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Abstract

This dissertation is concerned with network-based output tracking control for both
linear systems and nonlinear systems described by T-S fuzzy models. The systems
are classified as Case [: the systems can be stabilized by non-delayed static output
feedback controllers; and Case II: the systems can not be stabilized by non-delayed
static output feedback controllers, but can be stabilized by delayed static output
feedback controllers.

The use of a communication network in a tracking control system enables a re-
mote execution of tracking control, reduces system complexity, and increases system
flexibility with low cost. When exchanging data between a system and a tracking
controller over a network, network-induced delays and/or packet dropouts are in-
evitable and occur in two different types: one is the unavoidable network-induced
delays and/or packet dropouts which are the sources of poor performance and/or in-
stability (deterioration effects: negative effects) for the systems described in Case I,
and the other is the intentionally introduced network-induced delays and/or packet
dropouts which can be used purposefully to improve the tracking control perfor-
mance for the systems described in Case II. In this dissertation, both positive and
negative effects of network-induced delays and/or packet dropouts on the system
stability and tracking performance are investigated.

Case I: For a linear system, network-based output tracking control via an observer-
based controller is considered. The update inputs of the system and an observer-

based controller are asynchronous due to network-induced delays and/or packet

vil



dropouts in the controller-to-actuator channel. Taking into consideration the asyn-
chronous inputs, the network-based tracking control system is modeled as a system
with two different interval time-varying delays. Notice that a separation principle
can not be applied to design an observer gain and a control gain due to the asyn-
chronous inputs of the plant and the controller. Instead, a novel design algorithm is
proposed by applying a particle swarm optimization technique with the feasibility of
the stability criterion to search for the minimum H., tracking performance and the
corresponding gains. The network-based output tracking control via a state feed-
back controller is also considered. Criteria for stability and tracking performance
are also obtained.

For a nonlinear system described by a T-S fuzzy model, network-based output
tracking control via a fuzzy state feedback controller is studied. The network-based
tracking control system is represented by an asynchronous T-S fuzzy system with an
interval time-varying sawtooth delay. Notice that a routine relaxation method for
a traditional T-S fuzzy system can not be used for stability analysis and controller
design of the asynchronous fuzzy system. Instead, a new relaxation method is
proposed by utilizing asynchronous constraints on fuzzy membership functions to
introduce some free-weighting matrices. Using the proposed relaxation method and
a discontinuous simple Lyapunov-Krasovskii functional, some new delay-dependent
criteria for H,, tracking performance analysis and existence of a fuzzy state feedback
controller are formulated in terms of linear matrix inequalities.

Case II: For a linear system, by intentionally inserting a communication network
between the system and a static output feedback controller, a network-induced de-
lay is purposefully produced in the feedback control loop to achieve a stable and
satisfactory tracking control. A new discontinuous complete Lyapunov-Krasovskii
functional is constructed to derive a delay-dependent criterion for H,, tracking per-

formance analysis. By applying a particle swarm optimization technique with feasi-
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bility of the criterion, a novel tracking control design algorithm is proposed to search
for the minimum H,, tracking performance and the corresponding control gain.

For a nonlinear system described by an asynchronous T-S fuzzy model, an H
tracking performance criterion is derived by employing a new complete Lyapunov-
Krasovskii functional and taking into consideration the asynchronous constraints.
Then a particle swarm optimization algorithm is proposed to design the fuzzy static
output feedback tracking controller.

Several examples are provided to demonstrate the effectiveness of the proposed

methods for Case I and Case II, respectively.
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Chapter 1

Introduction

Output tracking control has wide practical applications in mobile robot control
2], [45], mechanical systems [5], [10], [16], DC motor control [17], [67], attitude
tracking and path following in ocean [43], [118], satellite and spacecraft attitude
control [51], [59], [115], [117], flight control [74], [119], unmanned vehicles [83], [112]
and so on. These practical applications provide a major incentive for research on
output tracking control. Generally speaking, the objective of output tracking control
is to drive the output of a physical plant via a feedback controller to track the
output of a reference model or a prescribed trajectory signal as close as possible.
There are two classes of physical plants in practice. One class of plants assume
that all the state variables are available for measurement, and the output tracking
control can be implemented via a state feedback controller. The other class of plants
have part of the states that can not be directly measured, and the output tracking
control can be implemented via an output feedback controller or an observer-based
controller. Throughout this dissertation, output tracking control via a state feedback
controller, an output feedback controller or an observer-based controller is called
state feedback tracking control, output feedback tracking control and observer-based
tracking control, respectively.

There are some results available on output tracking control by using several con-

trol approaches such as adaptive control approach [13], [60], [127], variable structure
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control approach [21], [43], [96], linear quadratic optimal control approach [45], [61],
[71], [99], [107], [117], [121] and H. output tracking control approach [10], [11],
[12], [26], [30], [68], [75], [131]. So far these approaches have been applied to design
tracking controllers of many systems encountered in engineering applications. For
example, the H,, output tracking control approach has been used for tracking con-
troller design of manufacturing systems [10], nervous systems [11], non-holonomic
mechanical control systems [12] and pulse-width modulation systems [26]. The basic
process of the H,, output tracking control approach can be described as follows: a
physical plant and a reference model are first transformed into an augmented system
(or a tracking error system) with an external disturbance, then a tracking controller
depending on feedback outputs (or state errors) is designed such that the augmented
system (or the tracking error system) is asymptotically stable with a prescribed H,
tracking performance. From the physical meaning point of view, the idea of this ap-
proach is that the effect of any unknown external disturbance inputs on the output
tracking error is attenuated with a desired H,, performance. Using this approach,
the disturbance input of the plant and the exogenous signal of the reference model
are not required to be specified. In addition, the designed H,, tracking controller
can be easily implemented without resorting to a feedback linearization technique
or a complicated adaptive scheme.

It is worth pointing out that most aforementioned results on output tracking
control are only suitable for a traditional tracking control system where a physical
plant and a tracking controller are located close to each other and connected in
a point-to-point wiring manner. However, as a result of the high complexity and
wide geographical distribution of modern industrial systems, the traditional point-
to-point architecture is no longer able to meet new requirements such as modularity,
integrated diagnostics, the ability of remote control, easy maintenance and low cost.

To meet the new requirements, a communication network is inserted between the
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[Actuators ]——{ Physical Plant ]—>[ Sensors ]

Communication Network
7
i el Controller

Figure 1.1: A typical configuration of a network-based control system

physical plant and the tracking controller. Compared with a traditional tracking
control system, the insertion of the network in a tracking control system leads to
network-induced delays and/or packet dropouts, which have an effect on system
stability and tracking performance. In this dissertation, we will deal with modeling,
stability analysis and controller design of a network-based tracking control system

in the presence of network-induced delays and/or packet dropouts.

1.1 Network-based control systems

In a network-based control system (NCS), the controller is connected to the physi-
cal plant via a communication network that provides access to all the sensors and
actuators, as depicted in Figure 1.1. Such a network-based controller can eliminate
unnecessary wiring, efficiently share data, and easily fuse global information to make
decisions over a wide operating range. In the past decades, there has been a rapidly
growing interest in NCSs due to their practical requirements and theoretical signif-
icance, see survey papers [4], [46], [47], [129], [146], PhD theses [50], [73], [77], [86],
[90], [94], [105], [143], [144], [152], books [48], [136] and the references therein. In
the literature, emerging issues in NCSs can be summarized as modeling of an NCS,
stability analysis, control synthesis, design of network scheduling protocols, network
reliability and security, co-design of both network scheduling and network control,
and applications of network-based control. Among these issues, the primary one is
modeling of an NCS. In the following, we review the current research on an NCS

from a modeling method perspective and list some typical NCS modeling methods.
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Discrete-time Model Approach

The process of this approach is that a continuous-time controlled plant in an NCS
is first discretized into a discrete-time system with a fixed sampling [38], [104] or a
time-varying sampling [19] over a sampling interval, then the closed-loop system is
augmented to be a finite dimensional discrete-time model including the past values
of the system output and the past values of its input. Using the discrete-time model
approach, the stochastic optimal control problem of an NCS with network-induced
delays which are shorter than a sampling period A in [95] or longer than h in [49] is
addressed. The main difficulty of this approach is in the modeling and design com-
plexity when the plant receives more than one control input in a sampling interval.
Switched System Approach

Using this approach, an NCS is first formulated as a discrete-time switched system
under some ideal assumptions, then the problems of stability analysis and controller
design for an NCS can be reduced to the corresponding ones for the switched sys-
tem. As pointed out in [50], the disadvantage of this approach is that the controller
is required to work at a higher frequency than the sampling frequency. In [78] and
[79], an NCS is transformed into a sampled-data model with an equally divided
sampling period T" = h/N, where h is the sampling period and N is the number
of division; by choosing the network-induced delay 7 = dT" with a changing integer
d, an arbitrary switch model is established to describe the NCS. The stability and
disturbance attenuation property of an NCS with both network-induced delays and
packet dropouts in time average sense [78] or bounded absolutely [79] are analyzed.
In [159], an NCS is modeled as a switch system with four subsystems which describe
four cases that whether packet dropouts occur in the sensor-to-controller channel
and the controller-to-actuator channel. Then some criteria for output feedback sta-
bilization of the switch system are derived by using a piecewise Lyapunov functional

approach and an average dwell time method.
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Model-based System Approach

In a model-based NCS, an explicit model of a controlled plant is employed to provide
a state estimate of the plant between transmission times. The transmission time
is assumed to be constant in [87] and Markov chain-driven or identically indepen-
dently distributed in [88]. In [87] and [88], the controlled plant is a linear system
and only a sensor-to-controller channel model-based NCS (that is, the controller
and the actuator are cascaded together) is considered. When the plant is nonlinear
and connected with a given dynamic controller via the sensor-to-controller channel
and the controller-to-actuator channel, a network protocol is presented to search for
the maximum allowable transfer interval (MATI) in consideration of time-varying
communication delays and possibility of packet dropouts in [101]. However, it is
difficult to design the controller for a two-channel model-based NCS because of the
asynchronous inputs of the plant and the controller, which is caused by network-
induced delays and packet dropouts in the controller-to-actuator channel.
Stochastic System Approach

The most important feature of this approach is that network-induced delays or
packet dropouts in an NCS are characterized by two types of stochastic models: a
Markov statistic process model and a Bernoulli random binary distribution mod-
el. For example, network-induced delays in both the sensor-to-controller channel
and the controller-to-actuator channel are modeled to be two homogeneous Markov
chains in [154]. In [112], packet dropouts are modeled to be a simple two-state
Markov process. Other Markov process modeling can be found in [50], [116], [143],
[144] and so on. In [147], both the sensor-to-controller delays and the controller-to-
actuator delays are described by linear functions of stochastic variables satisfying a
Bernoulli random binary distribution. Similarly, packet dropouts in two channels
are assumed to obey Bernoulli distribution in [140]. Although Markov statistic pro-

cess and Bernoulli distribution are two attractive modeling methods, it is complex
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to characterize network-induced delays and packet dropouts simultaneously. And a
prior probability distribution is necessary in [50], [140], [143], [144] and [154].
Time-varying Delay System Approach
The fundamental idea of this approach is to formulate an NCS as a system with an
interval time-varying sawtooth delay induced by sample-and-hold behaviors, packet
dropouts and network-induced delays. The sawtooth delay is on some time inter-
vals between updating instants which consist of available sampling instants (packet
dropouts can be considered as variations in the sampling intervals or delays) and
network-induced delays, see details in [28], [29], [54], [56], [58], [91], [125], [137],
[149] and [157]. This approach can easily capture many features in an NCS such
as sampling, quantization, network-induced delays and packet dropouts. More-
over, this approach is able to incorporate network-induced delays which larger than
the sampling interval without increasing modeling complexity. Furthermore, it is
not difficult to use a Lyapunov-Krasovskii functional method to derive some delay-
dependent criteria for stability analysis and controller design of an NCS. Notice that
less conservative criteria can be used to achieve a better maximum allowable delay
bound (MADB) of an NCS. So it is important to reduce the conservatism of the
delay-dependent criteria [29], [46], [56]. Recently, in [90] and [91], a time-varying
delay impulsive system is employed to describe an NCS and a modified Lyapunov-
Krasovskii functional is proposed to derive some less conservative stability criteria.
Besides the above-mentioned modeling methods of an NCS, there are some other
modeling methods such as a sampling NCS model [92], [103] and a master-to-slave
NCS model [109], [111]. In these NCS modeling methods, network-induced delays
and packet dropouts, which have an effect on the stability and system performance
of an NCS, are two essential issues. Based on different NCS models, there are a
large number of results available on stability and stabilization but a few results on

network-based output tracking control.
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1.2 Network-based output tracking control

Network-based output tracking control has gained an increasing interest in recent
years, see for example, [15], [28], [37], [54], [133], [137], [139], [148] and [150]. The
defining feature of a network-based tracking control system is that a physical plant
and a tracking controller are distributed and they exchange data through a commu-
nication network. The use of the network in a tracking control system makes system
modeling, stability analysis and controller design more complex. Due to the intro-
duction of the network, network-induced delays are inevitable and some packets may
be dropped. To achieve a stable and satisfactory tracking control, it is significant to
investigate the effect of network-induced delays and/or packet dropouts on system
stability and tracking performance.

Taking network-induced delays and/or packet dropouts into account, several
tracking control approaches have been proposed to deal with the problems of network-
based output tracking control for both linear and nonlinear systems. For example, in
[15] and [133], an NCS with uncertain, time-varying samplings and network-induced
delays is transformed into a tracking error system with an external input caused by
a feedforward signal mismatch, then the input-to-state stability property of the track-
ing error system is analyzed to ensure with a prescribed tracking error; the linear
quadratic optimal approach is applied to study the optimal tracking control for an
NCS with across erasure communication links in [37] and the quantized tracking
control for a discrete-time NCS in [150], respectively; in [148], a discrete-time wire-
less NCS is represented by a Markov jump system by using Markov chains to model
communication delays and packet dropouts, then the network-based Hy output track-
ing control is considered; in [28], [54], [137] and [139], under the consideration of
network-induced delays and packet dropouts, an NCS is modeled as a system with
an interval time-varying delay and the network-based H., output tracking control is

investigated.
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In the literature [15], [28], [37], [54], [133], [137], [139], [148], [150], it is usually
thought that the presence of a network-induced delay in the feedback control loop
can degrade tracking performance or even cause system instability. However, the
positive effect of a network-induced delay on network-based output tracking control
has not been investigated. Moreover, the existing works [15], [28], [37], [133], [137],
[139], [148] and [150] have largely been focused on network-based state feedback
tracking control for linear systems where all the states are measurable. But there
has been little work on network-based output tracking control for a system with
some unmeasurable states. Furthermore, only a state feedback tracking controller is
considered in the aforementioned results. Using a state feedback controller, a two-
channel NCS is equivalent to a sensor-to-actuator channel NCS without affecting the
system stability and performance, where the two-channel NCS means the NCS where
a controlled plant and a controller are interconnected via the sensor-to-controller
channel and the controller-to-actuator channel. However, this is not the case for
an observer-based controller. It is interesting to dig out the difference in modeling,
stability analysis and controller design of a network-based tracking control system
between state feedback tracking control and observer-based tracking control.

