass—spring system are presented to show the effectiveness of the
proposed FDI approaches.

8.2 Nonlinear Robust Fault Reconstruction and Estimation

8.2.1 Introduction

A sliding mode observer was used for FDI as early as 1993 [161]. More recently
Edwards et al. [40] proposed an approach based on the concept of equivalent output
injection in which the resulting reconstruction signal can approximate the fault to
any required accuracy. This is called “precise’ fault reconstruction in this book. Later,
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it was extended by Tan and Edwards in [166] where sensor faults were considered.
However, uncertainty was not considered in these early papers.

It is well known that the observer-based approach is very dependent on the system
model. However in practice a precise and accurate model for a real system is often
not available due to unknown exogenous disturbances and/or time-varying parame-
ters (component ageing). Modelling uncertainty can cause false and missed alarms.
Hence, it is very important to consider robustness when implementing FDI schemes.

An FDI scheme for a class of linear systems with uncertainty was proposed by Tan
and Edwards [167] which focused on minimising the %5 gain between the uncertainty
and the fault reconstruction signal by using linear matrix inequalities (LMI). Jiang
et al. [85] proposed a fault estimation scheme for a class of systems with uncertainty
but the proposed signal is only an estimate of the fault. A robust fault detection
method for nonlinear systems with disturbances was considered in [48] where strict
geometric conditions are exploited and the disturbance can effectively be considered
as linear parametric uncertainty.

It should be emphasised that ‘precise’ fault reconstruction is very challenging for
nonlinear systems especially in the presence of uncertainty. The notion of ‘precise’
fault reconstruction has been considered in [40, 166] for systems which are linear
without uncertainty. When uncertainty is considered, all the results concerning sliding
mode observer-based fault reconstruction only provide an estimate of the fault signal.
To establish an approach for fault reconstruction in nonlinear systems or to find
conditions under which ‘precise’ fault reconstruction is possible is valuable and
meaningful. Moreover, since FDI is required to take place on-line in real engineering
systems, this requires the reconstruction fault signal to be based only on the available
measured information.

In this section, a class of nonlinear uncertain systems is considered where the
uncertainty is allowed to have a nonlinear bound. In order to reduce the conserva-
tiveness, appropriate coordinate transformations are introduced to exploit the system
structure. A sufficient condition based on LMISs is presented for the existence and
stability of arobust sliding mode observer. Then, fault estimation and fault reconstruc-
tion methods are presented using the equivalent output injection approach proposed
by Edwards et al. [40]. It is shown that under certain geometric conditions associated
with the uncertainty structure matrix and the fault distribution matrix, ‘precise’ fault
reconstruction is available for a class of nonlinear systems by exploiting the features
of the sliding motion and the structure of the uncertainty. The proposed reconstruc-
tion signal converges to the fault with arbitrary accuracy even in the presence of
uncertainty. If the geometric condition does not hold, then a strategy is presented to
estimate the fault signal, where the estimation error depends on the bounds on the
uncertainty. An optimization procedure is presented which provides a tight bound
of the effect of the uncertainty on the estimate. The proposed sliding mode observer
design procedure is constructive and the design parameters can be obtained using
LMI techniques. The associated reconstruction and estimation signals are only based
on the plant input and output information which can be obtained on-line. This makes
the FDI scheme practically implementable.
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8.2.2 System Analysis and Preliminaries

Consider a nonlinear system described by

X=Ax+Gx,u)+ E¥(x,u,t)+ Df(y,u,t) (8.1)
y = Cux, (8.2)

where x € R",u € R" and y € R? are the state variables, inputs and outputs respec-
tively; A e R"™", E e R™", D € R"*? and C € RP*" (¢ < p < n) are constant
matrices with D and C both full rank, the known nonlinear term G (x, u) is Lipschitz
with respect to x uniformly for u € % (here %/ is an admissible control set), and
the unknown nonlinear term ¥ (x, u, t) represents modelling uncertainties and distur-
bances experienced by the system. The unknown function f(y, u, t) € R? represents
an actuator fault which satisfies

ILfou, O < p(y,u, 1) (8.3)

where the function p(y, u, t) is known. All the functions involved in the system (8.1)—
(8.2) are assumed to be continuous in their arguments. Furthermore, it is assumed
that the faults are associated with the actuators of the system—hence the direct
dependence of the signal f(-) on the control signal u(#). It will be assumed that the
system in (8.1)—(8.2) is under feedback control and the signals u(z) are (smooth)
functions of the states x(¢). In the absence of faults, it is assumed that the controller
has been well designed so that x(#) is close to its required operating point. If a fault
occurs it is assumed that x(¢) lies in a bounded compact set for at least a finite time
ty > 0, starting from the onset of the fault, which allows time for detection to take
place.
First, some basic assumptions will be imposed on the system (8.1)—(8.2).

Assumption 8.1 There exists a known function & (x, u, t) which is Lipschitz about
x uniformly for r € R* and u € % such that

W Cx,u, DI < ECx, u, 1), (8.4)

Assumption 8.2 rank(C[E D]) =rank([E D]).

Remark 8.1 In Assumption 8.1, the bound on the uncertain term ¥ (x, u, t) takes
a more general nonlinear form (as in [200, 214]) when compared with the work in
[85, 167]. Assumption 8.2 is a limitation on the uncertain distribution matrix and the
fault distribution matrix, and implies that rank([E D]) < p.

From Lemma D.1 in Appendix D, it can be assumed without loss of generality
that System (8.1)—(8.2) has the form
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X1 =Ax;+ Axo + Gi(x, u) (8.5)
X2 = Azx1 + Asxa + Ga(x,u) + Ex¥ (x,u,t) + Dy f(y, u,t) (8.6)
y = Chx; (8.7)

where x = col(xy, xp) withx; € R"™7, G (x, u) and G,(x, u) are the firstn — p and
the last p components of G (x, u) respectively, and E, and D, are defined in (D.2).

Assumption 8.3 All the invariant zeros of the matrix triple (A, [E D], C) lie in the
open left-half plane.

The Assumptions 8.2 and 8.3 amount to relative degree one minimum phase con-
ditions, which are necessary for the design when the system experiences uncertainty
or disturbance. For non-square systems, generally (A, [E D], C) will not possess
any invariant zeros and so Assumption 8.3 will be trivially satisfied for many systems.

As pointed out in Remark D.1, the coordinate transformation used to obtain the
regular form from Lemma D.1 in Appendix D can be obtained directly from matrix
theory. Therefore, System (8.5)—(8.7) is well defined and available from System
(8.1)—(8.2) by using basic linear algebra. The following analysis will focus on the
system (8.5)—(8.7) which has an amenable structure for subsequent developments.

8.2.3 A Sliding Mode Observer Design

In this section, a robust sliding mode observer will be proposed using the system
structure characteristics shown in Sect. 8.2.2.
Consider System (8.5)—(8.7). Introduce a coordinate transformation z = T'x

where
| L—p L
T := |: 0 I, } (8.8)

where L has the structure given in (D.8) in Appendix D. Then, from the analysis in

Sect. 8.2, it follows that in the new coordinate System z, System (8.5)—(8.7) has the
following form

21 = A1+ LAz + (Ay+ LAy — (A1 + LA3)L) 20

+[Lip L] G(T 7 2 0) (8.9)
Zr = Aszi + (Ag — A3L) 20 + Go(T 'z, u) + ExW (T 'z, u, 1)

+Ds f(y, u, 1) (8.10)
y=Czs (8.11)

where z := col(z1, z2) with z; € R"77. The structure in (8.9) occurs because

LE2 =0 and LDZ =0
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from (D.8) and (D.2) in Appendix D.
For System (8.9)—(8.11), consider a dynamical system

2= (A1 + LA3)2 + (A + LAy — (A; + LA3)L) C; 'y

+[ 1=y L]G(T 72, 0) (8.12)
Zr = Asi + (Ag — AsL) 2 — K(y — CaZo) + Go(T "2, u)

+u(t,u,y, v, %) (8.13)
y=0C (8.14)

where 2 := col(2;, C; 'y) and § is the output of the dynamical system. Note that
Z does not represent the state estimate col(Zy, Z2). It is merely used as a piece of
convenient notation in the developments which follow. The gain matrix K is chosen
such that

Ca(Ay — ASL)Cy ' + CoK

is symmetric negative definite (clearly this is always possible since C5 is nonsingular).
The function v is defined by

Ly=y

where k(-) is a positive scalar function to be determined later.
Let
e1 =21 — 21, and e, =y—y=Cizo—22).

Then from (8.9)—(8.11) and (8.12)—(8.14), the state estimation error dynamical sys-
tem is described by

et = (A1 + LAYer + [ 1oy L] (G200 = G2, w) (8.16)
é‘y = CrA3e; + (Cz(A4 — A3L)C;1 + CZK) ey + CZ(G2(T_IZ, u)
—Go(T™'2,u)) + CLE2W (T 'z, u, t) + C2Do f (v, u, 1) — Cov

(8.17)

where Z = col(Z;, Cz_ly) and v are defined by (8.15).

Remark 8.2 In Eq. (8.13), a gain matrix K € R”*” is introduced to guarantee that
the nominal linear system matrix of the state estimation error dynamical system
(8.16)—(8.17) given by
A1+ LA; 0
[ CrA;  Cy(Ay — A3L)C; ' + K ] (8.18)
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is stable. It is obvious from the structure (8.18) that such a K always exists since
Ay + LAj is stable under Assumption 8.3, and C; is nonsingular.

From (8.8) to (8.11), it follows that

_ A Lo, —L||z1—21 €
Tl—Tl: P _ =
= 2 )= [0

= =17 = el (8.19)
For System (8.16)—(8.17), consider a sliding surface
S={(e1.ey) | e, =0}. (8.20)

Then, the following conclusion is ready to be presented:

Proposition 8.1 Under Assumptions 8.1-8.3, the sliding motion of System (8.16)—
(8.17) associated with the surface (8.20) is asymptotically stable if the matrix inequal-

uy
AT pT D A 15 pT 2
ATPT + PA+ -PP" +c(Z6) I-p+aP <0 (8.21)
9

is solvable for P where
P:=P[l_,L], A:= Al (8.22)
A3z

with P > 0, € and « are positive constants, £ is the Lipschitz constant for G (x, u)
with respect to x and the matrix L has the structure (D.8) given in Appendix D.

Proof The analysis above has shown that (8.16) represents the sliding dynamics
when restricted to the sliding surface (8.20). Therefore, it is only required to prove
that (8.16) is asymptotically stable.

Consider a Lyapunov candidate function

V =el Pey.
The time derivative of V along the trajectories of System (8.16) is given by
Ve = e’ ((A1 +LA)TP + P(A; + LA3))e1 +2eTP[1, L]
(e w61z w)
= e[ (ATPT 4 PA)e+2(PTer)" (G720 — G(T™'2,w)).

From the well known inequality that 2X”Y < eX” X + 1Y”Y for any scalar £ > 0,
it follows that
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V |(8.16) < elT (PA + ATﬁT)el + selTF_’F_’Tel

+é(G(T—‘z, W) — G(T™'3, u))T(G(T_'z, W) — G(T™'3, u)).

From (8.19),
IG(T™" z.u) = G(T™'2, Wl < Lgllell. (8.23)
Consequently
Vlisao < of (BA+ATBT)ey 4 el PPTey + = (267 e’
= ol (PA+ ATPT +2PP + é (Z6) 1)e
< —ae] Pe; = —aV (8.24)
where (8.21) has been used to obtain the last inequality. #

Remark 8.3 Note that Inequality (8.21) can be transformed into the following LMI
problem: for a given scalar a > 0, find matrices P and Y and a scalar € such that

PA +ATP+ YA+ AIYT +aP +e(L)? P Y
P —el,_, 0 | <0 (825
Y’ 0 —el,

where Y := PL with P > 0, which can be solved by LMI techniques. If %5 is
known, then for a given «, the problem of finding P, Y and ¢ to satisfy (8.25) is
a standard LMI feasibility problem. Alternatively, an optimization problem can be
posed which is to find P, Y and £ which maximises %5 in (8.25). This is a convex
eigenvalue optimization problem and can be solved using standard LMI algorithms
[56].

Since V(t) < —aV(t) in (8.24), it follows that there exists a positive scalar M
such that

e
ler®ll < Mller)llexp { -1} (8.26)
where a choice is M := i‘“?"—((;;)). Based on Inequality (8.26), introduce a dynamic
system given by
: 1
w(t) = —Eav?/(t). (8.27)

Then, for any value ¢;(0), choose w(0) such that

ler (O)[ < w(0)/M.
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Then, it is straightforward to see that the available solution w(t) to Eq. (8.27) is an
upper bound on the size of the corresponding state estimation error e (¢); specifically

ller (Il < w(@), Vi > 0.
Proposition 8.1 has shown that the sliding mode associated with the sliding surface
S given in (8.20) is stable if the matrix inequality (8.21) is solvable. The objective is
now to determine the scalar gain function k(-) in (8.15) such that the system can be

driven to the surface S in finite time and a sliding motion can be maintained.
The following conclusion is ready to be presented:

Proposition 8.2 Under Assumptions 8.1-8.3, System (8.16)—(8.17) is driven to the
sliding surface (8.20) in finite time and remain on it if the gain k(-) in (8.15) is chosen
to satisfy

k(t,u,y,2) = (IC2 451l + C2l| L5 + | CLE2 || L)W (t) + | C2 EalIE(T "2, u, 1)
HIC2Dallp(y, u, 1) +1 (8.28)

where 1) is a positive constant and w is the solution to the differential equation (8.27).

Proof Let V(ey) = e{ey. From the expression for the output estimation error in
(8.17), it follows that -

Viey) =el (CZ(A4 — A3L)Cy !+ Gk + (Cz(A4 — AsL)Cy ' + CZK)T) ey
+2¢] (C2A3e1 +Co (Go(T ™" 2,u) — Go(T "2y, w)) + C2E2W (T~ 2, u, 1)
+CoDs f(y, u, 1) — Czl/). (8.29)
Since by design the matrix
C2(Ag — ASL)Cy ' + 0K
is symmetric negative definite, it follows that
(C2(A4 — AsL)Cy '+ CzK)T + Ca(Ay — A3L)Cy + 6K < 0. (8.30)
By applying (8.3) and (8.30) to (8.29), it follows from (8.19) that
V < 2lley | (IC2A31 + 1C21|-Z6) e || + 2||€yII(IICzEzII(§(T’12, u,t)

+Zellerl) + 1C2Dallp(y. u,1)) = 2¢] Cov. (8.31)
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From the arguments above ||e;|| < w, substituting the v given in (8.15) into (8.31)
V = 2le,I(UIC2A N+ I1C21 Zo)i + [ C2Exll (6T "2, w, 1) + Zeb)
+I|C2Dz||p(-)) —2k()lleyll- (8.32)
From (8.28) and (8.32) it follows that
V < —21lle, |l < —2qV*.