On the other hand, many practical systems are nonlinear and Takagi-Sugeno
(T-S) fuzzy models can be employed to represent a class of nonlinear systems on a
compact region, which demands study on network-based output tracking control for
T-S fuzzy systems. Recently, without using the knowledge of membership functions,
a network-based fuzzy output tracking controller has been designed in [54]; however,
the control design method provides a fuzzy state feedback controller with a same
control gain for different fuzzy control rules, which means that only a network-based
linear controller is developed, see [93]. Tt is obviously conservative to employ a linear
controller to perform the network-based output tracking control for a nonlinear sys-

tem via a T-S fuzzy model. Notice that less conservative delay-dependent criteria for
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H, tracking performance analysis and controller design can provide an appropriate
tradeoff between the maximum allowable delay and the minimum H,, tracking per-
formance. It is necessary to develop some less conservative results on network-based
output tracking control for a system, especially for a T-S fuzzy system.

From the above discussion, one can conclude that the following research problems

need to be solved.

e Does a network-induced delay have a positive effect on network-based output
tracking control? If yes, how to use the network-induced delay to produce a

stable and satisfactory tracking control?

e How to design a network-based output tracking controller for a system with

some unmeasurable states?

e What kind of difference does there exist in modeling, stability analysis and
controller design of a network-based tracking control system between state

feedback tracking control and observer-based tracking control?

e How to design a network-based nonlinear fuzzy tracking controller for a T-S

fuzzy system by using the knowledge of fuzzy membership functions?

e How to achieve a less conservative delay-dependent criterion for H,, tracking

performance analysis and controller design?

We will solve the above problems in Chapter 2, 3, 4, 5 and 6 of this dissertation,

respectively.

1.3 Significance of this research

From a practical point of view, network-based output tracking control has been
applied in many industrial and military systems such as DC motors [17], space-

crafts [59] and unmanned vehicles [112], and it has extensive potential applications
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in space and terrestrial exploration, access in hazardous environments, domestic
robots, experimental facilities, manufacturing plants and so on. Compared with a
traditional tracking control system, one important advantage of a network-based
tracking control system is that the insertion of a communication network between a
physical plant and a tracking controller enables a remote execution of tracking con-
trol. Meanwhile, the use of the network in the feedback control system can effectively
reduce the system complexity, and increase the system flexibility and reliability with
nominal economical investments. More specifically, control and feedback data are
exchanged among the system’s components (sensors, actuators, controllers, etc.) in
the form of digital signals through a communication network. Digital signals can
be easily integrated and have strong protection against a variety of noise sources.
Since a digital cable can carry multiple signals on a signal channel, the amoun-
t of cabling can be reduced dramatically. On the other hand, the application of
the network in the feedback control loop imposes communication delays or possi-
bility of packet dropouts, which must be considered in system modeling, tracking
performance analysis and tracking control design. To date there have been more
NCS experimental platforms for simulation of network-based tracking control. For
example, an experimental result on network-based tracking control of a unicycle-
type mobile robot with the effect of network-induced delays is demonstrated in [2],
where the tracking controller is implemented in such a way that the robot located at
the Eindhoven University of Technology in The Netherlands is controlled from the
Tokyo Metropolitan University in Japan and viceversa. To sum up, advances in the
existing and potential industrial applications, the advantages arising from an NCS,
and some challenging issues such as network-induced delays and packet dropouts
provide some general motivations of the present study.

From a theoretical point of view, in this dissertation, we will propose some

solutions to the problems mentioned at the end of Section 1.2.
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This dissertation will investigate the positive effect of a network-induced delay
on network-based output tracking control for a system that can not be stabilized by a
non-delayed static output feedback controller, but can be stabilized by a delayed static
output feedback controller. To the best of the author’s knowledge, this is the first
time to investigate the positive effect of network-induced delay on tracking control
performance and the proposed idea can be considered a unique contribution to the
field. It is a common view that the presence of a network-induced delay in the feed-
back control loop will cause system instability and performance degradation. For
the system under consideration, we take a different and novel view and we inves-
tigate whether the network-induced delay has a positive effect on system stability
and tracking control performance. Such a class of systems encountered in engineer-
ing are a damped harmonic oscillator, a structural system, an internal combustion
engine and so on, see [1], [34], [84], [132]. For these systems, ignoring the network
connection, and cascading the systems and static output feedback controllers to-
gether, it is impossible to ensure a stable tracking control; however, by intentionally
inserting a network between the systems and static output feedback controllers,
network-induced delays are purposefully produced in the feedback control loop to
achieve a stable and satisfactory tracking control. Notice that a simple Lyapunov-
Krasovskii functional can not be employed for H,, tracking performance analysis
of the considered system since it requires that the system can be stabilized by a
non-delayed controller. Instead, in this dissertation, a new discontinuous complete
Lyapunov-Krasovskii functional will be constructed to derive some delay-dependent
H, tracking performance criteria.

This dissertation will propose some network-based output tracking control strate-
gies for a system with some unmeasurable states. In most results on network-based
output tracking control [15], [28], [37], [133], [137], [139], [148] and [150], the sys-

tem states are assumed to be completely measurable. However, in many practical
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situations, it is physically difficult to measure all state variables of a system due
to economical or technical reasons. When not all the state variables are available
for direct measurement, two feasible alternative ways to perform the network-based
output tracking control are using an output feedback tracking controller and an
observer-based tracking controller. Compared with a dynamic output feedback
controller; a static output feedback controller can be implemented with low cost.
Network-based static output feedback tracking control and observer-based tracking
control will be considered in this dissertation.

This dissertation will discuss the difference in modeling, stability analysis and
controller design of a network-based tracking control system between state (or static
output) feedback tracking control and observer-based tracking control. Notice that
for time-invariant controllers such as a state feedback controller and a static output
feedback controller, a two-channel NCS is equivalent to a sensor-to-actuator channel
NCS without affecting the system stability and tracking performance. However, this
is not the case for an observer-based controller. When the network-based output
tracking control is performed by an observer-based controller, as a result of network-
induced delays and packet dropouts in the controller-to-actuator channel, the inputs
of the controlled plant and the observer-based controller are updated asynchronously
at different time instants and with different frequencies. Such an asynchronous
characteristic will be considered in the network-based output tracking control via
an observer-based controller.

This dissertation will propose some design methods of a network-based nonlin-
ear fuzzy tracking controller for T-S fuzzy systems by taking into consideration the
knowledge of membership functions. In the references [15], [28], [37], [133], [137],
[139], [148] and [150], the controlled plant is a linear system. However, many phys-
ical plants in practice are inherently nonlinear and network-based tracking control

for a nonlinear system is more difficult than the one of a linear system. Since a
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T-S fuzzy model can efficiently represent a class of nonlinear dynamic systems on
a compact region [100], [124], many researchers devote themselves to dealing with
a network-based control problem for a T-S fuzzy system. For example, network-
based guaranteed cost control [156], stabilization [57], [98], H., control [128], [157]
and output tracking control [54] for a T-S fuzzy system have recently been stud-
ied. However, there are some limitations in these references. In [57], [98] and [156],
the network-based fuzzy controllers, which depend on available sampled-data mea-
surement of feedback states and continuous measurement of premise variables, are
clearly not able to applied in practice since the premise variables of the controllers
can not be continuously measured due to sampling behaviors and data transmission.
Using a network-based fuzzy controller associated with sampled-data measurement
of both feedback states and premise variables, the resulting system is represented
by an asynchronous T-S fuzzy system in [54], [128] and [157]. In [128] and [157],
some routine relaxation methods in [66], [80] and [122] for a traditional T-S fuzzy
system are used to analyze the H., performance and design the fuzzy controller for
an asynchronous T-S fuzzy system, which is technically wrong, see the comment pa-
per [65]. Without using these relaxation methods, the network-based fuzzy tracking
controller designed by using the method in [54] has a same control gain for different
fuzzy control rules. In other words, only a linear controller for a T-S fuzzy system
can be developed by using the design method in [54], which is conservative, see [93].
Consequently, designing a network-based nonlinear fuzzy tracking controller for a
T-S fuzzy system is still an open problem to be solved. It should be noted that the
knowledge of fuzzy membership functions is not considered in the literature [54],
[57], [98], [128], [156] and [157]. In this dissertation, we will propose some new de-
sign methods of a network-based fuzzy tracking controller by using the knowledge
of membership functions.

Some less conservative delay-dependent criteria for H., tracking performance
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analysis and control design methods will be established in this dissertation. Some
useful additional information like the piecewise-linear time-varying delay informa-
tion and the knowledge of membership functions is fully utilized in the derivation of a
delay-dependent criterion. Notice that a delay-dependent criterion for the existence
of a controller for an NCS are expressed in terms of nonlinear matrix inequalities
(both in output feedback and state feedback cases). To establish an LMI-based
design result, it is inevitable to introduce some linearization techniques, such as
equality or inequality constraints and iterative algorithms, which bring some con-
servatism. Instead of using the routine linearization techniques, in this dissertation,
a particle swarm optimization algorithm will be proposed to search for the minimum

H, tracking performance and the corresponding control gain.

1.4 Organization of this dissertation

This dissertation is concerned with the network-based output tracking control for
continuous-time systems. The systems are classified as Case I: the systems can
be stabilized by non-delayed static output feedback controllers; and Case II: the
systems can not be stabilized by non-delayed static output feedback controllers, but
can be stabilized by delayed static output feedback controllers. More specifically,
Case I: For linear systems, network-based output tracking control via state feedback
controllers and observer-based controllers, respectively, is considered; for nonlinear
systems described by T-S fuzzy models, network-based output tracking control via
fuzzy state feedback controllers is studied. Case II: For both linear systems and
nonlinear systems described by T-S fuzzy models, network-based output tracking
control via static output feedback controllers are considered. This dissertation is

organized as follows:

e Chapter 2: This chapter deals with network-based state feedback tracking

control for a linear system. Some less conservative delay-dependent criteria for
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H, tracking performance analysis and tracking controller design are derived
by using a new discontinuous simple Lyapunov-Krasovskii functional and a
generalized Jensen integral inequality. Two examples are provided to compare

the conservatism between the obtained criteria and some existing ones.

e Chapter 3: This chapter considers network-based output tracking control
for a linear system via an observer-based controller. The update inputs of the
linear system and the observer-based tracking controller are asynchronous due
to network-induced delays and packet dropouts in the controller-to-actuator
channel. Taking into consideration the asynchronous inputs, the network-
based tracking control system is modeled as a system with two different in-
terval time-varying delays. By using a simple Lyapunov-Krasovskii functional
including both the lower and upper bounds of two interval delays, a new delay-
dependent criterion is derived such that the resulting system is exponentially
stable with a prescribed H,, tracking performance. The observer-based track-

ing controller design is converted into a particle swarm optimization algorithm.

e Chapter 4: This chapter considers network-based fuzzy state feedback track-
ing control for a nonlinear system in a T-S fuzzy model. Using a network-
based fuzzy controller that depends on available sampled-data of both premise
variables and feedback states, the closed-loop system is described by an asyn-
chronous T-S fuzzy system with an interval time-varying delay. Since a routine
relaxation method for stability analysis and controller design of a traditional
T-S fuzzy system does not work for the asynchronous fuzzy system, a new re-
laxation method is proposed by utilizing asynchronous constraints on member-
ship functions to introduce some free-weighting matrices. Using the proposed
relaxation method and a simple discontinuous Lyapunov-Krasovskii function-
al, some new delay-dependent criteria for H,, tracking performance analysis

and controller design are established in terms of linear matrix inequalities.
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e Chapter 5: This chapter investigates the positive effect of a network-induced

delay on network-based output tracking control for a linear system that can
not be stabilized by a non-delayed static output feedback controller, but can be
stabilized by a delayed static output feedback controller. A delay-dependent
H, tracking performance criterion is derived by using a new discontinuous
complete Lyapunov-Krasovskii functional. By applying a particle swarm opti-
mization technique with the feasibility of the criterion, a novel tracking control
design algorithm is proposed to search for the minimum H,, tracking perfor-

mance and the corresponding control gain.

Chapter 6: This chapter investigates the positive effect of a network-induced
delay on network-based output tracking control for a nonlinear system that can
not be stabilized by a non-delayed fuzzy static output feedback controller, but
can be stabilized by a delayed fuzzy static output feedback controller. For such
a system, we purposefully introduce a network-induced delay in the feedback
control loop to produce a stable and satisfactory tracking control. New delay-
dependent criteria on H,, tracking performance analysis are derived by using a
discontinuous complete Lyapunov-Krasovskii functional and the asynchronous
constraints on fuzzy membership functions. A particle swarm optimization
algorithm is proposed to search for the minimum H, tracking performance

and corresponding output feedback gains.

Chapter 7: In this chapter, we give some concluding remarks and directions

for future research work.

1.5 Contributions of this dissertation

The contributions of this dissertation are that
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e The positive effect of a network-induced delay on network-based
output tracking control is investigated for the system that can not be stabi-
lized by a non-delayed static output feedback controller, but can be stabilized
by a delayed static output feedback controller. By intentionally inserting a
communication network between such a system and a static output feedback
controller; a network-induced delay is purposefully produced in the feedback

control loop to achieve a stable and satisfactory tracking control.

e A new discontinuous complete Lyapunov-Krasovskii functional, which
makes use of the lower bound of the network-induced delay, the sawtooth time-
varying delay and its upper bound, is constructed to derive a delay-dependent
criterion for H,, tracking performance analysis. The obtained criterion is of
less conservatism since the derivation involves the coupling property between
the present state and the past state, the division of a delay interval and the

inherent piecewise-linear time-varying delay information.

e A novel design algorithm of static output feedback controller is pro-
posed by applying a particle swarm optimization technique with the feasibility
of an LMI-based criterion on H, tracking performance analysis, which can ef-
fectively avoid regular linearization techniques such as equality or inequality

constraints and iterative algorithms in delay-dependent control design.

¢ A new NCS model of observer-based tracking control is established by
a system with two different interval time-varying sawtooth delays, which differs
from some existing NCS model of state feedback tracking control described by
a system with an interval time-varying delay. The different effect of network-
induced delays and packet dropouts in the sensor-to-controller channel and the
controller-to-actuator channel on modeling, stability analysis and controller

design of a network-based tracking control system is dug out.
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e A new relaxation method of an asynchronous T-S fuzzy system is

proposed by utilizing asynchronous constraints on fuzzy membership functions
to introduce some free-weighting matrices. Using a network-based fuzzy con-
troller that depends on available sampled-data measurement of both premise
variable and feedback state (or output), the network-based T-S fuzzy system is
equivalent to an asynchronous T-S fuzzy system with an interval time-varying
sawtooth delay. Since a routine relaxation method for a traditional fuzzy sys-
tem can not be used to analyze H, tracking performance for the asynchronous
fuzzy system, a new relaxation method is proposed by using asynchronous con-
straints on membership functions. The proposed method can not only reduce
the conservatism of the delay-dependent criteria for H,, tracking performance
analysis, but also allow the existence of a network-based nonlinear fuzzy con-
troller with different control gains for different fuzzy control rules, which can

ensure a better H,, tracking performance.
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Network-based state feedback
tracking control for linear systems

2.1 Introduction

Network-based output tracking control is to drive the output of a physical plant,
via a network-based feedback controller, to track the output of a reference model as
close as possible. A typical configuration of a network-based tracking control system

is shown in Figure 2.1. Consider the following physical plant

&(t) = Ax(t) + Bu(t) + Ew(t)
y((t)): Cx(t) + Du(t) (2.1)
i to = X9

where z(t) € R", u(t) € R™ and y(t) € R! are the state, the control input and the
output, respectively; w(t) € R” is the external disturbance and w(t) € Z[to, 00);
x(tg) = is the initial state; and A, B, C', D and E are some constant matrices of
appropriate dimensions.

The reference model is described by

() = Az, (t) + Bpr(t)
yr(t) = Cra,(t) (2.2)

ZE,-(t()) = Zro
where z,.(t) € R", r(t) €R? and y,(t) € R! are the state, the energy bounded input
and the output, respectively; x,(ty) =, is the initial state; A,, B, and C, are given

constant matrices of appropriate dimensions, and A, is a Hurwitz matrix.
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Figure 2.1: A two-channel network-based tracking control system
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Figure 2.2: A one-channel network-based tracking control system

In this chapter, the network-based output tracking control is performed by a
state feedback controller of the form w(t) = Fiz(t) + Fyx,.(t), where F} and Fy are
the control gains to be determined. For a time-invariant state feedback controller,
the two-channel network-based control system (NCS) in Figure 2.1 is equivalent to
a one-channel NCS in Figure 2.2 without affecting the stability of the corresponding
closed-loop system, see [46] and [153]. The sampled-data of feedback states z(jh)
and z,(jh) (Vj € N) are transmitted to the controller via a communication network,
where h is the sampling period. After receiving available state measurement, the
controller computes and sends a control signal to the actuator through the network.
The control signal u(igh) is received by the actuator at the time instant ixh+ 7,
where i), (Vk € N) are some nonnegative integers which indicate the control signals
that successfully update the actuator, {iy,is,13, ..., } C {0,1,2,...,}, k is the serial

number of the updating instants at the actuator, 7, = 724+ 75%, 72¢ (Vk € N) are
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the sensor-to-controller delays associated with the sampled-data of feedback states
z(ixh) and x,(ixh) (Vk € N), and 75* (Vk € N) are the controller-to-actuator delays
associated with the control signals u(ixh) (Vk € N). The actuator holds the control
signal u(irh) to input the plant (2.1) until an updated control signal is received.
Then we obtain the following augmented system

£(t)=A&(t)+BFE(t—7(t)+ Ea(t)
e(t)=C¢(t) + DFE(t—7(1)) (2.3)
T(t): t—ikh, t e [ikh+Tk,ik+1h+Tk+1), Vk € N

where

e [A 0 ] 5

o 4] B0
)

_ ]E:{E 0],0:[0 ¢ ].F=[F B,
e(t)=y(t) -y, (1), £(t) = [2"(1) =T ], () = [W"(t) " (1)]

Defining 7, = mingen{7% } and 7y = maxgen{ (ix+1—ix)h+Try1}, we have
0<Tm§7'<t) STM, te [ikh+7k,’ik+1h+7k+1>. (2.4)

In particular, choosing 7, = n; and ixh + 7, = tx, the system (2.3) reduces to the
augmented system in [28]. For the system (2.3), the initial condition is supplemented
as £(t) =(t), t € [to—Tam, to], where ¢(t) is a continuous function on [ty —7ar, to]
and ¢(tg) =[xl x1)]"; and the following H,, tracking performance is chosen

ty ty

/t e (t)Ue(t)dt < V(ty) + 72/ o' (t)o(t)dt (2.5)

0 to
where t; is the terminal time, v > 0 is the desired tracking performance level, U >0
is the weighting matrix, and V' (¢y) is the energy function of initial states.

To achieve the objective of network-based output tracking control, a network-
based state feedback tracking controller is designed such that the system (2.3) is
asymptotically stable with a prescribed H., tracking performance. There are some
available delay-dependent criteria which can judge whether the system (2.3) has a

prescribed H, tracking performance, see [28] and [139]. It is shown that less con-

servative criteria for H,, tracking performance analysis and controller design can
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provide an appropriate tradeoff between the maximum allowable delay and the min-
imum H,, tracking performance for an NCS. Usually, one chooses the H,, tracking
performance index 7 (or the upper delay bound /) to show the conservatism of
the derived the delay-dependent criteria. For given values of 7, and 75, (or ),
the smaller the H., tracking performance « (or the larger the delay bound 7,)
is, the less conservative the criteria are. In [28] and [139], the procedure of esti-
mating the integral terms in deriving the criteria by using a Lyapunov-Krasovskii
functional (LKF) brings some conservatism. More specifically, in [28], the term
— [T 3T (s)Ri(s)ds is enlarged to _ftt::(T) 0T (s)Rn(s)ds; in [139], some useful

t—Tar
terms — (7 — 7(t)) tt::(?) 0T (s)Rn(s)ds and —(7(t) — 7o) tt::]ét) n"(s)Rn(s)ds are
omitted. On the other hand, in [28] and [139], the inherent piecewise-linear time-
varying delay information 7(¢)=1 on [ixh + Tk, ix1h + Try1) (Vk € N) is not consid-
ered in the derivation. Recently, a generalized Jensen integral inequality combining
the convex delay analysis approach is proposed in [158] to estimate some relat-
ed integral terms appearing in the derivative of the chosen LKF. The gerneralized
Jensen integral inequality facilitates to fully use the integral terms and introduce
some free-weighting matrices to reduce the conservatism. Moreover, the choice of
an appropriate LKF is crucial for deriving less conservative delay-dependent H

performance criteria. In this chapter, we will construct the following discontinuous

LKF, which makes use of the sawtooth delay 7(¢) and its lower and upper bounds,

V(t)—fT(t)Pf(tH/_o ST(t+s)Q1£(t+s)ds+/_0 €7 (t + 5)Q&(t + 5)ds

—Tm

/0 ET(t + O)RoE(t + 0)dbds

TM S

+ Tm /_0 /soéT(tJrG)Rlé(tJr@)d@der/_

0
+ (=) | L ECEOREH 00+ a—r O ORXO) )

where P >0, Q; >0 (:=1,2) and R, >0 (i=1,2,3,4), x(t) = x(t) —x(t — 7(1)),

T(t)=7(t)—7 and 7(t) =t—ixh for t € [ixh + Tk, ik11h + Trt1), VA EN.

Using the LKF candidate (2.6) and the generalized Jensen integral inequality
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in [158], we will derive some less conservative criteria for H, tracking performance
analysis and controller design. Two examples will be given to show that the derived
criteria are less conservative than the existing ones.

To end this section, we introduce two lemmas.

Lemma 2.1. There exist some positive scalars ¢; > 0 (i =1,2) and a functional

V(t,6(00),&()) : R x R* x R"—=R such that

alllE@)* < V(8 &(6),61(0)) < eall&lfy (2.7)

where &(0) = E(t+6) and £(0) = E(t+6), YO & [Ty, 0], and the space of functions
£(0) and &,(0) is denoted by W with the norm

€ellw = sup ]{Ilit(9)||,||§'t(9)||}-

96[—7’1\/[, 0
Let the functional V (t) = V(t,ft(H),ft(G)) be absolutely continuous for t # iph+T1

and satisfy

V(igh+7) < lim  V(t), Vk €N (2.8)
t— (i htri) ™

where limy_, (;, pir)- V(t) s a limit taken from the left, t € [ix—1h+Typ_1, ikh+Tk).

Define V (t)=lim sup %[V(t +8) =V (t)], where V(t+0) =V (t+0, &15(0), E15(0)).

6—0

Then

(i) the system (2.3) with w(t)=0 is asymptotically stable if there exists an e3>0

such that the derivative of V(t) along (2.3) with @(t)=0 satisfies
V(t) < —eslle(®)]? (2.9)
fort € [ikh+Tk,ik+1h+Tk+1), Vk € N.

(ii) the Ho tracking performance (2.5) can be ensured for all nonzero w(t) €

L[tg, 00) if along (2.83), the following inequality holds
V(t)+ el (t)Ue(t) — 7@ ()@ (t) < 0 (2.10)

fO’I’t € [ikh+Tk,ik+1h+Tk+1>, Vk € N.



24 Chapter 2. Network-based state feedback tracking control for linear systems

Proof: (i) Considering that V (t) is absolutely continuous for ¢t # iyh+ 7, and
its derivative satisfies (2.9) for ¢t € [ixh+7g, ikr1h+7rs1) (Y € N), we have V (t) <
V(igh+T) for t € [igh+7k, igr1h+7k11), Yk € N. Using the conditions (2.7)-(2.8),

we obtain

aAlE@IP <V lim V)<< lim V() < V(to) < |62, Yk € N.

Tt (ightT) " t—(ioht70)~
Then, following the proof of Lyapunov-Krasovskii Stability Theorem in [34], we
conclude the asymptotic stability of the system (2.3) with w(¢)=0 for ¢ € [to, 00).

(i) For t € [ixh+T, igr1h+Tr+1) (VE € N), we have

/it e’ (s)Ue(s)ds = /t [V(S) + el (s)Ue(s) — v*w! (s)w(s)| ds

kAT tghtTy

+ 2 /t ol (s)@(s)ds + V (izh+7) — V(t). (2.11)

kh+Tk

If the inequality (2.10) holds, it follows from (2.11) that

/ N (sUe(s)ds < 5° / BT@R(Es Vit - V() (212)

for t € [igh+7k, lkr1h+Tes1) (Vb € N). Define ¢y =ipyh+7r41, where ipyq is the
integer which indicates the last control signal received by the actuator. Notice that
U=t lish+7k, iks1h+Trs1) = [to, t7) and V (t) >&,]|€()[|>. Then it can be seen from
(2.12) that the H,, tracking performance (2.5) can be ensured, which completes the
proof.

The generalized Jensen integral inequality is given by the following lemma.

Lemma 2.2. [158] For any constant matric R € R™™, R = RT >0, Z e R™** ¢
scalar T > 0, a vector function f [0, 7] = R™ such that the integration concerned

1s well defined, let
| éas=sv
0
where & € R™* and ¢» € R¥. Then

/ T (B)REB)AB =T (ET 2+ 2T E 1 ZTR Z)o.
0
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2.2 A simple LKF method for tracking perfor-
mance analysis

In this section, using a simple LKF method and Lemma 2.1, we will derive a new
delay-dependent criterion such that the system (2.3) is asymptotically stable with

a prescribed H,, tracking performance. For simplicity of presentation, let

' (t) = [n1 (t) m3 ()],

i () = [€7(t) €°(@t) €7t —7(t))],

gy () = [€7(t = 7(t) € (t—7n) & (t—7u)],
es=[ 0 0 0 0 O
=0 I 0 0 0 O
es=[0 0 I 0 0 O
=0 0 0 T 0 Ol
;=0 0 0 0 I O
=0 0 0 0 0 Il

where e; (i = 1,2,...,6) are px 6p matrices; I denotes a p X p identity matrix, the
others in e; (i=1,2,...,6) are p X p zero matrices; p is the dimension of £(¢) and

p = n+n. Then the delay-dependent criterion is given by

Proposition 2.1. Given positive scalars v, 1, and Ty, gain matrices Fy, Fy and a
weighting matriz U >0, the system (2.3) is asymptotically stable with a prescribed
H, tracking performance vy if there exist symmetric matrices P >0, Q; >0 (i=1,2),

R;>0 (i=1,2,3,4) and matrices S; (i=1,2,3), X; (i=1,2) such that
[ QO * * *

| R | 0 *
0S5 0  —0Ry %

| 095 0 0 —0Rs
[ Q0+ 608 * *

r -2 % |<o0 (2.14)
0.5 0 —0R

<0 (2.13)
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where

QY =l (XTA+ATX | +Q14+Qy— R — Ry +CTUC) ey +el (P+AT Xy — X ey
+ el XT BFes+el Ryes+el Ries+el (P—X,+ X5 A)ey+es FT BT X e,
+ el Ryei+el Rieg+el (T2 R +0Ry— Xo— XJ )ea+es XJ BFes
+ el FT BT Xoeo—el Ryes—el (Q1+Ry)es —ef Qaes+(e5— e3)” S,
+ ST (e5— e3)+ST (e3— eg)+(e3—eg)T Sa+53 (e1—ey)+(e1—eq) ' Sa,
Q' =T Ryey+el Ryei+el Ryey—el Rieqs—el Ryes,

r :ETX1€1+ETX2€2, 0= ™™ — Tm-

Proof: First, we show that the LKF (2.6) satisfies the condition (2.7) for P >0,
Q;>0 (:=1,2) and R; >0 (i=1,2,3,4). It is clear to see that V() >\ ||£(¢)]?
for t € [ikh+T, lpr1h+Tit1), where A, >0 (VE € N). Notice that |, [ixh+
Tky ihr1h+Tre1) = [to, 00). Then we have V (t) >e1||£(t)||* for ¢ € [izh+Tr, o), where
e =01 { N} > 0. For P>0,Q;>0 (i=1,2) and R; >0 (i=1,2,3,4), we have

0 0

V(t)él\ﬁ(t)HQAmax(P)Jr/ Hft(S)IVdskmax(Ql)Jr/ 1€ () 11”5 Amax (@)

—Tm —T™

0

0o .
Y GRS O WNS

—Tm —TM™
0

(=)’ / 10100 (Rs) + (ras 72 )? / 1€4(0) Pd0 e (R2)

—T™M —T™

S max ||§t( )*+r peiax €)1 (2.15)

where

K1 :Amax(P) +Tm)\max(Ql) +7—M>\max<Q2)a

K2 :T%)\max(Rl)_‘_TM (TM_Tm))\maX(RZ) + (TM_Tm)g[)\max(RS)+>\max(R4)]-

Second, we show that the LKF (2.6) satisfies the condition (2.8) for P >0, Q; >0
(t=1,2) and R; >0 (i=1,2,3,4). In the LKF (2.6), R3, R4-dependent terms are

discontinuous at the updating instant i;h+7; and do not increase along ixh~+7; since
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they are non-negative before ixh+7; and become zero just after ixh+ 75 (Vk € N);

the other terms are continuous on [ty, 00). Thus, we obtain the condition (2.8).
Third, we consider the asymptotic stability for the system (2.3) with w(¢) =0.

Taking the derivative of the LKF (2.6) along the trajectory of the system (2.3) with

w(t)=0, we have

V(t)=n"(t)[e] (Q1+Q2—Ri— Ry)er+ef Pes+(ryy—7(t))(e] Raea+ej Raer)]n(t)
+ nT(t) [e{R4e4—|—e{Rle5+62TP61 —|—64TR461+65TR161 +e§(7§1R1 +0Rs)es|n(t)
— 0" (t)[e Raes+ei (Ri+Q1)es+eg Qaean(t) — (Tar —7(t))es Ryea)n(t)

" Ollrar=r(O)(e Racitel Riealn) =7 | €7 RE(s)ds

t

T eEomaa [ Eomion- [ @@

—7(t) t—Tym t—7(t)

+ 20t (1) (eF XT €2 XT)(Aey+ BFes—ey)n(t) (2.16)

for ¢t € [ikh—i—Tk, tpr1h + Tk—i—l); Vk € N.