This showi that a reachability condition is satisfied (see [174] for example). It fol-
lows that V = 0 in finite time and consequently a sliding motion is achieved and
maintained after some finite time #; > 0. Hence the conclusion follows. #

From sliding mode control theory, it follows that Propositions 8.1 and 8.2 have
shown that (8.12)—(8.13) are sliding mode observer of System (8.9)—(8.11), where
defined by (8.14) is called the observer output which will be used in the FDI.

8.2.4 Robust Fault Detection and Estimation

It is assumed in this section that the sliding mode observer given in Sect. 8.2.3 has
been designed. The objective is to reconstruct/estimate the system fault by using the
observer output and the estimated states given by the observer.

The following fault reconstruction results can be obtained using Lemma D.3
presented in Appendix D:

Theorem 8.1 Consider System (8.1)—(8.2) satisfying Assumptions 8.1-8.3. Assume
that the matrix inequality (8.21) is solvable and k(-) is chosen to satisfy (8.28). Then

(i) there exists a continuous function d(t) satisfying lim;_, o, d(t) = 0 such that
[fo - fow.uw.0| < |Df B¢ +de 333

where DY is any left pseudo inverse of Dy (which exists since Dy is full column
rank), and .
fo) =k(O)DfC; 2 (8.34)
Iy = YIl + o1 exp{—o21}

where oy and o, are both positive constants;
(ii) limy o | F0) = £, u@), 0] = 0if Im(Ex)Nim(Dy2) = (0, where

_ B _ y—7J
(1) =k(OH, " Wa [0sx(psy I: | C7! _ (8.35)
! 2 Wl 0o i) G e o
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where W, denotes the last q rows of matrix W in (D.9) in Appendix D, and o,
and o, are both positive constants.

Proof From the features of the sliding mode observer designed in Sect.8.2.3, it
follows that in finite time the error dynamics (8.16)—(8.17) will be driven to the
sliding surface (8.20) and a sliding motion is maintained thereafter. During the sliding
motion

e, =0 and ¢é,=0. (8.36)

Since C, is nonsingular, it follows from (8.17) and (8.36) that
¢ler 2.2, u) + E2W (T z,u, 1) + Do f (v, u, 1) — Veg =0 (8.37)

where v,, denotes the equivalent output error injection signal required to maintain
the sliding motion [38, 174], and ¢(-) is defined by

¢ (e1, 2,2 u) = Aser + Go(T 'z, u) — Go(T "2, ). (8.38)
From (8.23), it follows that

I (ers 2, 2, u) || < (A3l + L) ler I = 0 (r — 00) (8.39)

since lim;_, , €1 (¢) = 0. In order to reconstruct/estimate the fault signal f(y, u, 1),
it is necessary to recover the equivalent output error injection signal v,,. Here the
approach given in Edwards et al. [40] will be employed to produce v,,. From (8.15),
the equivalent output error injection signal v, in (8.37) can be approximated by

y—3

Vey >~ k()C5! _
! >y = 31 + o1 exp{—ot}

(8.40)

where o) and o, are both positive constants.
(i) Multiplying both sides of Eq. (8.37) by the pseudo inverse D5, it follows from
DY D, = I, that

f,u,t) = Dive, — DY E2W(T 'z u,t) — DF d(er, 2, 2, u). (8.41)

Then, substituting the arbitrarily close approximation to v,, from (8.40) into the
equation above, it follows from Assumption 8.1 and the definition of f in (8.34) that

|70 = £ Goun| = IDF B 19T "2, 0] + d o)
< I Eall€Cx, 1) + d(0)

where

d(t) == ||DS g(er (1), z(1), 2(t), u(®)) |l

is continuous in R*. From (8.39), obviously lim;_, ., d(z) = 0.
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(ii) By applying the structural properties of E, and D, in (D.2) given in Appendix
D.1 to (8.37), it follows that

(8.42)

N (T 'z,u,t
Vegr = (e, 2,2, u) + [ Exn Dzz][ ( )j|

SO, u, 1)

where v,4, and ¢, denote the last g components of ., and ¢, respectively. Since by
assumption
Im(Ex») NIm(Dy) = {0}

it follows from Lemma D.3 in Appendix D that (D.9) holds. Multiplying both sides
of (8.42) by W yields

_ A H\W (T 'z,u,t)
WVqu = Wooler,z,z,u) + |:H2f(y, ", 1) . (8.43)
Let W, denote the last g rows of W. It follows from (8.43) that
FOou, 1) = Hy 'Wa (vega — ¢aer, 2, 2, )
= HZ_IWZ( [qu(pfé) I(i ] Veq - ¢2(617 Z, 27 u))
Then, from (8.40) and the definition of f in (8.35),
FO = kO W [0y 3] €' 2
ly =3Il + o1 exp{—o2t}
= [y u, 1)
when r — o0. Hence the conclusion follows. #

It should be noted that the parameters o and o, in (8.34) and (8.35) determine
the degree of approximation to ideal sliding which is attained. Typically, oy would
be small while o, would usually be large.

Remark 8.4 From (8.40), it is clear that v,, depends only on known system infor-
mation: the system output y, the observer output y and the system input u. From
(8.34) and (8.35), the estimated signal f and the reconstructed signal f are both
only dependent on available information and thus the fault detection schemes can be
implemented on-line.

Remark 8.5 In the precise reconstruction situation, detection is inherent in the
approach since the reconstruction signal reflects the fault faithfully. When precise
reconstruction is not possible, detection is more difficult since f () may become
nonzero as a result of the uncertainty and not because faults are present. However,
provided the size of the error bounds ||DV E,W (+)|| are small compared to the size
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of the faults that need to be detected, then by setting appropriate thresholds, a level
of detection (and isolation) can still be achieved.

Theorem 8.1 shows that f is a precise reconstruction of the fault f if
Im(E2) NIm(Dyy) = {0}.

If this condition is not satisfied, then an estimation signal f is available to estimate
the fault f. From (8.33), one way to reduce the effect of the uncertainty on the
fault estimation signal is to choose an appropriate matrix D; such that || D; E>|l is
minimised. Let

7 ={X eR¥*? | XD, = I} .

It follows that & can be parameterised as
2 ={(DIDy)"'D] +.#4DY) | M € RP*P~D}
where DY € RP~9>*P is such that the columns of (D)) span the null-space of D}
which implies that
DYD, =0.
Consequently, for any DS € 2,
D E, = (DIDy))"'DIE, + #DYE,

and so the objective is to solve the following optimization problem

min {” (DIDy))™' DIEy + . DYE, H} .
M ERIX(P—0)

This is well defined and can be easily solved using an LMI optimization approach
(Alternatively, the analytic theory as described in (p. 43, [228]) could be employed).

8.3 Sensor FDI for a Class of Nonlinear Systems

8.3.1 Introduction

Sensor faults are incorrect readings due to malfunctions in the sensor components or
transducers, such as broken wires, resulting in the loss of effectiveness, or more subtly,
unknown biases at the sensor outputs as a result of poor calibration or even unexpected
changes in the dynamic characteristics of the transducers. Since the signals from
sensors often carry the most important information in automated/feedback control
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systems, the state of health of the sensors is, therefore, very important for the reliable
operation of the entire system. This has motivated the study of sensor FDI.

Sensor redundancy [17] is an obvious solution to the sensor fault problem, where
multiple sensors are installed to measure the same quantity. The main problem of
this approach is the extra equipment and maintenance costs and the additional space
required to accommodate the equipment. In [222], an isolation scheme for sensor
faults is proposed using an adaptive estimator. A sensor fault FDI strategy for a linear
discrete time system was discussed in [103] using a structural vector-based approach.
By using sliding mode techniques, continuous time systems were considered in [40,
166, 167] where it is required that the systems are linear. However, most real systems
are more accurately modelled by nonlinear equations.

Itis well known that one approach for dealing with nonlinear systems is to linearize
around some operating point by using approximation techniques [21, 104]. However,
the linear system obtained in this way is valid only in a neighbourhood of the operating
point and tends to suffer from poor detection or high false alarm rates due to the error
of approximation. Furthermore, when a large region of the state space is required
to be considered, the linearisation method may not be sufficient. Therefore, it is
necessary to study nonlinear systems.

In this section, sensor FDI is studied for a class of nonlinear systems with uncer-
tainty. The sensor fault considered is modelled as an additive fault. A diffeomorphism
is first used to explore the system structure and no approximation is employed. By
designing an appropriate filter, the sensor fault can be modelled as a pseudo-actuator
fault. Then, using the transformed system structure and the characteristics of the
designed filter, a sliding mode observer is presented to reconstruct the sensor fault
precisely if no uncertainty exists in the system. A sensor fault estimation scheme is
also proposed when the system is affected by uncertainty, in which case the estimation
error depends on the bound on the uncertainty.

The reconstruction/estimation schemes which are proposed in this section can be
implemented online. It is not required that the system is linear/linearizable, and the
minimum phase limitation required in [40, 198] is removed. Therefore, this work is
applicable to a wide-class of systems.

8.3.2 Problem Formulation

Consider a nonlinear system described by

x(t) = Fx@),u()) + AF(x(t)) (8.44)
y() = h(x(®) + Dfs(t),  xo=x(0) (8.45)
where x € 2 C R” (and 2 is a neighbourhood of x¢), u = col(uy, uz, ..., u,) €
% €R™, and y = col(y1, y2, ..., yp) € R” are the state variables, inputs and out-

puts, respectively, where %/ is an admissible control set. F'(x, 1) is a known smooth
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vector field in £2 x % and the known function 4 : 2 — R? is smooth; D € RP*4
(g < p) is a known sensor fault distribution matrix which is full column rank; the
unknown vector function AF (x(¢)) models all the uncertainties and disturbances
affecting the system and f;(¢) € R? is a sensor fault satisfying

I < p) (8.46)

where p(t) is a known continuous function. It is assumed that f; is unknown and
f5(t) = 0 when there is no fault. Therefore, the function f;(-) is defined inr € RT.

In this work, the fact that %/ is an admissible control set means that for any
u(t) € %, the corresponding closed-loop system (8.44) has a unique solution lying
in the domain 2.

Definition 8.1 Consider System (8.44)—(8.45). The differential and algebraic equa-
tions

X(@) = F(x(t), u(t)) (8.47)
y() = h(x@),  xo=x(0) (8.48)

are called the nominal system associated with (8.44)—(8.45).

For convenience, the nominal system (8.47)—(8.48) is also denoted by a vector
pair (F(x, u), h(x)).

This section considers the problem of reconstructing (or estimating) the sensor
faults f;(¢) for System (8.44)—(8.45). A sliding mode observer will be established and
then, based on the observer, a signal f , which only depends on available information,
will be given such that

(i) the function fs is a precise reconstruction of the sensor fault f;(z), i.e.,
lim || fs(2) — £ =0
11— 00

if there is no uncertainty;
(ii) the inequality .
I fs() = fs@OI = £@)

holds if the system experiences some uncertainty, where £(f) is the estimation
error which usually depends on the bound on the uncertainty.

8.3.3 System Analysis and Assumptions

In order to solve the problem proposed in Sect. 8.3.2, it is required to impose assump-
tions to the system considered. Then based on these assumptions, the system is
transformed to a new system which facilitates the design.
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Assumption 8.4 The nonlinear systems represented by the pair (F (x, u), h(x)) has
an uniform observability index {ry, r2, ..., r,} with Zle r; = n in the domain £2 x

.

Construct a nonlinear transformation 7 : x — z as follows:

zi1 = hi(x) (8.49)

Zi2 = Lpeuwhi(x) (8.50)

Zin, = L gaphi @) (8.51)
where z; := col(z;1, zi2, ..., zir,) fori = 1,2, ..., pand z := col(zy, 22, .. ., Zp)-

Remark 8.6 Under Assumption 8.4, it follows from Definition 2.8 that M (x, u)
has rank p in £2 x %, implying all the z; are independent of the control u, which
combined with the restriction >_"_, r; = n means the corresponding Jacobian matrix
of T'(x) is nonsingular. Therefore, equations (8.49)—(8.51) are a diffeomorphism in
the domain §2, and z = col(zy, 22, ..., z,) forms a new coordinate system which
can be obtained by direct computation from (8.49)—(8.51).

Since L{r(x!u)hi(x) is independent of u foralli = 1,2,...,pand j =1,2,...,

r; — 1, it follows by direct computation that fori = 1,2,..., p
zit = 5LF(x,u) = Lpguwhi(x) = 2i2
. O(Lpuwhi(x)
Zin = WF(X’ u) — L%:(qu)hi(x) = Z;3
. ' ri—1
Ziri_y = LF(x,u)hi(x) = Zir;

Z'ir, = L};‘(x’u)hi (x).

Therefore, in the new coordinates z defined by (8.49)—(8.51), the system (8.44)—
(8.45) has the following form

z=Az+ B®d(z,u) +¥(2) (8.52)
y = Cz+ Dfs(t) (8.53)
where
A = diag{Ay,...,A,}, B =diag{By,...,B,} and C =diag{Cy,...,C,}

where A; e R7"¥ B, e R and C; e R™ fori = 1,2, ..., p are defined by
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010---0 0
001 -0 0
Ai=| 1 . Bi=|:|, G=[10--0] (‘5%
000 ---1 0
000 ---0 1
and
i ¢l (Z9 Ll) L;*l(x,u)hl(‘x)
$2(z, u) L7 a2 (x)
D(z,u) = : = : (8.55)
_d)p (Z’ I/l) L;'f(x,u)hﬁ('x) x=T"1(z)
[ 1(2)
W(z) = wz,(Z) = [GT(X)AF(x)} (8.56)
: Ox x=T"1(2)
_%(Z)

where ¢; : T(2) Xx % — Rand ¢; : T(2) x % — R’ fori =1,2,..., p.

Remark 8.7 1t should be noted that System (8.52)—(8.53) is still a nonlinear system
but possesses a structure which is convenient for later analysis. In this section, itis not
required that the system (8.44)—(8.45) is linearizable. It is also not required that the
nonlinear function @ (z, u) can be expressed as a function of # and y (in comparison
with the work in [122]). Also, there is no approximation employed above and this
makes the transformations valid in the whole domain £2 instead of just a small
neighbourhood of xj as in [21, 104].

Choose the constants «;j, oo, . . ., @, such that all the roots of the polynomial
algebraic equations

N+ QiAo ai A+ g =0 (8.57)

lie in the open left-half plane fori = 1,2, ..., p. Then, from (8.54), it follows that
(A — BA) is stable where

A = diag{A1, A, ..., A) (8.58)
with A; € R defined by
A; = [ajo it -+ Qigr—1)] (8.59)

which satisfy (8.57) fori = 1,2,..., p.
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Assumption 8.5 The nonlinear function @ (-) in (8.55) can be expressed as
D(z,u)=—Az+T'(z,u) (8.60)
where forany z,z € T(£2) andu € %
17 (z,u) = T'Ewll < LWz -z (8.61)

where Z(+) is a continuous function defined on % .