Using Jensen integral inequality, we obtain

—Tm /;_ ST(S)Rlé(S)dS < —?7T(Zf)(€1—65)TR1(61—65)77(t)_ (2.17)

Applying Lemma 2.2 with & =e5—e3, v =n(t) and Z=.5] to — ;:T(’;’) E7(s)Ry€(s)ds

yields

_ / () €7 () Raé (5)ds

<" (t) [(es—e3)" Si+ST (es—es)] n(t) + (T(8) =)0 (8)S] By ' Sin(t).  (2.18)
Similarly, the following inequalities hold

t—7(t) . .
- / €7(5) Rofi(s)ds

—T™M

<n'(t) [(es—eq)" S2+S; (es—es)| n(t) + (Tar —7())n" () Sz Ry ' Sam(t)  (2.19)

GO

—7(t)
<" (t) [(e1—ea)" S5+5 (ex—ea)] n(t) + (7(t)—7m)n" ()S5 Ry San(t).  (2:20)



28  Chapter 2. Network-based state feedback tracking control for linear systems

Then it follows from (2.16)-(2.20) that
V() < it (1) ()(t) (2.21)
for t € [ixh + T, igr1h + Tka1), Vk € N, where
Q) =" (1) + Q% (1) +9Q°,
Q1 (t) =1 —7(8))(S3 By ' Sa+ 1),

2(t)

(7(t) —7m) (ST RIS + ST Ry S3).

Considering that Q°(t) is a convex combination of Q! (t) and Q%(¢) on 7(t) € [T, Tas],

we obtain (2.9) if ®* < 0 (i = 1,2) for ¢ € [ixh + Tk, ikr1h + The1), Vk € N, where
®' = Q'+ (1) |7 ()=

2 = Q04 (1) ()=ry

Using Schur complement to the linear matrix inequalities (LMIs) (2.13)-(2.14), we
can obtain ®* < 0 (i = 1,2). It follows that the condition (2.9) is satisfied, which
means that the system (2.3) with w(¢)=0 is asymptotically stable.

Lastly, we consider the H, tracking performance (2.5) for the system (2.3).
Taking the derivative of the LKF (2.6) along (2.3), we have

V() < {Z((gﬂq’or(t) _;I] [Z(é))]—eT@)Ue(t)ﬂ?wT(t)w(t) (2.22)

for t € [igh + Tk, igr1h + Tky1), Yk € N, where
PO>t) = Q(t) + eI CTUCey.

Using the convex combination technique and Schur complement to the LMIs (2.13)-

(2.14), we have

Por(t> —;211 <0. (2.23)

Then it follows from (2.22) and (2.23) that the condition (2.10) is obtained. From
Lemma 2.1, we can see that the H,, tracking performance (2.5) is ensured for the

system (2.3), which completes the proof.
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Remark 2.1. In the proof of Proposition 2.1, we use a generalized Jensen integral
inequality to estimate integral terms — ;:T(T:) €7 (s)Rab(s)ds, — tt::]\it) 7(s)Roé(s)ds
and — ftt_ﬂ 9 £7(s)Rsé (s)ds, which yield some quadratic terms with inversely weight
coefficients. Then the convex delay analysis approach can be employed to establish
the delay-dependent criterion. Moreover, the inherent piecewise-linear time-varying

delay information 7(t) =1 on [ixh + T, ix1h + Tes1) (Y € N) is fully used in the

derivation. Therefore, it is expected that these criteria are of less conservatism.

For comparison purpose, if the lower bound of the network-induced delay is

assumed to zero, i.e., 7, =0, we can similarly obtain the following proposition.

Proposition 2.2. Given two positive scalars v and Ty, gain matrices Fy, Fy, and
a weighting matriz U > 0, the system (2.3) is asymptotically stable with a prescribed
H, tracking performance v if there exist symmetric matrices P >0, Q2 >0, R; >0

(i=2,3,4) and matrices S; (i=1,2,3), X; (i=1,2) such that

0O * * *
T —~2] * *
TavS1 g —Tu Ry * <0 (2:24)
L 7-MS?) 0 0 —TMRg
[ Q0+ 7y QL *
r —~2T * <0 (2.25)
TMSQ 0 _TMRQ

where

Q' =l (XTA+ AT X1 +Qy— Ry+CTUC)e,
+ el (P—XT+ AT X5)ey+el (P— X1+ XT A)ey
+ el XT BFes+el Ryey+ed (ar Ry — Xo— X3 )ea
+ ezTX;‘FBF63+e3TFTBTX161 +e4TR4el
+ egFTBTX2€2—€ZR4€4—€gQ265
+(e1—e3)tS1+ ST (e1—e3)+ ST (e5—es)

+ (63 —65)TSQ+S§(€1 —64) + (61 —64)T53,
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e1=|I 0 0 0 0] px5p;
ea=|0 I 0 0 0] px5p;
e3=|[0 0 I 0 0] psps
es=[0 0 0 I 0] px5p-

es =0 0 0 0 1] pxsp-

Proof: The proof is similar to that of Proposition 2.1 and omitted.

2.3 State feedback tracking control design

We now establish a sufficient criterion on the existence of a network-based state

feedback tracking controller for the system (2.1)-(2.2). The criterion is given by

Proposition 2.3. Given some positive scalars v, T,, and Tpar, a tuning parameter
o, and a weighting matriz U > 0, the system (2.3) is asymptotically stable with an
H, tracking performance if there exist symmetric matrices P>0, Q; >0 (i=1,2),

R;>0 (i=1,2,3,4), and some matrices X, S; (i=1,2,3), Y such that
- o

* * *
r —~2T * * *
053 0 0 —0R; *
| CXey 0 0 0 ~U!
[ Q0+ 600 * *
r —~2I * *
68 0 —0R, « |~V (2:27)
L CX61 0 0 —U_l

where e; (i =1,2,...,6) are given in Proposition 2.1 and
Q0 =T (AX+XTAT Q1+ Qy—Ri—Ry)ey + el (P—X+0XTAT)e,
+ el (P—XT+0AX)ei+el BY es+el YT BT +el Ryeq+el Rye
+ el Ries+el Rie+el (1R R—0X —0 X )ey+el 6Ryey+el o BY ey
+e50Y T B ey—ef Ryes—el (Qu+Ri)es—eg Qoeg+(es— e3) Sy

+ ST (e5— e3)+ 57 (e3— eg)+(e3—es) " Sa+ 57 (e1—eq)+(e1—es)" Ss,
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Ot :6{R462+65R461+62TR362—egR464—€ZR4€Q, [ = E'Tel +UET62.
Moreover, the control gains F are given by F =Y XL

Proof: From Proposition 2.1, we can see that the system (2.3) is asymptotical-
ly stable with a prescribed H, tracking performance v if the LMIs (2.13)-(2.14)
are satisfied. Pre- and post-multiplying both sides of the inequality (2.13) with
diag{A, A, I, X, X}T and its transpose, the inequality (2.14) with diag{A, A, I, X }T
and its transpose, and introducing A = diag{X, X, X}, X = X;' =0X,', P =
XTPX, Qi=XTQ;X (i=1,2), Ri=XTR;X (i=1,2,3,4), ST =diag{A, A}TSTX
(i=1,2,3), Y=FX, then we can obtain (2.26)-(2.27) by using Schur complement.

In the case 7,,, = 0, we have the following proposition.

Proposition 2.4. Given positive scalars v and Tys, a tuning parameter o, and a
weighting matriz U >0, the system (2.3) is asymptotically stable with an Hy, tracking
performance if there exist symmetric matrices P>0, Qy>0, R;>0 (i=2,3,4), and

matrices X, S; (i=1,2,3), Y such that

QO * * *
L —2I * <
TMSl 0 _TMRQ * * <0 (228)
7:]\/[53 0 0 —TMRS *
| CX€1 0 0 U~ 1
[ Q0+ 7, Q1 * *
r —~2T *
7;M5'2 0 —TMRQ * (229)
L C’Xel 0 U~ 1

where e; (i=1,2,...,5) are given in Proposition 2.2 and
QY =el(AX+XTAT+Qy— Ry)es+el (0 XTAT — X +Pey+el BY es+el Ryey
+ el (cAX —XT+ Pley+el YT BT ey +el Ryey+el (tyyRy—0 X —aXT)e,
+eloBYes+e oY Bl ey—el Ryes+(e1— e3)" S+ ST (e1— e3)
+ Sg(eg— 65)—6?Q2€5+(63—65)T52+Sg(61—64)+(61—64)T»§3.

Moreover, the control gains F are given by F =Y X L.
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Table 2.1: Comparison of v,,;, between the proposed method and the one in [28]

Tm($) 0 0.05 0.10 0.15 0.20
Ymin [28] 3.9018 | 3.1017 | 2.5700 | 2.1922 | 1.9103
Ymin the proposed method | 1.6427 | 1.5904 | 1.5369 | 1.4828 | 1.4289

2.4 Numerical examples

In this section, two examples are provided to illustrate the advantages of the derived
criteria. The first one compares the conservatism of the proposed H,, tracking
performance criteria (Proposition 2.1 and Proposition 2.2) and those criteria in [28].
The second one shows that the network-based state feedback controller designed by
Proposition 2.3 achieves a better H,, tracking performance than that in [28].
FExample 1.1: Consider the following system matrices A, B, C, D, E, A,, B,, C,

and the control gains F} and Fj, which are borrowed from [28]

0 1 0 0.2
RIS M b
C=[10],D=05 A =-1, B.=1, C, =05,

F=[-11], K=1

Choose 73y = 0.43s, which implies that the maximum allowable consecutive
dropout bound is 2, the maximum allowable delay bound is 0.40s and the sam-
pling period is 0.01s [28]. Given 7, =0, using Proposition 2.2, we can determine
the minimum H., tracking performance 7,,;, = 1.6427. For different 7, > 0, using
Proposition 2.1, one can obtain the minimum H, tracking performance 7,,;,, which
is shown in Table 2.1.

From Table 2.1, it is clear to see that the minimum H,, tracking performance
obtained by Proposition 2.1 and Proposition 2.2 is much smaller than that provided
by Theorem 1 and Corollary 1 in [28], which means that the proposed performance

criteria are less conservative than that in [28].
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Figure 2.3: The outputs of the system (2.30)-(2.31) with w(t) and r(t)

FExample 2.2: In this example, the controlled plant is a satellite system that
consists of two rigid bodies joined by a flexible link [8], [28]. The dynamic equations

of the satellite system are given by

J101() + f(01(t) — Oa2(t)) + k(01(t) — 02(t)) = ul(t),

Tafa(t) + [(01(8) — 02(8)) + k(B1(1) — b2(1)) = (1),

When the output is () and the parameters are J; =Jo =1, k=0.09, f=0.04,

the state-space representation of the satellite system is given by

0 0 1 0
0 0 0 1

M= _0.09 0.09 —0.04 0.04 | THT

u(t)+

O = O O

(2.30)
0.09 —0.09 0.04 —0.04
y(t)=[0 1 0 0] x(t)
where the external disturbance input is assumed to be w(t)=0.5sin5t.
Consider the following reference model [28]
T (t) = —x . (t) + 7(t)
{ (1) = 052, (1) (2.31)

where 7(t) = sin0.5¢.
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Figure 2.4: The tracking errors of the system (2.30)-(2.31) with w(t¢) and 7(t)

0.8

5 10 15 20 25 30
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Figure 2.5: The outputs of the system (2.30)-(2.31) with &(¢) and 7(t)

Suppose that a communication network is used to connect the system (2.30)
with a state feedback tracking controller u(t) = Fyz(t)+Fyxz,(t). Given the sampling
period h = 10ms, the delay bounds 7,,, = bms and 1)y = 25ms. Using Theorem 2
in [28], the minimum H,, tracking performance is v,,;, = 0.1267 and the control
gains are [} =[—41.56 — 17630.50 — 20.92 — 4256.35] and F» = 6917.26 (denoted
by GM;i). Then applying Proposition 2.3, we obtain the ~,,,, = 0.0779, F} =
[—58.094 — 58571 —28.812 —8881.7] and F, = 25173 (denoted by GMs). It is clear
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Figure 2.6: The tracking errors of the system (2.30)-(2.31) with &(¢) and 7(¢)

to see that a smaller H,, tracking performance can be achieved by Proposition 2.2
than that in [28].

In simulation, we choose ¢y =30s and the initial states z(0) =[—0.5 1.3 0.3 —0.3]”
and z,.(0) =0.5. Then we depict the outputs of the system (2.30)-(2.31) by Figure
2.3. In Figure 2.3, y, is the output of the reference model (2.30), y; and y, are
the outputs of the system (2.30) controlled by the network-based tracking controller
with GM; and G Ms, respectively. Correspondingly, the output tracking errors are
compared in Figure 2.4.

For comparison purpose, we borrow another set of input signals from [28]

0.1sin(bt), 8s <t < 22s
0, otherwise,

0'67 98 S t S 15s
r(t) =< —0.6, 1bs <t < 25s
0, otherwise.

In Figure 2.5, y; (i = 1,2) are the outputs of the system (2.30) via the proposed
controller and the controller designed in [28], respectively. The corresponding output
tracking errors are compared in Figure 2.6. Clearly, we can see from Figure 2.3-
Figure 2.6 that a better tracking effect for the system (2.30) is ensured by using the

controller designed by Proposition 2.3 than that designed by Theorem 2 in [28].
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2.5 Summary

This chapter has dealt with network-based state feedback tracking control for linear
systems. The network-based tracking control system has been represented by a sys-
tem with an interval time-varying sawtooth delay. A new discontinuous Lyapunov-
Krasovskii functional, which makes use of the sawtooth delay and its lower and upper
bounds, has been proposed to derive some delay-dependent criteria for H,, tracking
performance analysis and controller design. Since (1) the generalized Jensen integral
inequality combining the convex delay analysis method is adopted to estimate to
integral terms and (2) the inherent piecewise-linear time-varying delay information
is fully used in the derivation, it is expected that these criteria are of less conser-
vatism. Two examples has been given to illustrate that the derived criteria are less

conservative than the existing ones.
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Chapter 3

Network-based output tracking
control for linear systems via an
observer-based controller

3.1 Introduction

There are some results available to deal with network-based output tracking control
28], [54], [133] and [137]. In the literature [28], [54], [133] and [137], all the states
of a controlled plant are assumed to be completely measurable and the network-
based output tracking control is performed by a state feedback controller. In fact,
in some practical situations, it is physically difficult to measure all the process
variables of a controlled plant. When not all the state variables of a controlled plant
are measurable, a feasible alternative way to implement the network-based output
tracking control is to use an observer-based tracking controller.

Compared with network-based state feedback tracking control, there has been
little work on observer-based tracking control for a network-based control system
(NCS). In this chapter, we will focus on network-based output tracking control for
a linear system controlled by an observer-based controller. The introduction of
the network leads to network-induced delays and packet dropouts in the sensor-to-
controller channel and the controller-to-actuator channel. The effects of network-

induced delays and packet dropouts in the two channels on modeling, stability and
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observer-based tracking control will be investigated. Notice that for network-based
state feedback tracking control in [28], [54], [133], and [137], a two-channel NCS is
equivalent to a sensor-to-actuator channel NCS without affecting the stability and
performance of the corresponding closed-loop system because a state feedback con-
troller is time-invariant and it depends only on specific state information that suc-
cessfully drives the actuator ([46], [153]), where the sensor-to-actuator channel mean-
s the channel lumping both sensor-to-controller channel and controller-to-actuator
channel together. However, this is not the case for observer-based tracking control
via a network since the stability and tracking performance of the closed-loop system
are affected by network-induced delays and packet dropouts in the sensor-to-actuator
channel and the sensor-to-controller channel. More specifically, the updated inputs
of the controlled plant and the observer-based tracking controller are subjected to
network-induced delays and packet dropouts in the sensor-to-actuator channel and
the sensor-to-controller channel, respectively. Due to the effect of network-induced
delays and packet dropouts in the controller-to-actuator channel, the inputs of the
controlled plant and the observer-based controller are updated in an asynchronous
way. Consequently, we model the closed-loop system as a system with two differ-
ent interval time-varying delays which include information about network-induced
delays and packet dropouts in the sensor-to-actuator channel and the sensor-to-
controller channel, respectively. A Lyapunov-Krasovskii functional, which makes
use of the lower and upper bounds of the two interval delays, is constructed to de-
rive an LMI-based delay-dependent criterion such that the closed-loop system has
a prescribed H,, tracking performance. Owing to the two different interval delays,
a separation principle can not be employed to design the observer-based tracking
controller in the network environment. Accordingly, we will develop a new control
design method, which can determine an observer gain and a control gain by solving

an optimization problem of a desired H, tracking performance.
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On the other hand, it is noted that some heuristic search methods play a key role
in solving complex design optimization problems. A typical method is the particle
swarm optimization (PSO) technique, which is a population-based global optimiza-
tion algorithm inspired by social behaviors of animals such as fish schooling and
birds flocking ([18], [62]). This technique has been well studied due to its easy im-
plementation, stable convergence characteristic and computational efficiency [130].
Recently, the PSO technique has been applied to design a proportional-integral-
derivative controller that minimizes an H,, performance index for traditional point-
to-point systems in the frequency domain ([64], [151]). However, the potential of
the PSO technique in finding the solution of an observer-based H,, tracking con-
troller for an NCS has not been explored. Therefore, we will present a new design
algorithm of the observer-based tracking controller by applying the PSO technique
with feasibility of an LMI-based stability criterion. This design algorithm can be
used to search the minimum H,, tracking performance and the observer gain and
the control gain for an NCS. Unlike the frequency domain method in [64] and [151],
in the proposed PSO algorithm, an LMI-based stability criterion in the time domain
is employed to judge whether the closed-loop system is stable with a prescribed H,
tracking performance. By using the feasibility of the LMI-based criterion, the pro-
posed method facilitates to indicate the potential of the evolutionary process in the
PSO technique. In addition, using the proposed design algorithm, it is not required
to specify the transfer function of the closed-loop system.

In summary, in this chapter, we will consider network-based output tracking con-
trol for a linear system via an observer-based controller. By taking into considera-
tion asynchronous inputs of the linear system and the controller, the network-based
tracking control system will be modeled as a system with two different interval time-
varying delays. A delay-dependent criterion for H,., tracking performance analysis

will be established in terms of linear matrix inequalities. Since a separation principle
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can not be employed to design the observer-based controller in the network envi-
ronment, a novel design algorithm will be proposed by applying the PSO technique
with the feasibility of the LMI-based criterion to solve the minimum H., tracking

performance and the corresponding observer gain and control gain.

3.2 System modeling and problem statement

Consider the following controlled plant

&(t) = Az(t) + Bu(t) + Dw(t)
ygt) ): Cz(t) (3.1)
T to = 29

where x(t) € R™, u(t) € R™, y(t) € R” and w(t) € Lltg,00) are the state, the
control input, the output, and the external disturbance, respectively; z(tg) = ¢ is
the initial state; A, B, C' and D are constant matrices with appropriate dimensions.

The reference signal y,.(t) is generated by

(1) = Apx,(t) + Bor(t)
yr(t) = Cra,(t) (3.2)

Ty (t0> = Tr0

where z,(t) € R" is the state vector, r(t) € R" is the energy bounded input vector
and y,.(t) € RY is the output vector, respectively; z,(t9) = x,o is the initial state;
A,, B, and C, are constant matrices. It is assumed that A, is Hurwitz and z,.(t) is
measurable to be used for control signals.

In this paper, we assume that the states of the physical plant (3.1) are not
completely measurable. In this case, an observer-based controller can be constructed
to estimate the states and perform output tracking control task. The observer-based

controller tracking is given by

2(t) = A&(t) + Ba(t) + L(y(t) — (1))

Q(t) = CA(t) (3.3)
at) = F(&(t) — z,(t))

i(t) =0,t<1

where Z(t) € R™ is the state estimate vector, @(t) € R™ is the input vector, and

y(t) € RY is the output vector; L and F' are an observer gain and a control gain,
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Figure 3.1: A typical configuration of a network-based tracking control system

respectively. As shown in Figure 3.1, a communication network is inserted between
the plant (3.1) and the controller (3.3). The timeline of a transmitted signal goes
as follows. The measurement y(kh) and z.(kh) (k € Z), where h is a sampling
period, is augmented as a single packet with a time stamp and transmitted to the
controller via the sensor-to-controller channel. The controller is equipped with a
computational hardware which can implement some scheduling protocol such as
priority scheduling (high priority to new packets) to actively drop outdated packets
by using time stamped information. After the sensor-to-controller delay 7;¢, y(b;h)
and z,(b;h) (i € N) are available to update the following observer-based controller

on [bh + 7%, bipih +7¢ ) (Vi €N)

F(t) = A#(t) + Ba(t) + L{y(bih) — (1))
i(t) = Ci(bih) (3.4)
a(t) = a(bh) = F(&(bih) — 2, (bih))

where b; (Vi € N) are some nonnegative integers which indicate the packets that
successfully update the controller, {by, by, bs, ..., } CZ and the sequence {b;} is strictly
increasing. The controller operates in four steps: (i) storing sampled state estimate
Z(kh); (ii) receiving transmitted packets; (iii) processing packets which consists of
actively dropping outdated packets, extracting the current data #(b;h), deleting the

previous data &(b;_1h), ..., ((b;—1)h), and updating the controller by z(b;h), y(b;h)
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and z,.(b;h) (Vi € N); and (iv) outputting control signals @(b;h) (Vi € N). The
control signal @(b;h) (i €N) is transmitted in a single packet with a time stamp to
the actuator. Similar to the controller, the actuator has a hardware that can actively
drop outdated packets. In consequence, u(lzh) (k € N) is available to update the
actuator after the controller-to-actuator delay 7;*. The actuator holds the signal

until next update. Then the control input of the plant (3.1) is described by

u(t) = i(lyh) = F(@(lxh) — z,(1h)), t € [lkh + 7, lessh +7,,,), VE €N (3.5)

where 7, = 7,¢

+7£%, lx (Vk €N) are some nonnegative integers which indicate the
control signals that successfully update the actuator, {l,ls, (3, ..., } C{b1, ba, b3, ..., }

and {lj} is strictly increasing.

Remark 3.1. In this paper, we consider two kinds of packet dropouts: network-
induced packet dropouts and active packet dropouts, see Fig. 3.2. The network-
induced packet dropouts are caused by a number of factors such as signal degrada-
tion and packet corruption in transmission. The active packet dropouts are outdated
packets which are intentionally dropped for timing reconstruction by using time s-
tamped information. In what follows, packet dropouts in the sensor-to-controller
channel consist of network-induced packet dropouts in the sensor-to-controller chan-
nel and active packet dropouts in the controller; similarly, packet dropouts in the
controller-to-actuator channel consist of network-induced packet dropouts in the
controller-to-actuator channel and active packet dropouts in the actuator. Packet
dropouts in the sensor-to-actuator channel includes both packet dropouts in the

sensor-to-controller channel and the sensor-to-actuator channel.

Remark 3.2. The observer-based controller (3.4) is driven by available sampled-
data y(b;h) and x,.(b;h), and uses the difference between z(b;h) and z,(b;h) to pro-
duce control signals @(b;h), Vi € N. The computational delay in the controller
(3.4) is assumed to be neglected. Different from the observer-based stabilizing con-

troller that outputs control signals with a new sampling period ([89], [111]), the
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observer-based tracking controller (3.4) outputs control signals a(b;h) (Vi € N) in
the updating instants {b;h+7;°}2, because @(b;h) (Vi € N) involve the informa-
tion about x,(b;h) (Vi € N). In addition, the control inputs of an observer-based
stabilizing controller and a controlled plant in [89] and [111] are assumed to be syn-
chronous, while the control inputs of the tracking controller (3.4) and the controlled
plant (3.1) are updated asynchronously at different time instants and with different
frequencies due to the effect of network-induced delays and packet dropouts in the

controller-to-actuator channel.

Let 71(t) =t —bih for t € [bih+7¢, biyih+ 77 ,) (i € N) and 7»(t) = ¢ —h for

t € [lkh + 7, lih +7,,,) (k€ N). It is clear to see

{ ¢ < 1i(t) < (b1 — bi)h + Ty t € [bih + 75, bipah + T’i’il)’ VieN (3.6)
<

Tl < 7—2<t) (lk‘+1 - lk)h + Tlet1> te [lkh + 7, lk+1h + le+1)7 Vk e N.
Define 7ipr =max{(biv1—bi) A7’ b, Tim =1min{77}, onr =max{ (b1 —~le)h + 7, }

and Tgm:%lin{ﬁk}. Then we have
EN

{ 0 < 7im <71(t) < 1, t € [bih+ 755, bi+1h+7—lfic+1)’ vieN (3.7)

0< 1oy < Tz(t) < Tom,te [lkh +le, lk+1h+7—lk+1)> Vk € N

where 71, >0 and 7y, >0 are lower bounds of network-induced delays in the sensor-
to-controller channel and the sensor-to-actuator channel, respectively; 73, and 79y,
can be viewed as synthetical indexes involving information about network-induced
delays and packet dropouts in the sensor-to-controller channel and the sensor-to-
actuator channel, respectively.

Notice that on [lzh+7,, lky1h+7,.,), the actuator (3.5) holds the control sig-
nal u(lyh), while the observer-based controller (3.4) may witness not less than one
update, see Figure 3.2. More specifically, the controller (3.4) holds the signals
y(bph), x,(bph) and &(bph) on [lxh+m,, b2 +755), the signals y(bih), z,.(b3) and
2(b2h) on [bih+7ss, bih+735), -+, and the signals y(by"h), x,.(b*h) and Z(b'h)

on [bpth+75, lp1h+m,,,), where m = dip+1, m, di, k € N, dj, is the time of
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sensor
kh i§+1)ﬁ 3

controller. s

RS

actuator C
lkh+2'1k lk+1h+r,w lk+2h+r1m
© Network-induced packet dropouts
® Active packet dropouts

Figure 3.2: Time diagram of effective packets in the network transmission

update of the controller (3.4) and {b.} (i = 1,2,...,m) denotes the sequence of
available sampled-data in the controller (3.4) on [lxh+7,, lp+1h+7, +1), respectively.

Obviously, {b},b%,...,b7 122, = {b;}32, and I}, <b;. (k € N). Then we define

t—0bih, te€=[lh+m,, Bh+T7s5)
t— th, te QQZ[th—i—TSC, b3h+7_sc)
n) =4 . L (3:8)

t— bzlh, t e Qdk+1 = [b;fnh‘f’ﬂjfna lk+1h+7—lk+1)

where m = dp+1 and di, k € N. In particular, when there is no update at the
controller (3.4) on [lxh+7,, lgy1h+7,,,), i.e., dy=0 (see Figure 3.2), the controller
(3.4) holds the signals y(byh), z,(byh) and @(byh) on [lyh+7,, lky1h+7,,,) and
71 (t)=t—bph for t € [lxh+7,, lks1h+7,,,), which can be regarded as a special case
of (3.8), where I, <b}, (k € N).

Following the above description and considering (3.1), (3.2), (3.4), (3.5) and

(3.8), the closed-loop system is represented by

Ag(t)+Blg(b]1€h)+32£(lkh)+D(D(t), te Ql, Vk e N
AE(t)+Bi&(b2h)+ Bol(ILh)+Do(t), teQy, VkeN

AE(t)+BiE(Dh) + Bk (Ih)+ Dio(t),  t € Qg 11, Yk €N
e(t)=y(t) -y (t) = CE(1) (3.10)
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where
A0 0 BF—-LC —BF BF
A=10 A 0 |,B= 0 0 0|,
0 0 A 0 0 0
~BF BF —BF D 0
By=|—-BF BF —BF|,D=|D 0 |,C=[0C -C,],
0 0 0 0 B,

Fort e Q; (i=1,2,....,dg+1), Yk € N, rewrite (3.9)-(3.10) as

{f(t) = AL(t)+B1&(t—T1(1)) + Bab (t—7a(t)) + Dio(t)
e(t)=C¢(t)

where 7'1(t>:t—bi:h and Tim S Tl(t) S TIM fort € Q,L (Z = 1, 2, ey dk—Fl), Tg(t):t—lkh

(3.11)

and 7o, < To(t) < Top for t € [xh + 7, lisah + 7,,,), which can be seen from
(3.7)-(3.8). Let 7y = max{7in, 72nr}. Then the initial condition of the system
(3.11) is supplemented by €(t) = 8(t) = [¥7(£) 0 ¢E(1)]” for t € [fo — 7as, to], where
d(to) = &, = [zg 0 2)p]".

The following H,, tracking performance is chosen

tr

./%Umh@ﬁ§V@9+f/'#ﬁwwﬁ (3.12)

to to

where % is the initial time that the actuator starts to work, ¢y is the terminal time,
is the desired tracking level, U >0 is the weighting matrix, and V(&) is the energy
function of initial states.