Remark 8.8 Assumption 8.5 is a limitation on the nonlinear term @ (-). If the Jaco-
bian matrix of F(x,u) in (8.44), evaluated at (xq, ug) (ug € %) is stable, then
Assumption 8.5 is likely to be satisfied in a neighbourhood of (xg, uy).

8.3.4 Sliding Mode Observer Synthesis

In this section, the main results will be presented. The special case when AF (x, u) =
0 is considered first, and the study of the uncertain system (8.44)—(8.45) when
AF (x,u) # 0 follows.

Suppose Assumption 8.4 holds. Then, from the analysis in Sect. 8.3.2, it follows
that in the new coordinates z defined by the diffeomorphism (8.49)—(8.51), Sys-
tem (8.44)—(8.45) can be described by (8.52)—(8.53). For System (8.52)—(8.53), the
following linear filter is introduced

Za = AaZa + Bay (862)

where z, € R? is the filter state, A, € R”*? and B, € RP*? are constant matrices
which are design parameters to be defined later; and y is the output of System (8.52)—
(8.53). The matrix A, must be Hurwitz stable, but for simplicity in the subsequent
analysis it will be assumed that A, is symmetric negative definite. This is not a
stringent assumption since A, is a design parameter. Then, under Assumption 8.5,
the following augmented system can be obtained

z=(A—BA)z+ BI'(z,u) +¥(2) (8.63)
Zq = BoCz+ Agzq + BoDfi(t) (8.64)
Ya = Caza (865)

where z € T(£2) C R", C, € RP*? is orthogonal (where one simple choice is to
let C, = 1), I'(+) is determined by (8.60) and finally ¥ (-) is defined in (8.56) and
involves the uncertainty.

It is observed that the sensor fault in System (8.44)—(8.45) has been transformed
into a pseudo-actuator fault in System (8.63)—(8.65). Now, consider the following
dynamical system
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Z=(A—BA:+ Bl u) (8.66)
20 = BaC: + Agia + (L, Yau 5a) (8.67)
Vo = CuZa (8.68)
where ~
vi=k(nCT 242 (8.69)
”ya — Ya ”

and the scalar gain k(¢) is to be designed later.
Let e(r) := z(¢) — 2(¢) and e, (¢) := z,(t) — Z,(¢). It follows from (8.63)—(8.65)
and (8.66)—(8.68) that the error dynamics can be described by

¢=(A—BAe+B(I'(z,u)—T'E w)+¥() (8.70)
éa = Bace+Aaea+Bans(t)_V(ta Va, )A)a) (871)

where I"(-) is determined by (8.60), ¥ (-) is the uncertain term which is defined by
(8.56) and v(-) is given by (8.69).

8.3.5 Sensor FDI for the Nominal Case

In this section, the special case AF = 0 is considered, which implies that the system
under consideration does not experience any uncertainty. In this case, the correspond-
ing augmented system is the same as (8.63)—(8.65) except ¥ (-) = 0 in (8.63), and
thus the corresponding error dynamical system (8.70)—(8.71) is described by

é=(A—BAe+ B (I'(z,u)—T'(Z,u) (8.72)
¢, = B,Ce+ Ageq + B, Df(t) — v(t, ya, Ja) (8.73)

The objective now is to develop a condition under which (8.66)—(8.68) is a sliding
mode observer of the system (8.63)—(8.65) with ¥ (-) =0 in (8.63), and can be
employed to reconstruct the fault signal f;(¢).

From the analysis above, the following conclusion is ready to be presented:

Proposition 8.3 Suppose Assumption 8.5 holds. Then, System (8.72) is stable if there
exists a matrix P > 0 such that

1
€1

(A—BA)TP +P(A—BA)+¢PBB"P + — (L)1, <0 (8.74)

for all u € % where €, is a positive constant, A is defined by (8.58) and £ (u)
satisfies (8.61).
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Proof For System (8.72), consider a Lyapunov function candidate
V =€ (t)Pe(t)

where P > 0 is a solution for the matrix inequality (8.74). The time derivative of V
along the trajectories of System (8.72) is given by

Vg <e'(t) ((A—BA) P+ P(A—BA))et)
+2e(t)" PB (I'(z,u) — I'(Z, u)). (8.75)

From the fact 2X7Y < ¢, X7 X + iYTY, it follows that

Vs < e’ () ((A—BA) P+ P(A—BA))e(t) +1(B" Pe(t))" B" Pe(1)
+€1_1 (M@ w —rEw) (M - eEw)
<e" ) ((A=BA)' P+ P(A—BA)e(t)+ee’ (1)PBB" Pe(t) +
(LW - 2P

=l ((A —BA)'P+ P(A—BA)+¢ PBBTP + l(.,gﬂ(u))zln)e
€1

where (8.61) is used to establish the second inequality. Hence the conclusion follows
from (8.74). A

It should be noted that

e Proposition 8.3 implies that e(7) is bounded, and thus

sup {lle®} <b (8.76)

0<t<oo

for some finite positive scalar b;

e because of the scalar €1 in (8.74) which provides additional design freedom, with-
out loss of generality it can be assumed that P > I, rather than just being positive
definite.

Consider a sliding surface
7 ={col(e, e,) | e, = 0}. (8.77)

Proposition 8.3 implies that the sliding mode dynamics of the error system (8.72)—
(8.73) associated with the sliding surface (8.77) is stable. According to sliding mode
theory, in order to guarantee the stability of the observer it is only required to prove
that the error system can be driven to the sliding surface in finite time by choosing an
appropriate gain k(¢) in (8.69). In view of this, the following conclusion is presented:



8.3 Sensor FDI for a Class of Nonlinear Systems 283

Proposition 8.4 If Inequality (8.76) holds, then the error system (8.72)—(8.73) is
driven to the sliding surface (8.77) if k(-) in (8.69) is chosen to satisfy

k(t) = |B.Cllb + B« Dl p(t) + 1 (8.78)
where 1) is a positive constant.
Proof From Eq. (8.73), it follows that
egéa = egBaCe + egAaea + egBanS(t) — egu(t, Va» Ya)-

Since A, < 0 it follows that eaT Age, < 0. Since C, is orthogonal,

Ve = Jall =V (Caea)" Coea = lleqll. (8.79)

Then, from (8.76), (8.69) and (8.46)

A

eTé, < " B,Ce+ e B,Df,(1) — k(z)ejcjﬁ
TCaea
< lleall I1B«ClIb + lleall [|Ba Dl p(t) — k(1)(Cqeq) el
a
= (I1B.Cllb + ||B.Dllp(t) — k(@) lleall (8.80)

where (8.79) is used to obtain the second inequality. Then, it follows from (8.80) and
(8.78) that
eréq < —nlleall.

This means that the reachability condition is satisfied [174], and a sliding motion on
& is attained in finite time. A

Remark 8.9 1t should be stressed that the dynamics of the error system e(¢) in (8.70),
which represents the reduced order sliding motion associated with the sliding surface
(8.77), must be stable so that the term B,Ce in Eq. (8.71) vanishes with time. This
makes it possible to reconstruct/estimate the sensor fault.

Remark 8.10 Tt is tempting from (8.78) to select B, = 0. However, this is not possi-
ble sinceif B, = 0, it follows from (8.64) that the sensor fault term will also disappear
and thus it cannot be reconstructed.

From sliding mode theory, Propositions 8.3 and 8.4 have shown that (8.66)—(8.68)
is an observer of System (8.63)—(8.65) when ¥ (-) = 0 in (8.63). The objective is
now to establish a reconstruction signal for the sensor fault f;(¢) based on the sliding
mode observer (8.66)—(8.68).

Since the fault distribution matrix D is assumed to be full column rank, there
exists a nonsingular matrix N € R”*? such that
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_ O(pfq)xq
ND_[ D, (8.81)

where D; € R?*7 is nonsingular. The matrix N can be obtained from QR decompo-
sition. Then, from the analysis above, it follows that a sliding motion takes place in
finite time, and during the sliding motion

e, =0 and ¢,=0

and thus from (8.73)
B,Ce+ B,Df(t) —veg =0 (8.82)

where v,, is the equivalent output error injection which plays the same role as the
equivalent control in sliding mode control [38, 174]. The equivalent output injection
signal represents the average behaviour of the discontinuous function v defined by
(8.69), which is necessary to maintain an ideal sliding motion.

In order to reconstruct the sensor fault, the design parameter B, in filter (8.62) is
chosen as B, = N where N is given by (8.81). It follows that

_ 0(pfq)Xq
BaD_|: D, (8.83)

where D; is nonsingular. From (8.82) and (8.83)
[0gx(p—q) Ig | BaCe + D1 fi(t) = [ Ogp—q) g | Veqg =0
and since D is nonsingular, it follows that

fs() = — [qu(pfq) Dfl ] (BaCe — yeq)
= — [Ogx(p-g) D7"'] BaCe + [0y (p-g) D' | Veq- (8.84)

Now, it is required to recover the equivalent output error injection v,,. Considering
the structure of v(-) in (8.69), it follows from [40] that by choosing an appropriate
positive constant scalar o, v,, can be approximated to any accuracy by

(ya - 5}(1)

Vy = k(t)CaT+
lya = Yall +0

(8.85)

where k(-) satisfies (8.78). Let

[y = [0gx(p—g) Dy 17 (8.86)
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where v, is defined by (8.85) and D, is given by (8.81). Then from (8.84) and (8.86),
fv(t) - fv(t) = - [qu(pfq) Dfl ] Bace + [qu(pfq) D;I ] (Veq - Vo’)

where lim;_, o e(t) = 0. Therefore, ﬁ defined by (8.86) is a reconstruction of the
sensor fault f () since ||,y — V|| can be made arbitrarily small by choice of o.

Remark 8.11 From (8.85) and (8.86), itis clear that the reconstruction signal ﬁ given
by (8.86) is only dependent on y, and y, which can be obtained on-line. Therefore,
the fault reconstruction scheme is convenient for real implementation.

8.3.6 Sensor FDI for Systems with Uncertainty

Here, itis assumed A F (x(¢)) # 0. This means that the system under consideration is
affected by uncertainties or disturbances. In this case, the corresponding dynamical
error equation is given by (8.70)—(8.71).

Assumption 8.6 The uncertain function ¥ (z) defined by (8.56) satisfies

V¥ (@TPY(2) <

d, VzeT(2)

| =

where the s.p.d. matrix P satisfies (8.74) with P > [, and d is a known constant.

Remark 8.12 Assumption 8.6 is a limitation on the magnitude of the uncertainty
¥ (+). It can be written as

1 1
I1P>¥ @) = 5d

which is just a special weighted norm for ¥ (-). Assumption 8.6 can, therefore, be
interpreted as a requirement that the uncertainty ¥ (-) is bounded (in the special norm)
and its bound is known. It is clear that Assumption 8.6 holds if ¥ (-) is bounded in
the domain 7' (£2).

Define
0 =(A—- BA)TP + P(A— BA) + e PBBTP + é(ﬁ(u))zln (8.87)

where ¢ is the positive constant associated with (8.74).

Proposition 8.5 Assume that the matrix inequality (8.74) is solvable for P > Q.
Then under Assumptions 8.5 and 8.6, for any scalar €, > O there exists a time T,
such that for t > Ty, e(t) will enter the set

B = {e | e Pe < (“752)2} (8.88)
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and remains there for all subsequent time, where the positive constant
: ~1
o= _)\max(P Q)

where the matrix Q is defined in (8.87).

Proof Consider V = e(t)” Pe(t) as a potential Lyapunov function for System (8.70).
Since (8.74) is solvable, the matrix Q defined by (8.87) is symmetric negative definite
and so a := — ). (P! Q) is a positive quantity. By the same reasoning as in the
proof of Proposition 8.3, it follows from (8.87) and Assumptions 8.5 and 8.6 that

V g0 < el (1)Qe(t) +2e(t)T PW(2)
= e (P'PP7'2QP7 PP Pe(t) + 2e(t)" P'2P2Y(2)
< Max(PV2QP7V2)V +VVd (8.89)

since V.= el P1/2P1/2¢ = || P!/2¢|?. Further, since
Amax(Pil/zQpil/z) = )\max(PilQ)

from the standard properties of eigenvalues, Inequality (8.89) can be written as
V |(3,70) < (d — Oé\/V) \/V

It follows that for any e, > 0, if e(t) ¢ B,d — as/V < —&; and so
Vigi0< —ev/V. (8.90)

This implies that System (8.70) is uniformly ultimate bounded with respect to %:
i.e., e(r) will enter the ball % defined in (8.88) after a finite time 7 and remain in it
thereafter. Hence the conclusion follows. #

It should be noted that (8.73) is exactly the same as (8.71). Therefore, by the
same reasoning as in Sect. 8.3.5, System (8.70)—(8.71) will be driven to the sliding
surface (8.77) in finite time, and a sliding motion maintained on it, if the function
v is designed as in (8.69) and k() satisfies (8.78). The main difference is that in
this case when uncertainty exists, the sliding motion is ultimately bounded instead
of asymptotically stable. By combining Proposition 8.5, it follows that (8.66)—(8.68)
is an approximate observer of System (8.63)—(8.65) when uncertainty is considered.
Similar to the analysis in Sect.8.3.5, it follows that (8.84) is true when a sliding
motion takes place. It follows that

A0 = [0gxp—p D' ]vs (8.91)

is an estimation of the sensor fault f; where v, is given by (8.85) and D; is defined
by (8.81). From (8.84) and (8.91),
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e = £l = |DT ] (1Bl I e + ey = v )-

Since v,, can be approximated by v, to any accuracy by choosing an appropriate o,
it follows that for any € > 0 there exists a time 75 such that for T > T;

”Veq -l < ma (8.92)

From the fact that the matrix C from (8.54) has the property |C|| =1 and P > I,,
it follows that
V=e"Pe> |e|?

and
% {ellel < @2}, (8.93)

Hence by combining with Proposition 8.5, the sensor fault estimation error

I () — £l < ID7 | I1Ball 22 + & (8.94)
forallt > T := max{Ty, T»}, where the scalars ¢, and ¢ are arbitrary small positive
constants. Clearly, from (8.94), the estimation error is closely connected with the
uncertain bound d.

Remark 8.13 Sensor fault estimation has been considered in [40, 166, 167]. Slowly
varying sensor faults are considered in [40] but more general ones are considered in
[160, 167]. However, in these papers, only linear systems are considered. In [198],
actuator fault reconstruction was developed but a minimum phase condition was
required for the system. In this section, the corresponding minimum phase limitation
has been removed which makes the work applicable to a wider class of systems.

Remark 8.14 The sensor faults considered in this chapter are modelled as an additive
disturbance. Fault detection is concerned with identifying a problem in the monitored
system while fault isolation is the determination of which component is faulty. If the
system is not affected by any uncertainty/disturbance, then a ‘precise’ reconstruction
signal has been proposed in this section, i.e., after some time the reconstruction signal
can duplicate the fault precisely. In this situation it is clear to see which channel has the
fault through the reconstruction signal. This implies that the solution of the isolation
problem is inherent in the approach. If the system is subject to uncertainty, the results
developed in this section only represent an estimation of the fault. In this case, an
appropriate threshold is required to be established for fault isolation. Its accuracy
will be limited by the size of the bound on the uncertainty compared to the size of
the fault signals to be detected.

In the following, an approach based on LMI techniques is presented to determine
the design parameters. Suppose 5 € R is such that Z(u) < (8 for all u € Z . Also
suppose A has been chosen so that (A — BA) is stable (clearly this is a necessary
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condition for (8.74) to have a positive definite solution for P). Consider the matrix
inequality

1
(A—BMA'P+P(A—BA)+PBB"P+ I, +-P <0 (8.95)
gl

where v € R is a positive scalar. If (8.95) is satisfied for some matrix P > 0, then
from the definition of Q in (8.87) where ¢, is chosen as 1, it follows that

1
P_I/ZQP_I/2 + _[n < O
v

which implies

1
Amax(P71Q) < ——
Y

and so 1
7> =1/ Anx(P7'0) = —.
«

Consequently minimising -y, subject to solving (8.95) for P, decreases the radius
of the ultimate boundedness set % from (8.93). A plausible convex optimization
problem is to minimise y with respect to P and X subject to

T 2
|:(A—BA) P+ P(A—BA) +afl, +X PB }<o (8.96)

BTP —e1l,

I, <P (8.97)

P <X (8.98)

where X € R"*" is as.p.d ‘slack’ variable. This is a well-posed convex optimization

problem and can be solved using LMI techniques. From the Schur complement, if
(8.96) is satisfied then

(A—BA)TP+PA—-BA)+PBB'P+ 3’1, < —X

and since from (8.98) — X < —%P, it follows that (8.95) is satisfied.

8.3.7 Procedure for Sensor Fault Reconstruction/Estimation

Based on the analysis above, a design procedure is summarised as follows:

Step 1. Check that the system (8.44)—(8.45) has uniform observability indices
{ri,ra, ..., rp}with >0 ri=nin 2 x %,
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Step 2.  Find the diffeomorphism 7 defined by (8.49)—(8.51). Then compute the
transformed system (8.52)—(8.53);

Step 3. Choose constants a;; fori =1,2,..., pand j = 1,2, ..., r; such thatall
the roots of the polynomials (8.57) lie in the left-half plane;

Step 4. Check Assumption 8.5 and compute the functions I" (z, u) satisfying (8.60)
and .2 (u) satisfying (8.61);

Step5. Choose A, < 0, B, = N satisfying (8.81) and C, orthogonal. Then, estab-
lish the filter (8.62) and the observer (8.66)—(8.68);

Step 6.  Using an LMI package, find the solution P of the matrix inequalities
(8.96)—(8.98), then Q can be obtained from (8.87);

Step 7. Choose the gain k() to satisfy (8.78) and establish the observer (8.66)—
(8.68);

Step 8. According to (8.86) compute the reconstruction/estimation signal ﬁ (The
estimation error can be obtained from (8.94)).

If the system under consideration satisfies the conditions proposed in this section,
then the procedure described above can be employed to reconstruct/estimate the
sensor fault signal.

8.4 Case Studies

The FDI schemes developed in Sects.8.2 and 8.3 will be applied to a robot arm
system and a mass—spring system, respectively.

8.4.1 Fault Reconstruction and Estimation for a Robot
System

Consider a single-link flexible joint robot system, where the system nonlinearities
come from the joint flexibility modelled as a stiffened torsional spring, and the
gravitational force. The dynamical model for the robot can be described by [44]:

él = w (8.99)
1 B, K.

@1 = — (k1 (0 — 01) + k2 (02 — 01)°) — —wi + —u (8.100)
Jl J] J]

0, = w (8.101)

. 1 migh .

wy = —J—z(/ﬂ(ez —0)) + K202 — 0))°) — lf sin 0,
+W (01, wi, 0z, w2, 1) (8.102)

where 6, and w; are the motor position and velocity respectively; 8, and w, are the
link position and velocity respectively; J; is the inertia of the DC motor, J; is the
inertia of the link, 24 is the length of the link while m; represents its mass, B, is the
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viscous friction, k1 and k, both are positive constants and K is the amplifier gain.
The domain considered here is

{01, w1, 02, w2) | 162 — 01] < 2.8, |wi| <50}

It is assumed that the motor position, motor velocity and the sum of link velocity
and link position are measured. The quantity ¥ (-) satisfying

W (x,u, 1) < |w sinw,|exp{—t}

represents the uncertainty affecting the system, which has been added to illustrate
the results obtained in this section and is not a feature of [44].

Suppose that a fault f occurs in the input channel in the robot system. Then,
the fault distribution matrix D will be equal to the input matrix. According to [44],
suitable values for the parameters are:

Ji = 3.7 x 1073 kgm?

J, =9.3 x 1073 kgm?
h=15x10""m,

m=0.21kg, B, =4.6x10"72m
K1 = kp = 1.8 x 107! Nm/rad,

K, =8 x 1072Nm/V.

Let
x = col(xy, x3, x3, X4) := (0, wi, 02, w2).

Then, the robot system can be described in the form (8.1)—(8.2) as follows

0 1 0 0 0
. —0.0486 —12.4324 0.0486 0 it 0.0194(x3 — x1)3 +21.6216u
0 0 0 1 0
0.0194 0 —0.01940 0.0486(x3 — x1)> — 83.4324 sin x3
A G(x,u)
0 0
+ 8 W(x,u,t)+ 2]'?)216 f(y,u,t)
1 0
— —_—
E D
1 100
y=10 01 0 [x.
0001
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Introduce a coordinate transformation z = Tx with T defined by

—14142 0 0 O
0 0 1 0
T =
-1 -1 0 O
0 0 0 -0.01
It follows that
-1 0 14142 0
Ap|Ay | 0 0 0 -1
Az | Ay | 8.0496| —0.0486 —11.4324 0
0.0137| 0.0194 0 0
_ 0 0
D, = —:| = | —21.6216 |, (8.103)
| D 0
E [0 % (8.104)
2 = = .
| E2 —1
0 -1 0
C,=11 0 0 (8.105)
L0 0 —1
and
0
G(T 'z,u) = 0

—21.6216u — 0.0486(z, + 0.7071z,)3
0.0002(z, + 0.7071z1)% + 0.3319sin 2,

Let a =0.5. From the LMI synthesis, the optimal value of the Lipschitz gain
L6 =10.7499 when L = [00 0], e = 1.9989, and P = 1.5 and the conditions of
Proposition 8.1 are satisfied. Then, by choosing

0 1.1 1
K =] 10.2324 —0.0486 O
0 0.0194 -1

by direct computation, it follows that
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Fig. 8.1 The fault reconstruction for the robot system with the fault signal f = 0.5 sin u (Left fault
signal; Middle reconstruction signal; Right reconstruction signal with sensor noise)

-12 0 0
Ca(Ay — ASL)C ' + oK =| 0 —1.1 0
0 —1

and thus (8.30) is true. The design of the observer (8.12)—(8.13) is now completely
specified. From (8.103)—(8.105), Im(E»,) N Im(Dy;) = {0}. A suitable choice of the

decoupling matrix is
0 1
vl

with H, = —21.6216. Then, for any fault f, from Theorem 8.1, the signal f obtained
from (8.35) is a reconstruction of the fault.
For simulation purposes, a linear state feedback controller

u =[-0.6797 13.0863 0.2836 — 35.8391]x

has been introduced to stabilise the system. In the first case, the fault signal is
f () = 0.5 sin u which does not affect the stability of the system. The associated sim-
ulation is shown in Fig. 8.1. In the second case the fault signal is f(¢) = sin « which
destroys the system stability. The corresponding simulation is shown in Fig.8.2.
The simulations show that the signal f can reconstruct the fault perfectly even if
the faults destroy the stability of the system. However, in the second simulation the
reconstruction properties will eventually be lost over time as the states of the plant
become unbounded. It also shows that in the presence of sensor noise the reconstruc-
tion scheme is still effective because in this case the reconstruction can still preserve
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Fig. 8.2 The fault reconstruction for the robot system with the fault f = sinu (Left fault signal;
Middle reconstruction signal; Right reconstruction signal with sensor noise)

the fault signal shape and the effect of the fault is clearly visible in the detection
signal.

8.4.2 Sensor FDI for a Mass—Spring System

Consider a mass—spring system with a hardening spring, linear viscous friction and
an external force described by

MX + cx + px + pa’*x® = u (8.106)

where x denotes the displacement from a reference position, M is the mass of the
object sliding on a horizontal surface, x4 is the spring constant, a represents a coef-
ficient which is associated with the hardening properties of the spring and u is the
control signal which represents an external force applied to the system (see, [91],
pp- 8-9). Let z = col(z, z2) = (x, x). The system output is assumed to be y = z;.
The parameters are chosen as in ([91], pp. 172-173). Then, the system is described
in the form of (8.52)—(8.53) as follows:

7= [8 é]z-i‘|:(1):|(_21_Z2—Z?+u)+‘1/(2) (8.107)
S —’ ~—— ®(x,u)
A B
y=[1 0]z+Df () (8.108)
[ —

C
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where D = 1 and the term Df;(z) is the sensor fault added to illustrate the results
developed in Sect. 8.3. It is assumed that ¥ (-) includes all uncertainties present in
the system and in this case is assumed to satisfy

|¥(z)| < 0.1sin’ y.

This function has been added to demonstrate the results which have been developed
and is not a feature of [91]. The domain considered in this example is

2 ={(z1,22) | lz1] < 0.44,z; € R}
Let A =[—1 — 1]. It follows that Assumption 8.5 holds with
F(z,u)=—-z;+u

which satisfies (8.61) in §2 with .2 (u) = 0.5808. Choose ¢; = v = 1. It follows that
the LMIs (8.96)—(8.98) have a solution

_ | 1.2047 0.2428
1 0.2428 1.2881
and 8 = 0.6 > Z(u). Therefore, the conditions of Proposition 8.3 are satisfied in
the domain £2.
Choose A, = —1. Obviously D; can be chosen as

D, =D=1, and B,=1.

Then the filter is described by
}‘Ca =—Xs+Yy
Ya = Xgq.S.

If k(¢) is chosen to satisfy (8.78), it follows that fs = v, is a reconstruction for
fs(¢) if () = 0 and an estimate of the fault f;(¢) if ¥ (-) # 0. The simulation in
Figs. 8.3, 8.4 and 8.5 shows that the approach is effective. The middle figure in Fig. 8.3
shows that the reconstruction signal reproduces the fault faithfully if no uncertainty
is present in the system and thus the sensor fault can be detected easily from the
reconstruction. The lower figure in Fig. 8.3 considers the case when

¥ =1[0.6 0.6]" sin® y.

It shows that the estimation signal still reproduces the fault to a reasonable extent
when uncertainty ¥ (-) is present. In the presence of uncertainty, it follows that for
any € > 0, there exists a time 7} such that
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Fig. 8.3 Sensor fault reconstruction/estimation for Mass—Spring System (8.107)—(8.108) (Upper
fault signal; Middle reconstruction signal; Bottom Estimation signal where the dashed line is the
estimation signal and the solid line is the fault signal
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Fig. 8.4 State estimation of Mass—Spring System (8.107)—(8.108) without uncertainty (Upper
placement of the mass and its estimation; Bottom speed of the mass and its estimation

A 0.0444 + ¢
) — fO| < ————+¢e, t>T.
1@ = fOI = =555 T ¢ >T
In this case, an appropriate threshold is required to be established for fault detection.
The error bound given above is conservative and the performance which is achieved
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Fig. 8.5 State estimation of Mass—Spring System (8.107)—(8.108) with uncertainty (Upper place-
ment of the mass and its estimation; Botfom speed of the mass and its estimation

by the scheme is considerably better. Figures 8.4 and 8.5 shows the state estimation of
the Mass—Spring system (8.107)—(8.108) with and without uncertainty respectively.

8.5 Summary

Approaches for robust fault estimation and reconstruction for a class of nonlinear
systems have been proposed in this chapter based on a sliding mode observer. The
observer design parameters can be obtained using LMI techniques in a systematic
way. Under appropriate conditions, the reconstruction signal can approximate the
fault signal to any accuracy even in the presence of uncertainties. The proposed
FDI scheme is straightforward to implement in real systems and can be applied to a
reasonably wide class of systems.

For the sensor fault case, the nonlinear system has been transformed to a sys-
tem with special structure to facilitate the design, and an augmented system has
been established by designing a simple filter to process the outputs. A sliding mode
observer has been proposed for the augmented system to estimate the system states.
Based on the observer, sensor FDI schemes are presented for the system with/without
uncertainty.

Case studies have shown that the proposed FDI schemes are effective. The simu-
lation examples show how to use the reconstruction signal to detect a sensor fault.



Chapter 9
Application of Decentralised Sliding Mode
Control to Multimachine Power Systems

In this chapter, a robust stabilisation problem for multimachine power systems is
considered using only output information. The power system is formed from an
interconnected set of lower order systems through a network transmission which
is nonlinear and has an associated nonlinear bound. Under some mild conditions,
a decentralised sliding mode control scheme is developed. Simulation results for a
three-machine power system are presented to show the effectiveness of the proposed
method.

9.1 Introduction

The demand for electrical energy has increased greatly with the development of tech-
nology. Various complex power systems have been built to satisfy this demand. These
systems are often modelled as dynamic equations composed of the interconnection
of a set of lower dimensional subsystems through a network transmission.

The complexity of the multimachine power system comes from its high dimen-
sionality (if there are many generators), strong nonlinearity (each motor behaves
nonlinearly) and strong interconnection between the subsystems (all the generators
usually interact with each other), which makes traditional linear centralised con-
trol schemes difficult to implement. In fact, multimachine power systems are often
widely distributed in space, and thus the information transfer among subsystems
may be very difficult due to high cost, or even impossible due to practical limita-
tions. These factors motivate the development of decentralised control which can
avoid such shortcomings.

Power systems are important and many stabilising control schemes have been
proposed for such systems. In [109], using modern geometric methods, Lu and Sun
proposed a nonlinear control scheme for a multimachine power system. However,
the approach is based on a mathematical model with fixed structure and without
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uncertainty. Wang et al. [183] studied a class of single-machine systems, which was
later extended to multimachine power systems in [182].

Decentralised control is an effective approach for the control of large-scale inter-
connected systems (see, for example [204, 214]), and many authors have successfully
applied these techniques to multimachine power systems. Based on estimated states,
a decentralised control strategy is presented for multimachine power systems in [19].
Recently, robust decentralised controllers have been designed for multimachine sys-
tems in [67] exploiting the systems lower triangular structure. In [67], however,
parametric uncertainty is not considered and only matched interconnections are dealt
with. Xie et al. [193] have developed a control scheme to deal with parametric uncer-
tainty using LMIs. However, it should be pointed out that in all these results it is
required that the interconnections are bounded by linear functions of the norm of the
system state. Furthermore the uncertainty structure is not used in the control design,
which may result in unnecessary conservatism. All the results mentioned above [19,
67, 193] are state variable based.