The purpose of this chapter is to determine the observer gain L and the control
gain F' such that the augmented system described by (3.9)-(3.10) is exponentially

stable with a desired H,, tracking performance, which means that

1) the system (3.9)-(3.10) with @(¢) = 0 is exponentially stable, that is, there
exist constants 8 > 0, ¢ > 0 such that [|€(®)||> < B sup  ||é(s)|>e o)
to—Tar<s<to
for t > t;
2) the output tracking error e(t) satisfies the H,, tracking performance (3.12),

for all nonzero w(t) € Llto, ).
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3.3 A new criterion for H, tracking performance
analysis

In this section, we will derive a new delay-dependent criterion for H,, tracking
performance analysis, which can ensure that the system (3.9)-(3.10) has a prescribed

H, tracking performance ~. For simplicity of presentation, let

0 () = [nf(t) na(0)],

() = [€(t) € (bph) €5 (Ikh) £ (t—1m)],
(1) = € (t=Tam) € (t—71as) € (t—T2ns) O (1)),
1=y 0 0 0 0 0 0 Olpxpra,
e2=00 Ly 0 0 0 0 0 Olpx(zpra),
es=[0 0 Ly, 0 0 0 0 Opxzpre:
es=100 0 0 Ly, 0 0 0 Olpxprg:
es=1[0 0 0 0 Iy, 0 0 Olpx@pia)
e6=0 0 0 0 0 Iy 0 Olpxpra,
e7=0 0 0 0 0 0 Iy Olpxpra),

es=[0 0 0 0 0 0 0 Igxglgx(pra)

where i = 1,2, ...,dy+1, di, k € N; e; (j=1,2,...,7) are px(7p+q) matrices and eg is
a ¢x(7p+q) matrix; I,x, and I,., are p x p and ¢ x ¢ identity matrices, respectively;
the others in e; (j=1,2, ..., 8) are zero matrices with appropriate dimensions; p and
q are dimensions of £(t) and (), respectively. Then () =eqn;(t), £(bih) =ean;(t),
E(lgh)=e3n;(t), and so on, for t € ; (i = 1,2,...,dr+1), where di, k € N. Rewrite

the closed-loop system (3.9)-(3.10) as

(Ael+Bl€2+BQ€3+D€8)Th(t>, te Ql, Vk e N

(12161+Bl€2+BQ€3+D@8)T]2(t), te QQ, Vk e N

()= (3.13)

(A@l +Bl€2+BQ€3+D€8)ndk+1(t), te Qdk—i-la Vk e N
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C:'elnl(t), t e Ql, Vk € N
eft)={ et} Pt TEER (3.14)
C_’elnkorl(t)? te Qdk+17 Vk € N.

We now state and establish the following delay-dependent criterion for H,, tracking

performance analysis of the system (3.9)-(3.10)

Proposition 3.1. For given a weighting matriz U > 0, positive scalars Ty, Tom,
Tim, Tom and 7y, an observer gain L and a control gain F', the system described by
(8.9)-(3.10) is exponentially stable with the Hy, tracking performance (3.12) if there
exist symmetric positive definite matrices P >0, Q; >0, R; >0 (i =1,2,3,4) and
matrices M; (i =1,2,3,4) such that

\\J * *

(Tive—T1m) My — (T —T1m) R * <0 (3.15)
_(TQM_TQm)MS 0 _(TQM_TQm)R4 ]

[ Y * * i

(Tang —Tim) My — (71— Tim) R * <0 (3.16)
_<T2M—7'2m)M4 0 —(Tans —Tom) Ra )

i N * i

(Tang —Tim) Mo —(T1ar —Tim) Rs * <0 (3.17)
_(T2M—T2m)M3 0 _(TQM_TQm)R4 ]
i L * i

(Tins —Tim) Mo —(Tip —Tim) R3 * <0 (3.18)
_(TQM—sz)MzL 0 —(TzM—TQm)R4 1

where

U =¢] (PA+ATP+Q,+CTUC—Ry)e;+e] PBies+ey B Pey
+ e{PBQeg—FegBQTPel+61TR164+64TR161+61TPD68
+ €8TDTP€1 +e5 Roes+e; (Qat+Q3—Q1— Ry — Ro)ey
+ €§R264+65(Q4—Q2 —R2)€5—egQ3€6—€$Q467—6572]€8
+ (ea—eg) " My+ M (es—eg)+(ea—ea)" Ma+M, (e4—es)
+ (es—er)T Ms+ M (es—er)+(es—e3)T My+ M (e5—es3)
+(Aey+ Brea+ Byes+ Deg)T A(Aey + Brea+ Byes+ Deg),

A :Tmel+(7’2m—Tlm)2R2+(TlM—Tlm)R3+(TQM—TQm)R4.
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Proof: Choose the following Lyapunov-Krasovskii functional

t t—T1im

£7(5)Qu¢ (s)ds + / €7(5)Qat (5)ds

t—Tom

Vie) =€ 0P+ |

s e [ Qs

—TiM t—Tonm
t—T1im

L /t E7(0) Ry€(0)d0ds+ (o — 1) / / €7 (0) Ry (0)d0ds

—Tim v 8 t—Tom

+ /t N / &' (6) Rs&(6)d0ds+ /t / OO s Y

—T1M —T2M s
where P >0, Q; >0, R; >0 (i=1,2,3,4); & =&(t+0), VO € [—7a,0] and 73 =
max{ T, Ton |-
Taking the time-derivative of V(&) with respect to t on Oy =[lxh+7,, bLh+T7LY)
(Vk eN) along the trajectory of the system (3.13)-(3.14), we have
V(&) =211 (t)[ef P(Ae1+Bies+Baes+ Des)+ef Quertef (Qo+Qs—Qr)ealm ()

t

+ 11 (t)[e2 (Qu—Qa)es —eg Qzes— ey Quer]m () — Tim / éT(s)Rlé(s)dS

() [ E @R [ R
- [ TR rd) (320)
Using Jensen in‘s:gral inequality, for t € Q, (k € N), we have
i [ EORES)s < il )es—e Baler—em (0 (3.21)

— (Tom—"Tim) /t B £7(s)Ro(s)ds < =i (t)(ea—e5)" Rales—es)mu(t).  (3.22)

—T2m

Notice that

=T . bph : =Tim :

- / 1 (s)R3é(s)ds=— / 1 (s)Rsé(s)ds— / £ (s)Rsé(s)ds (3.23)
t—T1 v t—T1m bih
tiTQTn . . lkh . . tiTQm . .

[ TEeRéeis= [ @Résis- [ RS (321)
t—Ton t—Tonr lxh

Applying Lemma 2.2 with & = ey — eg, ¥ = n1(t) and Z = M yields

bph .
—/t T (s)Rs&(s)ds <nf (t)[(e2—eg)" My+M{ (ea—eg)]mi(t)

—T1M

+ 01 (t)[riar — (E—bph)] M Ry My (t). (3.25)
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Similarly, for other terms in (3.23) and (3.24), the following inequalities hold for

t € Q (Vk € N) and matrices My, M3, M, with appropriate dimensions

[T RE)s <o Olter—en Mo+ ME(ea—enm)
k PO~ MIR Mom() (3.26)
[ E@réss SOl et a0
PO (—WWIMIR Mym() (3.27)
- [ R <af@ltes e bt sy
+ 0T (®)[(t = lkh) —Tom] ME Ry Myn, (t). (3.28)

From (3.20)-(3.26), we obtain
V(&) < 77{(75)(5(15) + ’}/26;{68 — e:fC_’TUC_’el)nl(t), tey, VkeN (3.29)
where

E(t) =0+ T(t) + Tolt),

=

() = (mr =1 ()M R My + (11 (t) — 7o ) M3 Ry ' My, 7y(t) =t — b, Yk € N,

Tg(t) = (TQM_T2<t))M§RllM3+(TQ(t)_TQm)MIRZ]-le’ Tg(t) =t — lkh, Vk € N.

Notice that Y () and T(t) are two convex combinations of M] Ry * M, and M} Rz* M,
on 71(t) € [Tim, Tim], and MIR;* My and MIR;*M, on 75(t) € [rom, Tom), re-
spectively. From (3.7)-(3.8), it can be seen that 7y, < 7(t) < 7y for t €
(1 = 1,2,....dp+1,Vk € N); 79, < 1a(t) < 1ops for t € Qy, 1o < 7o(t) < mopp for
t € Qgi1, and o, <To(t) <Tops for t € Q; (i1=2,3,...,dy,Vk € N). Thus, if the LMIs
(3.15)-(3.18) are satisfied, using schur complement yields =(¢) <0 for t€Qy,Vk € N.
First, we consider the exponential stability of the closed-loop system (3.9)-(3.10)
with w(t) = 0 for t € Q;, Vk € N. It can be seen from the LMIs (3.15)-(3.18) that

=(t) < 0, which implies that there exist a constant £; > 0 such that

V(&) < —arfT(0)E() — 2167 (bph)E(bph) — a1 (h)E(ILh), t € ., VEk € N. (3.30)
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Similarly, taking time-derivative of V(&) on Q; (i = 2,3, ...,dy + 1), we have

—ealeT(DE() +ET (BRMERR)+ET(WNERR), L€ D
ey < d —SETOEO+ETBREBR+ETUREDR),  tEQ ga)

—eap 1€ (D) +E (RSB h) +E7 (kh)E(leh)], ¢ € Qa4
where g; > 0 (i = 2,3,...,dx+1) and d, € N, Vk € N,
Define a new Lyapunov-Krasovskii functional V(&) = eV (&) for t € [lh +
Ty leprh —|—le+1), Vk € N, where 0 > 0 is a constant to be determined. Considering
(3.30)-(3.31) and integrating both sides of V(&) from Ik 4 7, to t, we have

[ Vs =16 - Ve,

kh+,

< / oV (E,)ds < / e {[1€(3) |2+ € (L) [} ds

kh-i-le lkh-‘r‘l'lk

— i+2
vzl by ht78Giv2)

bzh+7',§§ .
p / eI (BLh) Pds—= 3 / | )|
=1

khtTr, ?4h4”f&+m
t

e[ e )Pds (3:32)
%k+]Hﬂfak+U

where e = min{ey, €9, ...,64, 41}, vx < dp and v, di, € N, Vk € N.
Since Uy sh+7,, lisah+1,,,) = [to, 00) and V(&) is continuous on [ty, 00),

we have

V(&) = V(&)

< (AP —2) / e|IE(s) |Pds +en () +ea(t)

T A1) / e 1€(s) 2ds

to—Tim
to—Tim

0T A (@) T / e |1€(s)|%ds

to—Tom
t

+ U@UT?m)\max(Qg)(TQm—ﬁm)/ e"sﬂf(s)Hst

to—Tim
to—Tim

b 0T A (Q3)ins / e75I|€(5)||ds

to—Ti1Mm
t

+ U€GTlM)\maX(Q3)<TlM_Tlm)/ 605H5(8)||2d8

to—Tim
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to—Tom
e A (Qa)Tons / e 1€ (s)|2ds
to—Tanm
t
o€ (@) (Taat — Tam) / e [1€(s)|%ds
to—T: m
. 0 .2
o3 e A (1) / e |€(s)|Pds
to—T1m
t .
+ 0Tom <T2m _Tlm)2€UT2m )\max(RQ) / ecrs Hf(S) H2d5
tO_TQm

t

+ UTIM<TIM_Tlm)260T1M)\n1ax(R3) / 605”5(8) ||2d8

to—T1M
t

+ 0Tonr (Tons — Tom ) €7 ™M Aoy (Ry) / e’ ||5(3) |2ds

to—ToM

<a / e [1€(5) [2ds -+ Car () + Capa (1)
t

0—T1lm

to to
s / e[l 6(s)|ds + po / e[| 8(s)|ds
t

0—Tlm to—T2m
to

- omung (Tint — T )€ A (R | A1 / e [16(s)|Pds

to—T1Mm
to

- 0mang (Tant — Tam )€ A (R)|| A1 / e [16()|Pds

to—TaoM
to—Tim

0T e (D) / e [16(s)|ds

to—T2m
to—Tim

e A Qs) / e[| 6(s)|ds

to—T1M
to—T2m

+ 0To01€7 M Apax (Q4) / e[| (s)||*ds (3.33)

to—TaMm

where

di—1

N-1 by htTis 1 5 b§;+2h+75(i-+2> 1y 9
o)=Y / el (Bhh) s+ Y / e [l€ (B ) | 2ds
=1

k=1 kT .

l+1h+7_sc
l h
k+1htTy o . )
b e”*||€(b"h)||"ds

+

b?\,h—&-rf\,%
T / e [lE (B h)|Pds
l

Nh+7'lN

k k(i41)
kbt

vl b?2h+TJS\IC(i+2) ) ¢ N
15 SN A [T I ey ) P,
1 b?\f h+TXfc(i+1) bij\, h+T1ifc(vN+1)

N-1 lk+1h+7-lk+1 t
=3 [ el s+ [ e s

k=1 7 lh+7, INh+Ty
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G ==+ 0Amax(P) + p1 + p2 + 207’137,1607”")\max(Rl)HAH2 + 2‘77'2m(7'2m_7'1m>2
X €7 Amax (R2) || Al|* +30 710 (Tiar — Tim ) €™ Amax (R3) | A2
+ 30Tont (Tont — Toam) €7 ™M Amax (Ra) | A%,

Co = —& + 3x[| B,

(3 = —¢ + 3k B,

P1 = 0T1m€” ™ Amax(Q1) + 0 (Tam — Tim ) €7 ™™ Anax (Q2) + 0 (Tiar — Tim)e7™M
X Amax(Q3) +0 77,7 Anas (R1)[| A[?,

p2 = 0(Tanr — Tom) €™ A (Q1) + 0T (Tom —Tim) €7 Amax (R2) || A7,

k=070 ™ Anax (R1) +0Tom (Tom — Tim ) 27 ™™ Amax (R2) + 010 (Tiar — Tim )

X 6UTIM )\max (RB) +7_2MO—(T2M - TQm)QeUTQM )\max (R4> .

Similar to an analysis method in [149, 57], if there exists a sufficiently small constant

o > 0 such that ¢; <0 (i = 1,2,3), we have

TER up [(s)|Peo ) (3.34)

/\min (P) to—7n <s<to

lE@®1* <

where

81 =0T1m€” ™™ Amax (Q1) +0 (272 — Tim ) Amax (Q2) €7 ™ +0 (27131 — Tim ) Amax (@3 )€™
+ 0 (27901 — Tom ) Amax (Q4) 7™ + k|| A2,

52 =Amax(P) + TimAmax (Q1) + (T2m = Tim) Amax (Q2) + (7101 = Tim ) Amax (@)
+ (Toar = Tom ) Amax (Qa) + 0.573, A (B1) | AI* + 0.5(72m — T1m)”
X (Tam + Tim) Amax (R2) [ Al|? + 0.5(710r = T1m)* (7181 Tim ) Amax (Ra) || Al|?

+0.5<7'2M—Tgm>2(7'2M+7_2m))\max(R4)HAHQ'

Then it can be concluded from (3.34) that the closed-loop system described by (3.9)-
(3.10) with w(t) = 0 is exponentially stable on [¢y, oo) if the LMIs (3.15)-(3.18) hold.

Next, we consider the H,, tracking performance (3.12) of the system (3.9)-(3.10)
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for all nonzero w(t) € Z[ty, 00). It is clear to see that

¢
/ eT(S)Ue(s)ds

lkh-i-le
t

=V (&iuhim,) —V(é})+/ [e" (s)Ue(s)+V (&) — V@7 (s)w(s) +7*@" (s)a(s))ds

lkh+7lk

vl b hare .
+y / T () Ue(s) £V (£) — 20T (8)(s) + 4207 (s)w(s)]ds

i=1 YO T

k(i+1)
+ /v B [T (s)Ue(s)+V (&) — @7 (5)a(s) + y*@T (s)@(s)]ds (3.35)
bk h+7360 +1)

for t € [lxh + 7, lerh + 7, ), Vk € N. If the LMIs (3.15)-(3.18) hold, it can be

seen from (3.31) that
V(&) < e Wot)—e (t)Ue(t), t € Q, i =1,2,...,dg+1, Yk € N.