However, usually, all the system state variables are not fully available. Sometimes
it may be possible to use an observer to estimate unknown states, but unfortunately,
this approach not only requires more hardware resources, but also makes the dimen-
sion of the corresponding closed-loop system increase. This may cause further dif-
ficulties, especially for large-scale power systems and thus it should be avoided if
possible. Therefore, it is pertinent to study decentralised control for multimachine
power systems using static output feedback.

In this chapter, as in previous work [108, 193], only the excitation control prob-
lem is considered. Not only are nonlinear interconnections considered, parametric
disturbances are dealt with as well. Furthermore, the interconnections are allowed
to be nonlinear and have nonlinear bounds. Mismatched uncertain interconnections
are dealt with and parametric uncertainties in the direct axis transient short circuit
time constants, which affect the subsystem input distribution matrix, are considered.
By using the approach outlined in Sect. 2.5, an output sliding surface is synthesised
which has stable sliding dynamics when the system is restricted to the surface. The
approach used in this chapter is practical when compared with previous theoretical
output feedback sliding mode control strategies which impose some strong geo-
metric conditions on the nominal subsystems. A robust decentralised sliding mode
controller is proposed, using only system output information, such that the system
can reach the sliding surface in a finite time. Robustness is enhanced by using the
sliding mode technique and conservatism is reduced by fully using system output
information and the available structure of the uncertainties.

The proposed approach can deal with interconnection terms and parametric dis-
turbances with large magnitude. It also allows significant nonlinearity to be present
in the interconnection terms. Furthermore, the obtained results hold in a large region
of the origin if the control gain is high enough. This allows the operating point of
the multimachine power system to vary to satisfy different load demands. Finally,
simulation results for a three-machine power system are presented to illustrate the
control scheme.
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9.2 Dynamical Model for Multimachine Power Systems

The exciter is one of the main control systems which directly affect the performance
of multimachine power systems. It can be approximately depicted by Fig.9.1.

The classical model of power systems was given by Bergen [8] (see e.g.,
Sect. 1.5.5). Based on the model in Bergen [8], multimachine power systems con-
sisting of N synchronous generators interconnected through a transmission network
can be modelled, as in [67, 108, 182, 193], by:

Xi = (A + AADx; + (Bi + ABj)vyi + Mi(x) + AM; (x) ©.1)
yi:C,’x,’, i=1,2,...,N, (92)
where x = col(xy, x3, ..., xy) with

x; = col(x;1, Xiz, Xi3) := col(8; — 8o, Wi, Pei — Puio)

for i=1,2,...,N; vs; € R and y; € R” are the input and the output of the

i-th subsystems respectively; C; € RP*3 with p; < 3 is the system output matrix;

M;(x) is the interconnection term; and AM;(x) includes the network transmission

disturbance, the torque disturbance acting on the rotating shaft, the electromagnetic

disturbances entering the excitation winding and other unstructural uncertainties.
The nominal system and input distribution matrices are

0 1 0 0
D,‘ [
A= |0 = o |, Bi=|0 9.3)
1 1
0 0 -5 T
Synchronous
Exclter
i enerator
signals Amphﬁ . >
Vief > To the rest
of system
Stabxhsauo >
network 2 Potential

T T Ttra.nsformers

Rechﬁer

Fig. 9.1 Excitation system
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The uncertainty is described by

000 0
AA;=1(000 |, AB;=1| 0 |, 9.4)
006 —0;
where
1 1
= — - 9.5)
Tdoi Tdoi + ATdoi
The interconnection term is given as
0
Mix)=| 0 |, (9.6)
D;(x)

where

N N
@i (x) = E,; > E} Bijsin(8; — 8;) — Ej; > E};Bi;cos(§; — 8);.  (9.7)
j=1 j=1

The input control variables are
v = LgiKeiupi — (a0 — X3 1gilai — Pio — Tp; Qei i, 9.8)

where u f; is the actual input of the amplifier of the i-th generator fori = 1,2,..., N.
The physical meanings of all the symbols used above are shown in Appendix E.1.

In this work, P,,; = Pyio = constant since only excitation control is considered.
It should be noted that direct feedback linearisation compensation for the power sys-
tem representation has been used to obtain the system model (9.1)—(9.2) as described
in [182]. The feedback transformation (9.8) is nonsingular since I,; K.; # 0 for a
generator working in the normal region.

From the work in [67]:

N
D) < D (vihIsind; | + v ;1) | 9.9)
Jj=1

where the constants y;} and y,!/ are defined by

Vij = ,Lm,wm (9.10)
|Td0j|min

Vi? = |Qei|max~ (911)
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Therefore, fori =1,2,..., N
N
IM; ()| = 10: ()] < D (vihIsinxji| + v |xjal) - (9.12)
j=1

Remark 9.1 From (9.7) and (9.12), it is observed that the interconnections M; (x)
are nonlinear and their bounds also take nonlinear forms instead of constants as in
the work described in [67]. By using the nonlinear bounds, a control scheme with
reduced conservatism will result.

9.3 Sliding Motion Analysis and Control Design

In this section, a sliding surface will be synthesised using the approach proposed by
Edwards and Spurgeon [37, 38]. Then, under some mild conditions, the stability of
the sliding mode dynamics is analysed and a decentralised output feedback sliding
mode control strategy is proposed to guarantee that the system (9.1)—(9.2) can reach
the sliding surface in finite time and remain on it thereafter.

9.3.1 Basic Assumptions

Some basic assumptions are imposed on the system (9.1)—(9.2).
Assumption 9.1 The matrices C; and B; satisfy C;B; # 0 fori =1,2,..., N.

From Sect. 2.6, it follows that Assumption 9.1 implies that there exists a nonsin-
gular linear coordinate transformation such that the triple (A4;, B;, C;) with respect
to the new coordinates has the structure

T _ A An = _ 19 ~ ~
Ai = [A,-3 A,»J’ Bi = [bl}’ Ci=[0 Cnl, (9.13)

whereAv,-L e R¥2 b, e Rand Ci» € R *Pifori = 1,2, ..., N.Furthermore b; # 0
and det(Cyp) # 0.

Assumpti0n~9.2 ;Fhe triple (Av,-l , Z,»g, &) is output feedback stabilisable, where the
matrix pair (A;1, A;») is given by (9.13) and the matrix &; =: [0(p,—1)><(n;—[7;) I,,[_l]
fori =1,2,..., N.

Under Assumptions 9.1 and 9.2, Edwards and Spurgeon [37, 38] show that there
exists a coordinate transformation x; — z; = T;x;, wWhere
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I 0
Ti_[—K,-E,- 1}

such that in the new coordinates system (A;, B;, C;) has the following structure

An An 0 '
[A,-,z A,-J’ [b,-]’ [0 Cal, (9.14)

where A;; = Zil — gizKi &, is stable, b; # 0 and C;; € RPi*Pi is nonsingular.

Remark 9.2 Assumptions 9.1 and 9.2 are limitations on the isolated nominal subsys-
tems. They ensure the existence of the output sliding surface. Notably, Assumption
9.2 requires (Z,-l, Z,Q, Z;) instead of (A;, B;, C;) to be output feedback stabilisable.
This is in contrast with other output feedback control results for interconnected sys-
tems (see, for example [196, 214]). It should be emphasised that all the matrices
in (9.13) and (9.14) can be obtained directly from (A;, B;, C;) using the algorithm
given in [37, 38].

Assumption 9.3 There exist positive constants ; < 1 and known continuous func-
tions B;;(x;) such that

IT,,:0i1 < (9.15)

N
1AM ()1 < D BisGeplixgll. (9.16)

j=1
fori, j=1,2,...,N.

Remark 9.3 Assumption 9.3 is a limitation on the uncertainties that can be tolerated
by the system. From the work in [108, 193], these assumptions are fundamental and
reasonable. The structural requirement on the interconnection bounds in (9.16) is not
essential because it can be easily extended to a more general case (see for example
[215]).

9.3.2 Stability of Sliding Motion

Based on the assumptions above, the stability of the sliding mode is analysed in this
section. Suppose Assumptions 9.1 and 9.2 are satisfied. From Sect. 2.6, there exist
matrices

Fi=[K 1] (9.17)

such that fori = 1,2, ..., N the system

)'Ci = A,-xi + Bini
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when restricted to
FiCixi =0

is stable, where F;C;x; = 0 is called the switching surface. Consider the composite
sliding surface for the interconnected system (9.1)—(9.2) as

S(x)=0 9.18)

with S(x) =: col(S1(x1), S2(x2), ... Sy(xy)) and
Si(x;) = F;Cix; = Fyy;, 9.19)
where the F; can be obtained from the algorithm given in [37, 38]. Next the stability of

the system (9.1)—(9.2) when restricted to the sliding surface (9.18) will be considered.
From the structure of AA; in (9.4), it follows that

0
TAAT 'z =T | O | = (TiB)T,0:(Pei = Puio)- (9.20)
0 xi3
In the new coordinates z = col(zy, z2, - - - , Zn), System (9.1)—(9.2) has the following
form
. A A 0 / / /
Zi = |:Ai3 Ai4:| zi + |:bi ((1 = Tyoi0)vyi + 0i Ty (Pei — Puio) + Ty, Pi (X))
+T; AM; (x) 9.21)
yi=[0 Ci]az, i=1,2,...,N, (9.22)

where A;; is stable, b; # 0 and C;, € R”*Pi is nonsingular with
Fi[0pxm—py Cia] =[012 fi]. (9.23)
where f; # 0 is a real constant.
Since A;; is stable for i = 1,... N, for any A; > 0, the following Lyapunov
equation has a unique solution I7; > 0 such that

AL + Ay = —4A;, i=12,...N. (9.24)

For convenience, partition

T _
T = [T} T = W Wi, (9.25)

where T;; € R>3 and W;; € R3*2. Then, System (9.21)—(9.22) can be rewritten as
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Zi = Anzin + Anzin + T AM (T ') (9.26)
Zio = Aiszit + Aiszio + (1 = Ty ,00)v i + 6T, APej + T, @i (x)
+Tin AM (T '2) (9.27)
yi=[0 Ca]z, i=1,2,...,N, 9.28)
where T~! =: diag {Tfl, /P T]\jl}, zi1 € R? and z;» € R. Now, consider the

sliding surface (9.19) in the new coordinate system. From (9.23),
F [0 Ci]zi = fizin
and since f; # 0 it follows that the sliding surface (9.18) becomes
zip =0, i=12,...,N. (9.29)

When System (9.26)—(9.28) is restricted to the sliding surface (9.29), it has the
following form

zin = Anzin + TnAM;(Wzy), i=1,2,...,N, (9.30)

where z; =:col(z11,0, 221,0,...,2z51,0), and W =:diag{W;,0, W5,,0, ...,
Wi, 0}.

Theorem 9.1 For System (9.1)—(9.2), suppose Assumptions 9.1-9.3 are satisfied.
Then, the sliding mode is asymptotically stable if there exists a domain §2 C
RN*0=m) including the origin, such that

L™+ L>0
in 2 \ {0}, where L € RN*N is given element-wise by

1. = L Anin(AD) = 2L T Wil Bii (Winzin, 0), 0 =
Y =2 IL Tl Wi Bij(Wj1z1, 0), i #J,

where I1; and A; are defined in (9.24), and Ayi, () denotes the minimum eigenvalue
of the matrix fori, j =1,2..., N.

Proof From the analysis above, all that needs to be proved is that System (9.30) is
asymptotically stable. For System (9.30), consider the Lyapunov function candidate

N
V=> @) Mz

i=l

The time derivative of V along the trajectories of System (9.30) is given by
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N

Vs =, { — (@) Aizin +2@i)° HiTilAMi(WZl)}, 9.31)
i=1

where (9.24) is used to obtain the first term in the bracket. From Assumption 9.3

N

N
V= D = R (A Iz 1P+ 2z Tl 1AM (W)l )

i=1 j=1

N N N
=D a0zt 22 D7 Uz DTl D By Wiz, OIWl izl

=
i=1 i=1 j=1
N
= = > [Fn (40 = 285 Warzia OULTa | 1Wa i
i=1
N N
ZZ Bii(Wirzjn, OV T [ Wl N1zl 1z
g
Iz
1 . lz21ll
=3 Uznll lzanll -~ lzmi ] (L7 + L) N (9.32)
lzwi
Then, the conclusion follows since L*+ L >0 for col(zi1,z21,...,2N1)
€ 2\ {0}. #

It should be emphasised that in Theorem 9.1, L* + L > 0 only depends on the
partial state variables z;; instead of the entire state variables z; (actually x;). This is
in contrast with the work [196, 214, 215]. As such, this result is less conservative.

Theorem 9.1 presents a condition under which the sliding mode dynamics is
asymptotically stable. The next objective is to design a decentralised output feedback
sliding mode control law such that the system state is driven to and maintained on
the sliding surface.

9.3.3 Sliding Mode Control Synthesis

Traditionally, the reachability condition (see for example [38, 173]) is described by

ST(1)S8(1) <0
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for small-scale systems with switching function S(¢). However, for the interconnected
system (9.1)—(9.2), the corresponding condition is described by

i ST S (xs)

<0, 9.33
1S (xi) I 039

i=1

where S; (x;) is defined by (9.19). For details see [69]. This condition is called com-
posite reachability condition for the interconnected systems.
From (9.12) and (9.16), fori =1,2,..., N

N
1M; (x) + AM; ()| < Z vl sinxgil + vl 1xpl) + Zﬂu ENIES

j=1

Mz i

nij(x;). (9.34)
1

-
Il

In order to fully use system output information, consider the output matrix C;. Com-
paring System (9.1)—(9.2) with (9.21)—(9.22), it follows that

—[0 Ch]T,=Cnl0 1,]T;, i=1,2,...,N, (9.35)
pi

where C;, is nonsingular and satisfies (9.23). Splitting 7;x; into two components
(Tix;), € RB3=P) and (T;x;),, it follows that

sormn = () [GR] e

Further, let
FiC AT = [T 73] (9.37)
FC, [TO_J — [ T 9.38)

where Tl denotes the third row of the matrix Tl._l, T, € R*G=P) and I3, €
R'*G=r) forj = 1,2, ..., N. Since

FiCiB; = F;,CiT, ' T;B; = F; [0 Cio] m =[0 1] m = fibi

it follows that F;C; B; is nonsingular due to f; # 0and b; #Ofori =1,2,..., N

The objective is to satisfy the composite reachability condition (9.33). Consider
System (9.1)~(9.2) in the domain Z =: Z; x  x --- x Dy, where Z; € R? and
explicitly
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= {xi | e R, N(Txll <=}, i=12,...,N (9.39)
for some positive constant p;.
Then, the following control law is proposed fori = 1,2,..., N
1 1. - o; -
vji = = (FCiB) sign(Fiy) [172C3 0l + - 112 will + ki) |.

doi
(9.40)

where sign(-) represents the signum function, F; is defined by (9.19) and can be
designed by the approach in [37, 38], «; is determined by Assumption 9.3, and
k;(y;) = 0 is a control gain to be designed later. Obviously, the control law (9.40)
depends only on system outputs and is decentralised.

Theorem 9.2 Consider the nonlinear interconnected system (9.1)—(9.2). Under
Assumptions 9.1-9.3, the decentralised sliding mode control (9.40) drives the system
(9.1)—(9.2) to the composite sliding surface (9.18) and maintains a sliding motion in
the domain 9 if the control gain function k;(y;) satisfies

ki(yi) > (IlTnll o IIElll) Hi +Z I1F;Clinji(xi), (9.41)
doi

j=1

where F; and nj; are determined by (9.19) and (9.34) respectively for i, j =
1,2,..., N and 2 is defined by (9.39).

Proof 1t is necessary to prove that the composite reachability condition (9.33) is
satisfied.

From (9.19), (9.37), (9.38) and the structures of B; and AB;, the sliding mode
dynamics of the system (9.1)—(9.2) can be described by

Si(xi) = FiCi(A; + AA)x; + FiCi(Bi + AB)vyi + F,C; [Mi(x) + AM; (x)]
= (Y1 +6:T) (Tix)i + (Yoo +60:112) Cy' vi + FiCiB; (1= 6,T),,) vy
+FC; [M;(x) + AM;(x)] (9.42)
fori =1,2..., N. Substituting (9.40) into (9.42), it follows that

ﬁ: ST () S ()
1 o) |

i=1

(Fiyi)* —1 1-6:T,, —1
Z (T2 +6,T72) €' yi = ——— 2 sign(Fyy) (117225 il
1Fyil [—a

o 152C3 ill) + (T + 6 T50) (T + FiC My (x) + AM; ()]
doi

1-6,T;,
= sien(Fiynk (y»] (9.43)
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From Assumption 9.3,
1-6T), >1—|6T),,|>1—a >0. (9.44)

Then, fori =1,2,..., N

(Fiy)" _ 1-6,T) _
o (a4 0T Gy = ebsian(Fio) (172G i
I F yill 1
02 ||)}

Tdut !

(Fiyi)® ( -1 1 I—Q[Td/
= TGy + 6T Y‘)—i‘"(IITzC will+ = 1T2C i)

“Flyl” i 2 i il 2 X 1*(11‘ 4 i2 i Tdm i i2
< 1702C5 yill + 16: 1 152 C yill = 1172C 5 yill — - 1T Co il

doi
(I9| 7 )IIEzC,2 yill
doi
<0, (9.45)

and from (9.34)

(Fi)’i)r T 0: T T:x; F.C: [M: AM:
[y | (T 630 T+ By G [Mi () 4 AM; 0]
1

0; T}
— g s (Fk (y»}

= TE LT G0 T+ FC (M) + AMi@)] | = == 2k o)
L1 1

< (IITil I+ T, IIElll)II(TiXi)lll +IFCill IM; (x) + AM; (x) || — ki (vi)
doi

N
= (”Til” Tt ||F,1||)||(Tx,)1|| +IE Gl Zm,(X,) ki (vi), (9.46)
doi j=1

where (9.44) is used to establish the first inequality.
Now, substituting (9.45) and (9.46) into (9.43), in the domain &

ﬁ-‘ ST S ()

SISl
N N
szi(nmw% |IE1|I)M,+I|FCI|IZ;77U()C,) k(y»]

[(1rit+ =) + S Fc) ey —ki(yo]. 9.47)

j=1

I
l\ﬂ—z
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Then, if k; (y;) is chosen to satisfy (9.41), it follows that in the domain &

is () Si (x;)
1S (x0)]

Hence, the result follows. #

Remark 9.4 1t should be noted that Inequality (9.41) can be satisfied globally only
in some specific cases. However, it can always be satisfied in the arbitrarily large
domain Z with u; < ocofori =1,2,..., N if the control gain k; (y;) is sufficiently
high. In fact, one conservative choice of k; (y;) is

N

15+ 32 N, C 1l max (s ((Tixon, €'}

j=1

ki (yi (Ti
i) >l 1”+Td/m

fori=1,2,...,N

Remark 9.5 From the analysis above, it is observed that there is no special require-
ment on the interconnections M;(x;) for i = 1,2,..., N. Only their bounds are
assumed to be known. This shows that the approach is applicable to the multima-
chine power system which has high nonlinearity and coupling.

Remark 9.6 From (9.8) and (9.40), the designed excitation control for the original
multimachine power system is as follows

1 1 . .
upi =~ ]qi o [1 ——(FCiB) sign(Fy) (IT2C3 i
o 112 C3 il + ki (0)) + Gar = X3 Lyilai + Poio
doi
+T4,,iQeiwi}, i=1.2....N. (9.48)

Remark 9.7 According to sliding mode control theory, Theorems 9.1 and 9.2 show
that the closed-loop system resulting from the designed control law (9.48) and sys-
tem (9.1)—(9.2) is asymptotically stable. Moreover, under Assumptions 9.1-9.3, the
multimachine power system is globally stabilised by (9.48) if fori, j =1,2,..., N,

(i) LT 4+ L > 0is satisfied globally;
(ii) ;i =0and I} =0;
(iii) 7;;(x;) is bounded by a function of y;.
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9.4 Simulation for the Three-Machine Power System

Consider the three-machine power system shown in Fig. 9.2, where the generator 3
is an infinite busbar being used as a reference.

This system is also called the two-machine infinite bus power system (see [67]).
The simulation parameters listed in Appendix E.2 are chosen as in [67, 193]. Then
it follows that

|Pel|max = |Qel|max =14, |P62|max = |Q62|max =15
|7}, Imin = 6.21's, I}l min = 7.614s )

As in [193], take
AT, =0.1T,,,

fori = 1, 2. With the chosen value of AT ., it follows that Eq. (9.15) is satisfied for

0i°
o =ar =0.1.
In addition, assume

IAM, || = [AM, || < (x13 — 0.0025x11) [l [I* 4 0.006] x2 .

Then, from (9.1)

0 1 0 0
A =|[0-0.625 —39.27 |, B = 0 ,C = |:(1) 0 (1)1|
0 o0 —0.1449 0.1449
Fig. 9.2 A three-machine Generator 1 Generator 2

power system @ @

X
Xng 8 Xr
T 2%s —|"|'

Infinite
Busbar
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and
0 1 0 0 00 1
Ay =[0-0.2941 -308 |, B, = 0 , Cyp = 0ol
0 0 —0.1256 0.1256

where C and C, are assumed to be the system output matrices.
Obviously, Assumption 9.1 is satisfied. Let

K, = —0.0025, K, = —0.0008.

Then according to the algorithm given by Edwards and Spurgeon [37, 38], it can be
verified that Assumption 9.2 is satisfied, and the appropriate transformation matrices
(9.25) are given by

0 10 0 10
T,:[%}: 1 00/, Tzz[%}z 1 00
12 —0.0025 0 1 2 —0.0008 0 1
and consequently
0  1.0000 0 1.0000
Wi =|1.0000 0 |, W, = | 1.0000 0
0 0.0025 | 0 0.0008

In the new z; coordinate system, the special representation of the triple in (9.14) takes

the form
—0.6250 —0.0982| —39.27

[;‘“ ;‘12]= 1.0000 0 0
13 14 —0.0025 —0.0004|—0.1449

A ~0.2941 —0.0246|—30.8000
[ I A”] =| 10000 0 0
2o —0.0008 —0.0001| —0.1256

and

0.0025 1 0.0008 1
C12=[ ) 0:| C22=[ ) 0:|.

The associated switching functions matrices from (9.17) are
F = [1 — 0.0025], F = [1 — 0.0008].

Choosing A; = I, A, = 0.1, and solving the Lyapunov equations (9.24) yields
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I,

| 8.9466 5.0916
~15.0916 4.0608

and

17, — [7:08102.0325
27 12.03250.7720 |-

Since in the sliding surface
x13 —0.0025x;; =0
it is straightforward to see that
BuiWiizi1,0) =0, and B (Wiz11,0) =0
and further

Bi12(Waiz21,0) =0.006, and  Bor(Waiza1, 0) = 0.006.

By direct computation,

. [ 20000 —0.1458
L+i _[—0.1458 0.0157} 0

Then, from Theorem 9.1 the designed sliding mode is globally asymptotic stable.
From Theorem 9.2, the three-machine power system is stabilised by the control law

vii(y) = —mﬂgn()’u - 0.0025y12)(0.1449|y11|

g 1 = 000253121 + ki) (9.49)
via(y2) = —msign(yzl - 0.0008y22)(0.1256|y21|

Foge ot~ 0.0008y2l +ka(0)) 9.50

where

ki(y1) = 2.9025.; + 1.8036] sin y2| + (y11 — 0.0025y10) (%, + v, + u?) + 0.5,

ky(y2) = 2.9008, 4 1.471| sin yp| + 0.012,/y§1 + y§2 + M% +0.5.

The original control signals u s; and u r, can be obtained from (9.48).
For simulation purposes, let

M1 = pa =3.
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Fig. 9.3 The time responses of the three-machine power system under control (9.49)—(9.50)

The operating point is chosen as

810 = 60.98°,

Simulation results with initial conditions

xo = (0.05,—0.5,0.3,0.1,2, 0.4)

820 = 58.62°
w10 = Wy = 0 I'/S, Pml() =1.1 p-u.,

sz() =1.0 p-u.

are presented in Fig. 9.3 to verify that the results are as effective as expected.

9.5 Summary

— o,
A _ mz
\
\
\\
0 2 4 6 8
time/s
— s,(t)
)
\
L\
0 0.2 0.4 0.6 0.8 1
time/s

This chapter has presented a sliding mode control strategy to stabilise multimachine
power systems using only static output feedback. A composite sliding surface is ini-
tially formed and then a decentralised control scheme is synthesised which guarantees
the reachability condition holds for the whole interconnected system. The developed
results are convenient for practical design due to their static output feedback nature.
Significant matched uncertainty and nonlinearities in the interconnection terms can
be accommodated. Simulation shows that the results are effective.



Chapter 10
Concluding Remarks

Study of complex control systems has received much attention in order to satisfy the
increasing requirement for system performance in the modern world. This book has
presented some of the recent research work of the authors along with associated fun-
damentals in the area of variable structure control. There is great interest in the area
of variable structure control, as high robustness is pursued by engineers working in
a wide variety of application areas. The book has included various feedback frame-
works including static output feedback control design, dynamical output feedback
control design and reduced-order compensator-based feedback control for complex
systems. Both time-delay dependent and independent control schemes have been
presented for complex systems in the presence of time-delays. Centralised control
for nonlinear systems and decentralised control for interconnected systems have been
considered. Sliding mode observer-based fault detection and isolation strategies have
also been discussed. Many examples and case studies with simulations have been
provided to demonstrate the theoretical results, which also help readers to understand
and apply the theoretical results provided in this book.

This book has focused on enhancing robustness to uncertainties and reducing
conservatism of the theoretical results. All uncertainties considered in this book are
nonlinear and bounded by nonlinear functions of the system states and/or delayed
states, or outputs and/or delayed outputs. This is in comparison with other relevant
work in which it is required that bounds on uncertainties satisfy linear growth condi-
tion [75, 84, 112, 132, 186, 201]. Both static and dynamic output feedback controllers
are designed to stabilise complex control systems: the former is convenient for prac-
tical design but the developed results are usually conservative; the latter usually
results in low conservatism but requires more resources in real implementation. All
time-delays involved in this book are time varying, and the Lyapunov—Razumikhin
approach is employed to deal with the time-delay. There is no limitation to the rate
of change of the time-delay. Reconstruction/estimation for both system faults and
sensor faults is considered using sliding mode observers. The results presented in this
book are based on rigorous underpinning theory, but with wide practical applications.
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It should be pointed out that nearly all of the designed controllers in this book are
variable structure which usually results in discontinuous systems and thus chattering
may occur. Chattering may be harmful because it leads to low control accuracy and
high wear of moving mechanical parts although chattering is tolerable for some
systems such as power electronics. In order to overcome/attenuate chattering, the
boundary layer approach was proposed in [13]. This provides a smooth control signal
at the cost of control accuracy. The other choice is to apply higher order sliding mode
techniques which achieve finite time convergence and yield continuous closed-loop
systems [5, 9, 99, 153]. This area has not been considered in this book.

Since the systems considered in this book are complex and all developed results
are mathematically rigorous, the proposed control schemes, fault detection and iso-
lation strategies are complex and thus may be difficult to implement in real systems.
How to implement the various theoretical control schemes presented in this book is
a challenge for researchers and control engineers. Even from a theoretical point of
view, the study of complex systems is far from mature. All of the existing results are
for a limited class of complex nonlinear systems and nearly all of the obtained condi-
tions are sufficient. The degree of conservatism in the results is important: how large
is the class of systems and how conservative are the conditions. It should be noted that
for many known nonlinear unforced systems, it is very difficult to know whether the
nonlinear system is stable or not. The stabilisation problem for nonlinear control sys-
tems with uncertainties, delay and/or coupling is even more challenging. It is worth
noting that this book, like most of the existing efforts on complex systems, focused
on reduction of conservatism or enhancement of robustness provided the nominal
systems have the desired performance or assuming that the controllers/observers
have been well designed for the nominal system.

In the real world, there are many phenomena which need to be explored. Thus
complex models are required to describe various phenomena, which will increase
the complexity of the research. It is impossible to find a systematic way to study all
complex systems as has been done for linear systems. Recall, at the beginning of
the book, it was mentioned, from a general point of view, that nonlinearity, uncer-
tainty/modelling error, time-delay and interconnection are sources of complexity.
Some specific examples and remarks to help readers to further understand the com-
plexity caused by these sources are now provided. This motivates suggestions for
possible future work.

Nonlinearity is one of the main characteristics of complex systems. The systems
studied in this book are either nonlinear or have nonlinear uncertainty (bounded
by nonlinear functions). The behaviour of a nonlinear system is usually very hard
to predict or control even for a specific nonlinear system. Instead of studying the
nonlinear system itself, the book has focused on developing less conservative results
to tolerate/reject the effects of uncertainties by using available information about the
uncertainties. In this way the systems considered have the desired performance even
in the presence of uncertainties provided that the corresponding nominal systems
have the desired performance. Although studies on linear systems have become very
mature, many ideas/results for linear systems cannot be extended to nonlinear cases.
In connection with this, the following simple example is provided.
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Example 10.1 Tt is well-known that a simple linear system

X = Ax (10.1)
wherex € R” is the system state and A € R"*” is a constant matrix, is asymptotically

stable if all the eigenvalues of the matrix A lie in the left-half plane. However, this is
not true for nonlinear systems. Consider the following 2nd-order nonlinear system

1 L
x() = [ 01 f(i) i|x(t) (10.2)
—————

Ax)

where x = col(x, x») € R? is the system state and the initial condition x; is given

by
EEIONENE!
X0 i= [xz(o)] = [%} (10.3)

It is clear to see that both the eigenvalues of the matrix A(x) in (10.2) are negative
for any x € R?\ {0}. However, the solution to the Eq. (10.1) with respect to the
initial condition xq is not stable.