It follows that

t

/l ef(s)Ue(s)ds SV(SZkthle)—V(ft)—l—vz/ o' (s)w(s)ds

khtm, lsh-+T,

te [lyh+ 7, b +m7,,,), Yk e N. (3.36)
When dj =0, define 71(t) =t—bjh on [lxh + 71, l1h + Ty, )- The proof of the
conditions (3.34) and (3.36) is a routine case and omitted. Notice that V(&) is
continuous on [ty, oo) and I} [lkh+,, lksih+7,.,) = [to, ty), where T is the
serial number of the last updating instant at the actuator, Iy is the nonnegative
integer that indicates the last updating signal @ (Irh) at the actuator and Irh is the
time stamp of @(lrh). Using the LMIs (3.15)-(3.18), it follows from (3.36) that

ty

/ y T () Me(t)dt < V(&) + / & (#)w(t)dt

to to
where to = l1h + 7, and ty = Ip41h + 7,,,. Then one can see the H,, tracking
performance (3.12) is ensured for the system (3.9)-(3.10), which completes the proof.
In the literature, there are some results on network-based H,, output tracking
control. For example, in [28], [54] and [137], the output tracking control is im-

plemented by a state feedback controller which requires the controlled plant to be
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completely measurable. In this chapter, an observer-based controller is utilized to
estimate the states of the plant, which are not measurable, and to perform the
output tracking control. The use of the observer-based controller makes a major
difference in modeling and stability analysis of an NCS. More specifically, the two-
channel NCS in [28], [54] and [137] is equivalent to the sensor-to-actuator channel
NCS without affecting the system stability, and therefore the NCS is described by a
system with one input delay. However, the two-channel NCS in this paper is modeled
as the system (3.11) with two interval time-varying input delays since the updated
inputs of the plant (3.1) and the observer-based controller (3.4) are subjected to
network-induced delays and packet dropouts in the sensor-to-actuator channel and
the sensor-to-controller channel, respectively.

It should be mentioned that there are some results available on systems with
two additive delays arising from an NCS [29], [70], [114]. However, the two additive
delays are essentially different from 7;(¢t) (i=1,2). In [29], [70] and [114], d;(t) and
dy(t) are two differentiable time-varying delays and lumped together as one input
delay in the closed-loop system, while 71(t) and 75(t) are two interval time-varying
sawtooth delays and have different effects on the stability of the system (3.11). Due
to network-induced delays and packet dropouts in the controller-to-actuator channel,
it is not rational to assume 7 (t) =75 (t) for the system (3.11) on [lxh+7, , ki1t )
(Vk € N). So the existing results on stability analysis of systems with one input delay
in [29], [70] and [114] are not suitable for the system (3.11). Instead, we derive a new
criterion for H,, tracking performance analysis. In the derivation of the criterion, we
first decompose the interval [l h+7, , lpp1h+7,, ) into € (i=1,2, ..., dp+1,Vk € N)
according to different values of 1 (t); second, we consider the stability of the system
(3.9)-(3.10) on each €;; third, we prove that the system (3.9)-(3.10) is exponentially
stable on [ty, too), Where [to, too) = Uso, UX Qy; finally, we show that the He,

(2

tracking performance (3.12) is ensured if the LMIs (3.15)-(3.18) are satisfied.
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Notice that the observer-based tracking control objective in this chapter is to
search for the gains F' and L such that the H,, tracking performance 7 is minimized
for the closed-loop system (3.9)-(3.10). For given Ty, Tom, Tim, Tonm, U, L and F,
one can employ Proposition 3.1 to determine the minimum ~, which can be obtained

by solving the following optimization problem:

minimize v

subject to P >0,Q; >0,R; >0 (i=1,2,3,4),and LMIs (3.15) — (3.18).

3.4 Observer-based tracking control design

In this section, we focus on the design problem of the observer-based controller (3.4)
for the system (3.1)-(3.2). It is a common way to adopt a separation principle to
design an observer-based tracking controller for traditional point-to-point systems
([72], [75], [81], [131]). However, a separation principle can not be employed to
design an observer-based tracking controller for the system (3.1)-(3.2) because of the
asynchronous inputs between the controlled plant (3.1) and the tracking controller
(3.4). Notice that B; (coupling F and L) and B, (including F') in the system (3.9)-
(3.10) are associated with two interval time-varying delays which are different due to
network-induced delays and packet dropouts in the controller-to-actuator channel.
So it is impossible to decouple F' and L by using a separation principle. Instead, we
present a new control design algorithm, which utilizes a particle swarm optimization
(PSO) technique with the feasibility of Proposition 3.1, to obtain the minimum H,
tracking performance v and the observer gain L and the control gain F'. In the PSO
technique, a particle status is characterized by two factors: its velocity and position,

which are updated by the following equations ([18], [62])

vij(k + 1) = wyj(k) + crri(pbest;; (k) — fi;(k)) + cara(gbest; (k) — fi;(k)) (3.38)

fij(k+1) = fi;(k) + vi;(k+ 1) (3.39)
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w = (Wapr — W) (My — ¢) /My + Wi, (3.40)
fori=1,2,...,n, and j=1,2,...,d, where n, and d are the number of particles

in a group and the number of members in a particle, respectively; v;;(k) is the jth
dimensional velocity of the ith particle at iteration k, and V]’-’”” < v(k) < oo
fij(k) is the jth dimensional position of the ith particle at iteration k; pbest; =
(pbest;;, pbest,s, . . . ,pbestij) is the previous best position of the ith particle; gbest
is the global best position of the group; r; and 7y are two random numbers uni-
formly distributed in [0, 1]; ¢; and ¢y are two acceleration coefficients; w is the
inertia weight; wy, and w,, represent the maximum and minimum inertia weight,
respectively; m,, is the maximum number of iterations and ¢, is the current number
of iterations. The design algorithm of the observer-based tracking controller (3.4) is

described as follows

Algorithm 3.1.

Step 1. Initialization

1.1 Randomly initialize a group with n, particles. Each particle consists of mem-
bers f;;(0) in F? and L?; and f;;(0) lies in the range [ay,(;], where ¢ =

1,2,...,np, and j=1,2,..., n(m+ v);

1.2 Initialize some tuning parameters ci, ca2, War, Wi, My, V7" and v

; 1, where

j=1,2,...,n(m+v);

1.3 Initialize the velocity of n, particles and ijm < uij(O) < v where 7 =

1,2,...,n,and j=1,2,...,n(m+v), and set k = 0;

1.4 Initialize the fitness value 7 = [,, where [, is a positive constant and i =
1,2,...,np. Solve the minimization problem mentioned at the end of Section

3 to obtain the minimum 7Y for given F? and LY, i€{1,2,...,n,};
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Step

2.1

2.2

2.3

2.4

2.5

1.4.1 Assign the minimum Y to v;, and f;;(0) to pbest,., respectively, where

YR
Vip is the fitness value of the particle pbest, ¢ = 1,2,...,n,, and j =

1,2,...,n(m+v), and set k = 0;

1.4.2 Assign min{y) | i € {1,2,...,m,}} to 7] and f;(0) to gbest;(0), re-
spectively, where 'yg is the fitness value of the particle ghest, and j =

1,2,...,n(m+v) and set k = 0;
2. Fitness evaluation of particles

Obtain FF and LY from f;;(k) in n, particles, where i = 1,2,...,n,, j =

1,2,...,n(m+v),and k > 1, k € N;

Solve the minimization problem mentioned at the end of Section 4.3 to obtain
the minimum ~¥ for given FF and L¥, where i € {1,2,...,n,}, and k > 1,

ke N;

Record the previous best particles and their fitness values. If 4% < ~;,, then

assign 7F to i, and fi;(k) to pbest, ., respectively, where i =1,2,...,n,, j=

179

1,2,...,n(m+v),and k > 1, k € N;

Record the global best particle and its fitness value. If 75~! > min{~}};7,,
then assign miin{%k | i€ {1,2,...,n,}} to 7F and fg;(k) to gbest;(k), respec-
tively; otherwise, assign 75_1 to fy;f and store the corresponding particle, where
j=12,....,n(m+v),and k > 1, k € N. If [yF—+5"!| < ¢ is satisfied within
m,, iterations, where € >0 is a sufficiently small constant, then exit, and £ > 1,

k € N; otherwise, go to Step 2.5;

Update the velocity of n, particles by (3.38) and (3.40). If v;;(k) <v™" or

vij(k) > 7", then randomly generate v;;(k) satisfying v/"" < vy (k) < v,

where i=1,2,....,n,, j=1,2,....,n(m+v),and k > 1, k € N;
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2.6 Update the position of n, particles by (3.39). If f;;(k) < a; or fi;(k) > f;,
then randomly generate f;;(k) satisfying o; < fi;(k) <B;, where i=1,2,...,n,,

j=1,2....,n(m+v),and k > 1, k € N;

2.7 If k>m,, where m,, is the maximum number of iterations, then exit; otherwise,

set k =k + 1 and go to Step 2.1;

Step 3. Obtain the minimum +, > 0 and the corresponding F' and L from the global

best particle.

Remark 3.3. Applying a PSO technique with the feasibility of the LMIs of Propo-
sition 3.1, Algorithm 3.1 is provided to search for the minimum H, tracking perfor-
mance Y, and the observer gain L and the control gain F'. The total row size of
the LMIs of Proposition 3.1 is . =35p+4¢q and the total number of scalar decision
variables is A = %[9p(p+1)—|—8p(7p—l—q)]. Therefore, the computational complexity

of Algorithm 3.1 is proportional to /. .43, where & =(nm-+nv)m,n,,.

Remark 3.4. The convergence of Algorithm 3.1 is influenced by some tuning pa-
rameters n,, i, Ca, Wi, Wp, My, ijm and v** (j=1,2,...,n(m + v)). Notice
that a complete theoretical analysis of selecting parameters is given ([18], [130]). In
this study, the tuning parameters are selected properly to ensure the convergence
of Algorithm 3.1 according to [18] and [130]. The convergence speed of Algorithm
1 mainly depends on the search spaces [, ;] (j=1,2,...,n(m +v)). Usually, we

can roughly determine «;, 8; (j=1,2,...,n(m + v)) in virtue of some traditional

control strategies [72], [75], [81], [131].

Remark 3.5. The evolutionary process of Algorithm 3.1 will end when the search
process converges in a given H,, tracking performance or will repeat for n, particles
until the maximum number of iterations m,, is reached. If the search process is

ended by [, and the conditions of Proposition 3.1 are not satisfied for given [, F’ g’“
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and L’; (k € N), which means that no optimal solution is found, then one can adjust

the search spaces or initialize the tuning parameters for another new search.

3.5 An example

Choose a mobile robot moving in one direction in [109] as a controlled plant, which
is given by

w(t)= [8 —1;32] z(t)+ { 11.32] u(t)+ {(1)} w(t) (3.41)

yt)=[1 0 ]z(t)
where w(t) is an external disturbance.

The following reference model is described by
w0=| % Lm0+ )]0 )
ye()=[1 0 ].(t)
where r(t) = 2.46sin(t).

We first design a traditional observer-based tracking controller of the form (3.3)
by using the method in [81]. Using Theorem 2 with a parameter o =1 and fuzzy
rule r = 1 in [81], we can easily obtain the minimum H,, tracking performance
Ymin = 0.73 and the corresponding gain matrices F'=[—2.6456 — 0.2076] and L =
[49.9480 345.8116]7, denoted by G M;.

Second, we design the network-based tracking controller (3.4) by using Algo-

rithm 3.1. Following the modeling process in Section 4.2, the resulting system is

represented by (3.9)-(3.10) with the following matrices

0 1 0 1 0
A= [0 —11.32] A= [—6 —5} ! B_{11.32}’

HESHERE

In Algorithm 3.1, the search spaces are roughly set to be [y, (1] = [ae, B2] =

D

[—20, 0] and [as, B3] =[ay, B4]=]0, 20]; the tuning parameters are initialized to be

n,=20, c1=2, c2=2, wy=0.7, w,, =0.4, m,; =20 and v/*** =2 (i=1, 2, 3,4), which
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Figure 3.3: The outputs of the system (3.41) under a traditional controller [81] and
the system (3.42) with r(¢)
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Figure 3.4: Time diagram of effective packets in simulation

satisfy the convergence of a PSO algorithm [18]; network index and a weighting
matrix are given by i, =20(ms), 7o, =40(ms) T =60(ms), Tap = 120(ms) and
U =1, respectively. Using Algorithm 3.1, we obtain the minimum H., tracking
performance 7, = 0.1072, the gain matrices F' = [—3.2465 — 0.2596] and L =
[7.7941 0.8648]”, denoted by G M,.

Third, we compare the tracking effect via a traditional controller with GM;
and a network-based controller with GM, by simulation of output responses. In
simulation, we choose initial states z(0) = [0.2 0], 2(0)=1[0 0], z,.(0)=[-0.5 0]

and the external disturbance w(t)=0.5sin(t). When there does not exist a network
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between the plant (3.41) and the controller (3.3) with GMj, the outputs y(t) and
y-(t) are shown in Figure 3.3, which demonstrates a stable tracking effect. Suppose
that the plant (3.41) and the controller (3.3) are interconnected via a communication
network. We choose a sampling period h=20(ms) and assume that the sequences of
packets successfully received by the controller and the actuator are {b;}°, (b; =2i—2)
and {lx}72, (I =4k—4), respectively, and network-induced delays of these packets
are 7;¢ = 20(ms) and 7, = 40(ms). Time diagram of effective packets with these
assumptions is shown in Figure 3.4. It is easy to see that 20(ms) <t —b; < 60(ms)
for t € [2(6 — 1)h + h, 2ih + h) Vi € N and 40(ms) < t — l;, < 120(ms) for
t € [4(k — 1)h + 2h, 4kh + 2h), Yk € N. In this network setting, we depict the
outputs y(t) and y,(¢) under the traditional controller with GM; and the network-

based controller with GM, in Figure 3.5 and Figure 3.6, respectively.

Clearly, the traditional controller with GM; can not ensure a stable tracking control
in the network environment, however, the proposed network-based controller with
G M, achieves a stable and satisfactory tracking control. Moreover, in Figure 3.6,
it is calculated that [le(t)|ls = 0.6512 and @w(t) = ||r(t)||2 + ||w(t)|]2 = 9.5537 for
t € [0, 30s], which yields

le()ll2
()12

Now, we introduce another reference input 7(¢) and another disturbance input

= 0.0682 < Vi = 0.1072. (3.43)

w(t) as follows

2, 5s <t <1bs
T(t) =< —2, 1bs<t<25s w(t)= {
0, otherwise,

0.05sin(t), 10s <t < 20s
0, otherwise.