It can be seen that x, = %e". Then using the integrating factor approach, it
follows that x; = e’. Therefore, the solution to System (10.1) with initial condition

xg = col(1, 1) is

xi(t) =¢é

(1) = Lot
X2 = 26

which is not stable.

Remark 10.1 Example 10.1 shows that a nonlinear system
X =Ax)x (10.4)

where x € R” and A(x) € R™”, may not be stable even if all the eigenvalues
of the matrix A(x) are negative in the considered domain. In order to guarantee the
stability of nonlinear system (10.4), extra conditions are required: detailed discussion
is available in [3]. This is true for linear time-varying systems as well, that is, a time-
varying system x(#) = A(#)x(#) may not be asymptotically stable even if for any
t € R, all the real parts of the eigenvalues of matrix A(z) lie on the open left-half
plane. Like the well-known modern differential geometric approach for nonlinear
systems proposed by Isidori [79], to explore new tools to study nonlinear control
systems is interesting and challenging.
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An interconnected system can be considered as a system composed of many
lower order subsystems interacting with each other, for which decentralised strate-
gies are preferred. It is well-known that even if all the isolated subsystems are
stable/controllable/observable, the whole interconnected system may not be sta-
ble/controllable/observable, which implies that the interconnections affect the
performance of the whole interconnected system. This book has shown that if the
interconnections or the bounds on the uncertain interconnections have a ‘superposi-
tion’ property, their effects can be reduced/cancelled by designing a proper sliding
mode controller even if only a decentralised scheme is employed. To deal with
interconnections between the isolated subsystems is one of the main tasks for an
interconnected system specifically when decentralised strategies are considered. The
following example shows how much interconnection terms affect the whole system
performance.

Example 10.2 Consider the following nonlinear interconnected system

x1 = fx) + ¥ (xr, x2) (10.5)
Xy = Axy + Bu (10.6)

where x = col(xy, xp) withx; € R" and x, € R™,and u € R are system states and
control, respectively, the matrices A and B are constant with appropriate dimensions,
and the term v/ (+) satisfies ¥ (x;, 0) = 0.

System (10.5) and (10.6) given in Example 10.2 can be considered as an inter-
connected system consisting of two subsystems where the interconnection exists in
only the first subsystem which is the term v (x1, x3) in (10.5). The study in [146]
disclosed that even if the subsystem

x; = f(x1)

is globally asymptotically stable and the matrix pair (A, B) is stabilisable, it is the
interconnection term v (x;, xo) which determines whether the whole system (10.5)
and (10.6) are stabilisable or not.

Remark 10.2 Example 10.2 shows that interconnections not only affect the whole
system performance but sometimes they may dominate the whole interconnected
system performance. This clearly demonstrates that the interconnections between
subsystems greatly increase the complexity of the problem. How to employ the
structure and the possible known information about the interconnection terms to
design decentralised controllers to reduce/reject the effects of interconnections on
the whole system is always significant for complex interconnected systems.

Uncertainties in a control system may destroy the system performance com-
pletely. A stable controlled system may become unstable if an uncertainty is added
to the system. To enhance the performance of a control system, it is necessary to con-
sider uncertainties experienced by the system when controllers are designed. This
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book has considered various uncertainties, and controllers have been designed to
reduce/reject the effects of the uncertainties when their bounds are known. The fol-
lowing example shows that an asymptotically stable controlled system will become
unstable even if a ‘small’ uncertainty is added to the controlled system.

Example 10.3 Consider the following simple control system
XxX=f(x)+u (10.7)

where x € R and u € R are system state and control, respectively, and f(x) is
continuous in R. Assume xo = x(0) represents the initial condition.

The scalar system (10.7) can have any desired performance by designing an appro-
priate controller. It is straight forward to see that System (10.7) is globally stabilised
by the controller, for example,

u=—x— f(x). (10.8)
Now, consider the system
F=f@+u+2x’’,  x=2 (10.9)

where xo = 2 is the initial condition. System (10.9) can be considered as a new
system obtained by adding a nonlinear term 2x%e~" to the system (10.7) which can
be considered as a disturbance on System (10.7). The term 2x%¢~" has the following
properties:

e It vanishes at the origin x = 0;
e It includes an exponentially damping factor e ™.

However, System (10.9) cannot be stabilised by the controller (10.8). Actually the
corresponding closed-loop system obtained by applying the controller (10.8) to sys-
tem (10.9) is

x=—x+4+2x%", x(0)=2. (10.10)

Letting z = 1/x, the system (10.10) can be expressed as a standard first order
linear differential equation. Then, using the integrating factor method, the solution
of System (10.10) is given by

2

It is clear to see that x(f) — oo whent — % In 2 and thus it is not stable.

Remark 10.3 The example above shows that a ‘small’ uncertainty may destroy sys-
tem performance. Other examples are available in [90]. This book has provided many
results to deal with various uncertainties using bounds on uncertainties to enhance
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robustness. If bounds on the uncertainties are not available, some other approaches
may be required to identify/estimate the bounds on uncertainties [54, 134].

Time-delay widely exists in reality. It should be noted that sometimes even a small
delay may greatly affect the performance of a system; a stable system may become
unstable, or chaotic behaviour may appear due to the delay in the system [130]. Time-
delay usually results in unpredictable results and thus increases the complexity of
the research. This book has considered both delay dependent and delay independent
control design. Delay dependent control needs the time-delay to be known so that it
can be used in the design and thus the obtained results are usually less conservative
when compared with delay independent control. However, delay independent control
can be applied to the case when the delay is unknown. The following example shows
that a globally stabilised control systems may not be stabilised globally if there is a
delay in the input channel.

Example 10.4 Consider the 2nd order nonlinear control system

X1 = x4 xix (10.12)
%2 = u(r) (10.13)

where col(xy, x) € R? is the state and u € R is input. It is easy to check, using the
Lyapunov function V = x7 + x3, that the system (10.12) and (10.13) are stabilisable
by feedback

U=—x—xj. (10.14)

However, if the input has a constant delay T > 0, then System (10.12) and (10.13)
are changed to the following time-delay systems

X1 = x + xix (10.15)
Xy = u(t — 7). (10.16)

It is shown in [125] that the closed-loop system formed by applying the control
(10.14) to System (10.15) and (10.16) is not globally asymptotically stable.

Remark 10.4 1In this book, only state delay is considered, and both delay dependent
and delay independent results have been provided. However, input delay and output
delay were not considered. Example 10.4 shows that a delay in the input channel may
destroy the performance of the controlled system. It is interesting to study complex
systems in the presence of input delay and/or output delay based on the skills and
knowledge provided in this book in the future.

It should be noted that there are many sources of complexity in control systems
and only a few of them have been considered in this book. The examples and remarks
have shown that nonlinearities, uncertainties/disturbances, time-delay and intercon-
nections, make the behaviour of systems very difficult to predict and significantly
increase the complexity of the research greatly. However, in order to describe various
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phenomena existing in the real world, and also satisfy increasing requirements for
system performance, it is necessary to consider complex systems from the point of
view of both theoretical research and practical application. It is helpful and feasible
to build a research framework for a class of complex systems. Study on complex
systems is an ongoing task for control researchers and engineers.



Appendix A
Results Used in Sect. 6.3

This section will provide some results employed in Sect. 6.3.

A.1 Quadratic Lypunov Function for Time-Delay Systems

A result relating to quadratic Lyapunov functions for time-delay systems which is
developed from the Razumikhin Theorem in Sect. 2.5, will be presented here.
Consider a time-delay system

xX(@) = f(t,x(t —d()) (A1)

with an initial condition
x()=¢@), te[-d,0]

where the function vector f:R* x %_z, +— R" takes R x (bounded sets of
%|_a.0)) into bounded sets in R"; d(¢) is the time-delay andd := sup, g+ 1d (1)} < oo.

Lemma A.1 Consider System (A.1). If there exists a function Vo(x) = xT Px with
P > 0 such that for d € [—d, 0], the time derivative of Vi along the solution of
System (A.1) satisfies )

Volt, x) < —qillx|I” (A2)

Vo(x(t —d)) < g2Vo(x(1))

for some q; > 0 and g, > 1, then System (A.1) is uniformly asymptotic stable. Fur-
ther, if all the conditions hold globally, then System (A.1) is globally uniformly asymp-
totic stable.
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Proof Since P > 0, it is clear that
Amin(P)IIX (1> < Vo(x) < Amax(P) [,

Let
1(T) = Amin(P)T?

and
f(t) = )‘max(P)772~

It is straightforward to see that both ¢;(-) and ¢, (-) are class %, functions and
adllxl) < Vo) < &(lixl), x e R™

Therefore, System (A.1) is uniformly asymptotically stable
Further, let

&) =—qir>  and  £(r) = gt
It is clear from ¢; > 0 and ¢, > 1 that for 7 > 0.
Er)>t and &(r) > 0.

Hence, the conclusion follows from (A.2) and Theorem 2.5. \Y%

A.2 Transformation and Lipschitz Condition

Two results associated with coordinate transformations will be presented. From the
fact that f (¢, x, x4) satisfies Lipschitz condition with respect to x and x, in Assump-
tion 6.6, it follows that for any x, x and x4, X, in the domain considered, and any

t e RT
S| S

Lemma A.2 Assume that f(-) satisfies (A.3) in a neighbourhood of the origin.
Then there exists a neighbourhood of the origin such that for any (wy, wa), (Wi, w3),
(Wi, waq) and (W14, Wap) in the neighbourhood of the origin and t € R™

£ x,xa) = @, %, 2D = &

|scr )] =2, H[ (A4)

Waq — Waa ] H

where 8(F, F) is defined in (6.65).
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Proof For convenience, let
w1 &) =6 — Py P&
From (A.3), the definition of F(-) in (6.57), y = x in (6.51) and the transformation
(6.53), it follows that
HS(F’ F) H = || £(z. wi, wwi, wa), wia, w(Wia, waq))

— f(t,wi, wwr, W2), wia, 0 (Wig, W2a)) |

0
<2 u(wi, wa) —OM(Wl, W)l
| Wia, waa) — t(Wid, Wa)
i e |
Hence the conclusion follows. \Y

Lemma A.3 Assume that the transformation z = Tyx is nonsingular. If (A.3) holds,
then

2
< Zfz (eTe + eged)
(A.5)

H [f (. x1, %2, X140, X20) — f (2, X1, %2, X1, ’22d)]x=T0*'z

where x; € R?, x, € R""? is given by Corollary 6.1, e :== x; — X, and eg := xq —
.fzd.

X2d

Proof Letx := (;1 ) . Then x; = ()f'd) and it follows from (A.3) that
2

2

” [f (. x1. %2, X140, X20) — £ (£, X1, %2, X140, fzd)]x:To—lz

2

= e xx = F 5 50] g

r ~ 2
=42 ]

| Xa — X4

_O 2
_ 2 e
=77 0
eq

=27 (e"e+ejed).

Hence the conclusion follows. \Y
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Lemma A.3 shows that if (A.3) holds in a neighbourhood of the origin, then the

Inequality (A.5) holds in the neighbourhood of the origin. Specifically, (A.5) holds
during the sliding motion, which implies that

167 (f. HI> < L7 (e"e +efeq) (A.6)

where 67 (f, f) is defined in (6.96).
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Appendix B
Results Used in Sect. 6.4

This Appendix summarises the results used in Sect. 6.4.

B.1 An Inequality

Lemma B.1 Letthe matrix Ny € R™*" and suppose the vectorsx € R" andy € R".
Then, the inequality

1 g
x'Nyy < % x"Ni Ny INT x4 EyTNgy
£

holds for any symmetric positive definite matrix N, € R"*" and any positive con-
stant €.

1 1
Proof For any n x n matrix N, > 0, N; is well defined and N; > 0. Let vector
1 1 e 1
O = ,/ZNZ *Nlx — \/;ny.

By direct computation, it follows that

1

979 = S xTNIN; N x = xT Ny + %yTNgy.
€

Hence the conclusion follows from the fact that 979 > 0. \Y
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B.2 Properties of the Signum Function and Summation

This section will provide an inequality for the signum function sgn(x) when x is a
vector, and an equality relating to summation.

Lemma B.2 Assume H;; € R"*Pi withn; and p; positive integers, and x = col(xy,
X2, ..., Xp) where x; € R" fori =1,2,...,n. Then

(i) llx|l < xTsgn(x) where sgn(-) denotes the usual vector signum function;
(i) 2y 2 Hijxj =20, (Z’ﬁ-_] Hji) Xi
J# J#

Proof !
(1) Let x; = col(x;1, xi2, . . ., Xin, ). It follows that fori = 1,2,..., N

sgn(x;1)
- sgn(x;2)
x; sgn(x;) = [Xi1 Xz .. Xin,
Sgn(xin,‘)
= x| + X2l + -+ x| = x|l

Therefore
sgn(x)
sgn(x;)
xTsgn(x) = [x{ xI ...xf ]| .
sgn(xy)

= x] sgnx; + xJ sgnx, + x7 sgnxy
= Nl + el 4 - - -+ llxw [ = [lx]l.

Hence conclusion (i) follows.
(i1) From the fact that

n n n n
it 2o Hijxy =205 20 Hijx;
it follows that
i1 lez Hijxj = 20 20y Hijxj — Hixy — Hoxy — -+ — HupXy
J#i

=D 2 Hijxy — 20 Hjx
n n
= > (X0 Hijxj — Hjjx;)
= X5 (S Hy — Hy) v = S (s Hi )

Hence the conclusion follows. v

IThe proof of conclusion (i) is also available in [199].



Appendix C
Identification of a Class of Functions

This appendix will show a result used to identify a class of functions with special
properties, which is employed in Sect.7.2.

Lemma C.1 Letd > 0, &:RY +— R be a class 2 function and P € R"™" be
symmetric positive definite. There exists k > 1 such that

k&(r) < &(cor)

inr € R* for some constant cq > 0. Then,

(i) the function V(x) := £(xT Px) (x € R") is positive definite;
(ii) there exists a nondecreasing continuous function w: Rt — RT satisfying

w(r) > r forr > 0 such that for any 6 € [—d, 0],
lx@+ O <nllxll if V(x(z+6)) <w(V(x())

where 1 is a positive constant.

Proof (i) From the definition of the class . function, £(-) is strictly increasing in
R* with £(0) = 0. Then from P > 0 and thus x” Px > 0, it follows that if x #0

Vix) =&(xTPx) > &0)=0 and V(0) =0 <= x =0.

This shows that the function V (x) is positive definite.
(ii) Let
w(r) := kr, (r e RM).

It is straightforward to see from k > 1 that w(-) is nondecreasing and continuous
satisfying w(r) > r forr > 0. From the fact that & : RT — R™ is strictly increasing
in R™ and k& (r) < &(cor), it follows that when

Vix@+0) <w(V(x)) =kV(x)
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for any 6 € [—Lf, 0],
& (xT(t +60)Px(t + 0)) < k& (xTPx) < E(coxT Px)

= xT(t +0)Px(t +0) < coxT Px
= A(P)|lx(t + 0)|I> < xT(t +0)Px(t +6) < cox” Px < coA(P)|x|I?

= |x(t +0)Il < /cor(P)/L(P)I|x].

where A(-) and A(-) denote the maximum and minimum eigenvalues of the matrix P
respectively. Hence the conclusion follows by choosing

n >/ cor(P)/A(P)

Remark C.1 1t is straightforward to check that the function

V(x) = (xTPx)°
where the constant § > 0 and the matrix P > 0, satisfies the condition of Lemma
C.1. Thus,

V(x) = (xTPx)®

have the properties stated in both (i) and (ii) of Lemma C.1. Furthermore, if § > 1,
then the function V (-) is differentiable.



Appendix D
Lemmas for Chap. 8

This Appendix will present three lemmas used in Chap. 8.

D.1 System Structure

Lemma D.1 Let rank[E D] = g. Then under Assumption 8.2 there exists a coor-
dinate system in which the triple (A, [E D], C) has the following structure:

Al A2 O(nfp)xr O(nfp)xq
([A3 AJ ’ |:E2 D, + [Opx-p) C2] (D.1)
where A; € RO=P*=p) C, e RP*? js nonsingular and
0( g 0~
E, — p=q)xr , D, = | “w=Dxq D.2
? |:E22 :| 2 |:D22 (D.2)

where Eyy € RI¥" | and the matrix Dy, € R1%4 s of full rank. The sub-blocks A and
A3 when partitioned have the following structure

Ay A Op—xi Azt
Al = , d A;=|—rF—— D.3
: |:0(npl)><l Ax i| an ’ |: Az D-3)

where Aj € R™™ and Az € RP—9x0—p=D for some integer | > 0. The pair
(A2, A3y) is completely observable. The eigenvalues of Ay, are the invariant zeros
of the triple (A, [E D], C).

Proof Without loss of generality, it can be assumed that the output matrix has the
following form
C:[O Ip]. (D.4)
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Partition [E D] in a compatible way with C as

E, D,
E Dl=|: = D.5
o= (B0 o3
where E; € R#=P" and D, € R=pxda g follows from (D.4) and (D.5) that
ClE D])=1[E, D] Frgm Assumption 8.2, rank([E; D»]) = ¢, which implies

that there exists a matrix X such that
[E\ Dil= X[E, D)]=[XE, XD]. (D.6)

Furthermore, from the~fact that rank ( [Ez Dz]) = g < p, it follows that there exists
a nonsingular matrix 7' € R”*? such that

1B, Dyl = [‘;;;aw

0“"”“1] — [E; D] D.7)
Dy

where E» € R7" and D,, € R7*9 is of full rank, i.e., has column rank g. Construct

a nonsingular matrix
I, —X
Tx =| "7 - .

Then, from (D.5)—(D.7), it follows that

O—pyxr Oi—pyxq
O0¢n— 0
Tx[E D] = | Op—g)xr O(p—g)xq :|: ("EP;XV (nDpz)Xq]

Ex» Dy,
CTg = Opuerpy 711

Obviously Da, is of full rank since D is of full rank. Letting C, = T~ gives the
structure of the input and output distribution matrices in (D.1) and E, and D, have
the structures in (D.2).

By the same reasoning as used in [38], and employing further changes of coor-
dinates, the system matrix can be forced to have the structure given in (D.3) whilst
preserving the structures of the input and output distribution matrices. #

Remark D.1 Ttshould be noted that the matrix [E D] may not be full rank. Therefore,
the conclusion in Lemma D.1 above cannot be directly obtained from Lemma 6.1 of
[38]. From [38], it is straightforward to see that the nonnegative integer / in Lemma
D.1 above denotes the number of the invariant zeros of the triple (A, [E D], C). It
should be emphasised that the transformation employed in Lemma D.1 can be easily
obtained from linear system theory.
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D.2 An Equivalent Condition

Lemma D.2 Under Assumption 8.3, there exists a matrix L € R®=PXP which has
a structure
L= [Ll O(n—p)xé] (DS)

with Ly € R =P*0=D sych that A; + LAj is stable where Ay and A3 are given by
(D.3).

Proof From the fact that (A;, A31)~is observable in Lemma D. 1, it follows that there
exists a matrix Ly € RO=P=Dx(=9 guch that Ay, + Li2As is stable. Let

Ly
L=
[le

lezj
=L ]| 0p—pxs |-
O(nw)xé} [21100-pxi]

Then, from the partition (D.3), it follows that

A+ LA; = [An Aqp +L11A31].

0 Axp+ LipAjz

From Lemma D.1 and Assumption 8.3, Ay, is stable. Therefore, A + L A3 is stable
due to the stability of Ay + Li2A3;. #

Lemma D.3 Let E5; and D»; be given by (D.2). Then, the following conditions are
equivalent:

(i) Im(Ex) 0 Im(Dy) = {0); N
(ii) there exists a nonsingular matrix W € R9*? such that

(D.9)

anDm=[m0]

0 H,

where Hy € R4=D*" and H, € R?%4 s nonsingular.

Proof “(il) = (1)” Let n € Im(E»;) N Im(Dy;). Then, there exist n; € R" and n, €
R? such that

Exnny = Dapm = 1. (D.10)
From (D.9) and (D.10),

H
Wn=WExpn = [0 1771]

0
Wn = WDyn = |:H2772:| .
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This implies that Wn = 0 and thus n = 0 since W is nonsingular. Hence (i) is true.

“(1i) = (i1)” Since Dy; is of full rank, there exists a nonsingular matrix W such that

WDy, = [212] (D.11)

where H, is nonsingular. Then, partition W E»; in a compatible way to (D.11) as

WEy = [Z;] ) (D.12)

From the fact that Im(E»;) N Im(Dy,) = {0} and W is nonsingular, it is observed
that
Im(WEzz) N Im(WDzz) = {0}

Then, from (D.11), (D.12) and the nonsingularity of H,, it is observed that H; = 0.
Therefore,

H 0
WIExn Dyn]=[WEy» WDyl = |: ! ] .

0 H,

Hence the conclusion (ii) follows. #



Appendix E

Notation and Parameters for Multimachine

Power Systems

This Appendix will show the notation and parameters used in the Sect.1.5.5 and

Chap. 9 associated with multimachine power systems.

E.1 Notation for Multimachine Power Systems in Sect. 1.5.5

The following table shows the notation used in Sect. 1.5.5 and Chap. 9:

Si generator power angle [rad]

P,; electrical power [p.u.]

wj relative speed [rad/s]

wo synchronous machine speed [rad/s]

D; per unit damping constant

H; inertia constant [s]

E (; ; transient EMF in the quadrature axis [p.u.]

T(; i direct axis transient short circuit time constant [s]

Xdi direct axis reactance [p.u.]

x[’l,. direct axis transient reactance [p.u.]

Bij i-th row and j-th column element of nodal susceptance matrix at
internal nodes after eliminating all physical buses [p.u.]

Iyi quadrature axis current [p.u.]

K. gain of the excitation amplifier [p.u.]

U fi input of the SCR amplifier [p.u.]

Qi reactive power [p.u.]

14 direct axis current [p.u.]

Pio mechanical input power [p.u.]
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E.2 Parameters Used in the Simulation in Sect. 9.4

The following table shows the value of the parameter values used in the simulation

in Sect.9.4:
parameter| unit Generator 1 Generator 2
X4 p-u. 1.863 2.36
X, p.u. 0.257 0.319
Xad p.u. 1.712 1.712
T, S 6.9 7.96
Xr p.u. 0.129 0.11
H s 4 5.1
D p.u. 5 3
K. 1 1
wp rad/s : 314.159
X1, = 0.55p.u., X3 =0.53p.u,, X»3 = 0.60p.u.
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Geometric condition, 264, 265

Geometric structure, 39

Global exponentially stable, 32

Global reachability, 195

Global uniformly asymptotic stable, 32

Globally asymptotic stable, 312

Globally exponentially stable, 32

Globally uniformly asymptotically stable,
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Index

H

Higher order sliding mode, 11, 316

HIRM aircraft, 82, 102, 105, 146
lateral dynamics, 105
longitudinal dynamics, 102

Hurwitz stable, 43, 280

1
Input distribution matrix, 234, 299
Interconnected system, 14—17, 62, 115, 129,
155,237
interconnection, 3
isolated subsystems, 3, 16
large-scale, 2, 43, 56, 57, 116
nominal isolated subsystems, 16
Interconnection, 130, 187
Invariant zeros, 37-39, 59, 267
Isolated subsystems, 115, 130

J

Jacobian matrix, 28, 33, 40, 226, 230, 278,
280

L

Linear combination, 227
Linear coordinate transformation, 227
Linear filter, 280
Linear growth condition, 163
Linear matrix inequality (LMI), 44, 172,
173,270
Lipschitz condition, 27, 28, 116, 324
generalised, 28
bound, 28, 29, 235
global, 28, 29
global, 27, 29
Lipschitz constant, 27
Lipschitz constant, 132, 269
Lipschitz function, 27
generalised, 28
LMI optimization, 275
Local controller, 16, 17
Local coordinate transformation, 158
Local output information, 17
Local stabilisation, 260
Local stability, 51
Local subsystem, 16
Lyapunov equation, 61, 85, 93, 116, 132
Lyapunov function, 47, 62, 68,99, 119, 181,
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quadratic, 47, 323
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Lyapunov stability, 31
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Lyapunov—Krasovskii approach, 261
Lyapunov-Razumikhin approach, 3, 25,
159, 161, 171, 213, 225, 238, 260
Lyapunov-Razumikhin approach, 187

M

Mass—spring damper system, 9

Mass—spring system, 69, 248, 293

Matched interconnection, 188

Matrix inequality, 180, 182, 269, 271, 272,
282, 285, 288

Maximum eigenvalue, 204

Memoryless static output feedback control,
235, 237

Minimum phase, 45, 81, 82, 96, 147, 267

Mismatched disturbance, 81, 91, 97, 111,
212,225,229

Mismatched interconnection, 188

Mismatched nonlinearity, 62—64

Multi-output, 227

Multimachine power system, 22,23, 25,297,
299, 335

N
Negative definite, 86
Negative eigenvalue, 97
Network transmission, 299
Nominal subsystems, 130
Nominal system, 45,47,48,51,59, 116, 216,
271,299, 316
Non-square system, 267
Nondecreasing function, 230
Nonholonomic system, 4
Nonlinear bound, 114
Nonlinearity, 2
Nonminimum phase, 81, 91, 92, 114, 147
Nonsingular, 7, 61
matrix, 37
transformation, 37, 52, 60
Nonsingular coordinate transformation, 134
Nonsingular matrix, 97, 190, 332
Nonsingularity, 85
Normalisable, 162, 163, 199

0o

Observability index, 40, 278
Observable, 50, 51, 93, 172, 331
Observer output, 272, 274
Orthogonal, 283
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Orthogonal complimentary space, 188

Output distribution, 38

Output equation, 2

Output estimation error, 271

Output feedback control, 48, 51, 54, 159

Output feedback control law, 218

Output feedback linearisable, 51

Output feedback stabilisable, 37, 59, 131,
218, 240, 249, 301, 302

Output matrix, 299, 306, 331

Output sliding surface, 36, 83, 190, 229

Output space, 39

P

Passive, 87, 132

Phase plane portrait, 11

Pole placement, 85

Polynomial algebraic equation, 279
Positive definite function, 32, 33
Positive definite matrix, 94, 117
Power system, 18, 22, 300
Pseudo inverse, 272, 273
Pseudo-actuator fault, 280
PVTOL aircraft, 19

R

Radially unbounded, 32

Razumikhin theorem, 34, 35, 220, 232, 323

Reachability , 195

Reachability condition, 8, 13, 55, 64, 100,
283

Reachability constant, 8

Reaching phase, 6, 8, 10, 13, 14

Reconstructed signal, 264, 274

Reduced-order compensator, 113, 117

Reduced-order control, 136

Reduced-order dynamical output feedback,
143

Reduced-order observer, 170, 171, 173

Reduced-order system, 7, 12

Regular form, 7, 38, 61, 85, 162, 163, 199,
228,267

Relative degree, 92, 267

Relay system, 5

River pollution control, 209

Robot system, 289

Robust fault detection, 272

Robust fault reconstruction, 264

Robust stabilisation, 297
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Schur complement, 288
Sensor fault, 263, 275, 277, 280
Sensor fault estimation, 287, 288
Sensor fault reconstruction, 288
Sensor FDI, 276, 281
Separation property, 13
Signum function, 168, 235, 307, 328
Similar interconnected large-scale system,
130
Similar structure, 130
Similar transformation parameter, 130
Sliding function, 6, 8
Sliding mode control, 4, 5, 8—13, 36, 53, 100,
125, 170, 183, 305
Sliding mode dynamics, 6, 7, 10, 12, 13, 52,
97, 190, 305
Sliding mode observer, 263, 267, 272, 280
Sliding motion, 4-8, 10, 13, 38, 178, 326
Sliding phase, 6
Sliding surface, 5, 50, 97, 177, 269, 282
composite, 65, 73
output, 36, 39
Stabilisation, 45, 46
global, 45, 46
Stability of sliding mode, 84, 115
Stability of sliding motion, 51, 180, 190, 228,
302
State equation, 2
State estimation error, 271
Static output feedback, 43-46, 55, 131, 160,
163,217
Stirred tank reactor, 20
Structural characteristic, 93, 171, 240
Structural condition, 48, 57
Structural decomposition, 93, 116
Structural matrix, 84
Summation, 328
Switching function, 6, 8, 10, 96
Switching surface, 303
Symmetric negative definite, 268, 280, 286
Symmetric positive definite, 329
Symmetric positive definite matrix, 327

Index

System fault, 263
System structure, 331

T

Three-machine power system, 310

Threshold, 4, 275, 287, 295

Time-delay, 2, 35, 159, 160, 190, 213, 225

Time-delay system, 3, 25, 35, 159, 160, 170,
186, 202, 205, 213, 215, 238, 323

Time-varying delay, 162, 171, 187,216, 225,
239

U
Uncertain distribution matrix, 266
Uncertain interconnection, 115, 128
Uncertainty, 2
matched, 13, 15, 46, 63, 83, 86
mismatched, 13, 15, 46, 83, 86, 115, 130,
216
parametric, 2, 57, 264
unstructural, 93, 299
Unforced system, 172, 188
Uniformly asymptotic stable, 32, 35, 180,
231, 323
Uniformly observable, 40
Uniformly stable, 35
Uniformly ultimate boundedness, 33, 286
Unstructural disturbance, 161

A\
Variable structure control, 1, 3-5, 43, 46, 55,
214,315
discontinuous control, 4, 5, 8
Variable structure observer, 86
Variable structure system, 3, 24

Y
Young’s inequality, 49, 66
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