Using the proposed controller, we show the outputs y(¢) and y,(¢) in Figure 3.7.
Similarly, we can calculate ||e(t)||s = 0.5548 and @ (t) = ||7(t)||a+||@(¢)||2 = 8.9446 for

t € [0,30s]. It follows that

le()]l2
()12

= 0.0620 < Ypmin = 0.1072. (3.44)
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Figure 3.5: The outputs of the system (3.41) under a traditional controller [81] in a

network environment and the system (3.42) with r(¢)
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Figure 3.6: The outputs of the system (3.41) under the proposed controller and the
system (3.42) with ()

In Figure 3.8, e; and ey depict output tracking errors of the plant (3.41) under the
obtained controller and the reference model (3.42) with two cases of reference inputs
r(t) and 7(t), respectively, which show a satisfactory tracking control.

Lastly, we can conclude from Figure 3.3 and Figure 3.5 that a traditional con-
troller (3.3) developed by the method in [81] can not be used to achieve a stable

tracking control for the system (3.41)-(3.42) in a network environment. However, a
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Figure 3.7: The outputs of the system (3.41) under the proposed controller and the
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Figure 3.8: The output tracking errors between the system (3.41) under the proposed
controller and the system (3.42) with different reference inputs

stable and satisfactory tracking control can be produced by a network-based con-
troller (3.4) designed by Algorithm 3.1, which can be clearly seen from (3.43)-(3.44)

and Figure 3.6, Figure 3.7 and Figure 3.8.
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3.6 Summary

In this chapter, we have considered network-based output tracking control for a
linear system via an observer-based controller. The inputs of the linear system and
the observer-based tracking controller are asynchronously updated by available data
that suffer network-induced delays and packet dropouts in the sensor-to-actuator
channel and the sensor-to-controller channel, respectively. The resulting closed-loop
system has been modeled as a system with two different interval time-varying delays.
To ensure the closed-loop system with a prescribed H,, tracking performance, a new
delay-dependent criterion has been derived in terms of linear matrix inequalities.
Notice that a separation principle can not be employed to design the observer gain
and the control gain due to the asynchronous inputs of the linear system and the
controller. Instead, a new design method has been proposed by applying the particle
swarm optimization technique with feasibility of the H,, performance criterion. An

illustrative example has been given to show the effectiveness of the proposed method.
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Chapter 4

Network-based fuzzy state
feedback tracking control using
asynchronous constraints

4.1 Introduction

Output tracking control for nonlinear systems has been applied in many fields of
science and engineering, including industrial and military systems, biology, economy
and other areas. Since many nonlinear systems can be represented by Takagi-Sugeno
(T-S) fuzzy models [100], [124], much work has been done to deal with the output
tracking control for a traditional T-S fuzzy system in the past decade, see [75], [81],
[82] and [131]. In these references, the nonlinear system via a T-S fuzzy model and
the fuzzy tracking controller are located together and connected in a point-to-point
manner, which means that the T-S fuzzy model and the fuzzy controller share same
[F-THEN rules and same continuous measurement of premise variables.

As a result of rapid advances in the network technology, modern feedback con-
trol systems become spatially distributed and dependent on a shared communication
network ([36], [153]). The use of the network in the feedback control systems in-
creases system flexibility, reduces cost of installation and maintenance, and enables
a remote execution of control tasks. Motivated by the above mentioned advantages

and the universal approximation property of a T-S fuzzy model, some researchers de-
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vote themselves to investigating modeling, stability and control of a network-based
T-S fuzzy system. The main feature of a network-based T-S fuzzy system is that
the T-S fuzzy model and the fuzzy controller exchange feedback and control signals
in the form of information packets through a digital network. The presence of a
control network inevitably leads to network-induced delays and packet dropouts in
the feedback control loop. Taking the effect of network-induced delays and pack-
et dropouts into account, much attention has recently been paid to solving several
control problems of a network-based T-S fuzzy system, for example, stabilization
[57], guaranteed cost control [156], [98], Hw control [128], [157] and tracking con-
trol [54]. Notice that the network-based fuzzy controllers in [57], [98] and [156]
depend on available sampled-data measurement of feedback states and continuous
measurement of premise variables. However, these fuzzy controllers are not prac-
tical since their premise variables are impossible to be continuously measured in
a network environment due to sampling behaviors and data transmission. So the
control design methods in [57], [98] and [156] must be reevaluated before they are
applied in practice. By using the network-based fuzzy controllers associated with
available sampled-data measurement of both feedback states and premise variables,
the network-based T-S fuzzy systems in [54], [128] and [157] are represented by
asynchronous T-S fuzzy systems with an interval time-varying delay. It should be
mentioned that in [128] and [157], some routine relaxation methods for a traditional
T-S fuzzy system in [66], [80] and [122] are used to analyze H., performance and
design a fuzzy controller. But it is shown in [65] that these relazation methods do not
work since the common product terms of membership functions in an asynchronous
T-S fuzzy system can not be grouped. Without using the relaxation methods in [66],
[80] and [122], a fuzzy tracking control design method is proposed in [54]. Howev-
er, As pointed out in [93], the design method in [54] does not show any advantage

over a linear tracking controller for the asynchronous fuzzy system. In addition, the
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knowledge of membership functions is not considered in the above control problems
of a network-based T-S fuzzy system.

In this chapter, we will investigate network-based state feedback tracking control
for T-S fuzzy systems by taking the knowledge of membership functions into consid-
eration. Using a network-based fuzzy controller that depends on available sampled-
data measurement of feedback states and premise variables, the network-based T-S
fuzzy system will be formulated by an asynchronous T-S fuzzy system with an inter-
val time-varying delay. Due to the asynchronous characteristic, a routine relaxation
method for stability analysis and controller design of a traditional T-S fuzzy sys-
tem can not be employed to analyze the H,, tracking performance and design the
network-based fuzzy tracking controller of the asynchronous system. Instead, a new
relaxation method will be proposed by applying asynchronous constraints on mem-
bership functions to introduce some free-weighting matrices. By using the proposed
relaxation method and a discontinuous Lyapunov-Krasovskii functional, some new
criteria for H, tracking performance analysis and controller design will be derived in
terms of linear matrix inequalities. It is worth pointing out that the fuzzy controller
designed by using asynchronous constraints is essentially nonlinear and can ensure
a better H,, tracking performance over a network-based linear controller provided
by [54]. The effectiveness of the design method will be illustrated by performing

network-based tracking control for the Duffing forced-oscillation system.

4.2 Modeling of network-based T-S fuzzy systems

Consider a smooth nonlinear control system on a compact region D, which can be

represented by the following T-S fuzzy model

Plant Rule R*: TF 6,(t) is M;; and 65(t) is Mjp and - - - and 6,(¢) is M;,, THEN
y(t) = Cix(t) '

where i = 1,2,...,r and r denotes the number of IF-THEN rules; z(t) € R" is
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the state vector, u(t) € R™ is the control input vector, y(t) € R! is the output
vector, and w(t) € RY is the external disturbance acting on the T-S fuzzy model
and w(t) € Ly[0,00); 0(t) = [01(¢),02(¢),...,0,4(t)] is the premise variable; M;; (i =
1,2,...,r;5=1,2,...,¢g) are the fuzzy sets corresponding to premise variables 6;(t)
(1t = 1,2,...,9) and plant rules; A;, B;, C; and FE; (i = 1,2,...,r) are constant
matrices of appropriate dimensions.

By using a center average defuzzifier, a product fuzzy inference, and a singleton

fuzzifier, the global dynamic of the fuzzy system (4.1) is inferred
B(t) = pi(0(1)) [Aia(t) + Biu(t) + Eiw(t)]
i=1

y(t) = Zm(e(t))cﬂ(t)

where

0<p(0)<1,i=1,2..,r, iui(e(t)) =1

In this chapter, we consider the network-based state feedback tracking control

for the system (4.2) with membership functions under the following assumptions

Assumption 4.1. [53] The time derivative of premise variable 0(t) in the fuzzy
membership functions is upper bounded, i.e., |0(t)| < p, where p > 0 is a known

positive constant.

Assumption 4.2. The fuzzy membership functions u;(0(t)) are Lipschitz continuous
functions of premise variable 0(t) and with known Lipschitz constants €; on the

compact region D, where 1=1,2,...,r.

Remark 4.1. Notice that the common types of fuzzy membership functions are
Gaussian, Triangular, S-shaped, Trapezoidal and Bell curves. So it is reasonable
to assume that the membership functions (0 < p;(0(¢)) < 1) are Lipschitz con-
tinuous functions of #(¢) on the compact region I and the Lipschitz constants e;

(1=1,2,...,7) can be easily computed.
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Reference Model
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Figure 4.1: A setup of a network-based fuzzy tracking control system

Consider the following reference model

{ () = Apr(t) + Byr(t) (4.3)

Yr(t) = Crn(t)
where x,(t) €R™, r(t) €R? and y,(t) €R! are the state, the energy bounded input and
the output, respectively; A,,, B,, and C,, are given constant matrices of appropriate
dimensions, and A,, is a Hurwitz matrix.

The objective of this chapter is to design a network-based fuzzy controller which
can drive the output y(t) of the system (4.2) to follow the output y,.(t) of the
reference model (4.3) as close as possible, see Figure 4.1. We assume that the fuzzy
controller shares same fuzzy sets with the fuzzy model (4.1) in the premise parts.
The sampled-data measurement of feedback states and premise variables (x(kh),
x.(kh) and 0(kh), Vk € Z, where h is the sampling period) is augmented as a single
packet with a time stamp and transmitted to the controller in the sensor-to-controller
channel. Due to the effects of network-induced delays and packet dropouts, x(bgh),
x.(bph) and 6(byh) (Vk € N) are available to update the fuzzy controller at the
time instants {bh + 75°}7,, where b, (Vk € N) are some nonnegative integers

which indicate the packets that successfully update the controller and 7 (Vk € N)
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denote the corresponding sensor-to-controller delays. Then the network-based fuzzy
controller can be described by

Control Rule R*: IF 0, (byh) is M1 and O5(bih) is M;s and - - - and 0,(byh) is My,
THEN

k

where u(tt) = lims ;0 u(9), lims 10 is a limit taken from the left, and Fj; and
Fy (i=1,2,...,r) are feedback gains to be determined. Analogous to (4.2), the

network-based fuzzy controller is given by

u(tt) = ; (i (0(bph)) [Friw(bih) + Foia, (bih)] (45)
t € {bph + 7 }0,, VhkeN.
The control signal u(¢") is transmitted to the actuator over a controller-to-actuator
channel. The actuator is has a computational hardware which can actively drop
outdated packets by using time stamped information. In consequence, u(t*) tagged
with [, (Vk € N) is available for the actuator at the time instant [yh+7, , where [,
(Vk eN) are some nonnegative integers which indicate the control signals that suc-
cessfully update the actuator, {ly,ls, 3, ..., } £{b1, b, b3, ..., }, {lx} is strictly increas-
ing, 7, =7,47;" and 7,* denotes the controller-to-actuator delay. The actuator holds

the available data until next update. Let 7(t)=t—I[h for t € [lyh+7,, lipih 417, ,)

(VE€N). One obtains the input of the system (4.1)

u(t) = Z/M(Q(lkh))[Flﬂ(t—T(t))+F2z‘l’r(t—7(t))] (4.6)
t € [lh + 7, losih + 7, ), VEEN.

Defining 7,,, = mingen{7, } and 7p; =maxpen{(le+1 —lk)h+7,,, }, we have
O<7’m§7'(t)§7‘M, t e [lkh—l—le,lk+1h—|—le+1) (47)

where 7(¢) is discontinuous at the time instants {lxh + 7, } (Vk € N) and piecewise-

linear with 7(¢) = 1 for t # {lxh + 7, }72 ;.
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Defining the output tracking error e(t) =y(t) —y,(t) and using (4.2), (4.3) and
(4.6), one can describe the augmented system by
=305 () + B (1) + E(r)
i=1 j=1

e(t) :Z [LZO f(t) t e [lkh + Tly s lk+1h + le+1)
1=1

where

pi= i (0(8)) >0, pf =ps(0(1h) >0, i=1,2, ...,

imziuﬁzL vk € N.

i=1 i=1
We supplement the initial condition of the system (4.8) as () =¢(t), t € [to—Tas, tol,
where ¢(t) is a continuous function on [ty — 7as, to], d(to) =[xl 2L [, and zq=z(to)
and z,0=x,(tg) are initial states of the system (4.2) and the reference model (4.3),

respectively. For the system (4.8), we choose the following H, tracking performance

ty

/ LT Uet)dt < V(€ + 42 / T () (1) dt (4.9)

to to

where ¢ is the initial time that the actuator starts to work, ¢; is the terminal time,
~v > 0 is the prescribed H,, tracking performance, U > 0 is the weighting matrix,
and V(&) is the energy function of initial states.

To achieve the output tracking control objective, the network-based fuzzy con-
troller (4.5) is designed such that the augmented system (4.8) is asymptotically

stable with a prescribed H,, tracking performance, which means that
1) the system (4.8) with w(t)=0 is asymptotically stable;

2) the output tracking error e(t) satisfies the Hy, tracking performance (4.9), for

all nonzero w(t) € £[ty, 00).
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Remark 4.2. The network-based fuzzy controller (4.5) depends on available mea-
surement of premise variables and feedback states which are involved in the network
transmission and subjected to network-induced delays and packet dropouts. Us-
ing such a fuzzy controller, the network-based T-S fuzzy system is represented by
the asynchronous T-S fuzzy system (4.8). As pointed out in [65], the asynchronous
membership functions of the system (4.8) make it difficult to analyze the H,, perfor-
mance and design the fuzzy controller. Notice that there are some results available
on fuzzy H., control for a network-based nonlinear system which is modeled as an
asynchronous T-S fuzzy system [54], [128] and [157]; however, the knowledge of asyn-
chronous membership functions is not considered in the H,., performance analysis
and controller design, which may lead to conservative results, see [93]. To utilize the
asynchronous characteristic, we introduce the following asynchronous constraints on

membership functions
s — pF| < 6, i=1,2,...,r (4.10)

where 0; >0 (i=1,2,...,r) are some positive constants. It follows from Assumption

4.1 and 4.2 that

t

6(t) — 0(1xh)| < / 6(s)\ds < prar,

t—7(t)
i (0(1)) — 1 (0(h)) | <€:]0(t) —O(Lh) |, 1 =1,2, ..., 7.
Then we have §; =min{1,¢;pmps} (i=1,2,...,7). It should be mentioned that if the
T-S fuzzy system has available upper bounds of the time derivatives of membership

functions [123], i.e., there exist p; >0 (¢ = 1,2, ...,r) such that

: i (0(1)) ; :
il =|—=00)| <y, 1=1,2,....7,
il = | Hes 260 < o .
one can easily calculate that
s—7(s)

Then we have 6;=min{1, 7p;;} (i=1,2,...,7).



4.3. Performance analysis of state feedback tracking control 73

4.3 Performance analysis of state feedback track-
ing control

In this section, we will analyze H,, tracking performance for the fuzzy system (4.8)
by using the asynchronous constraint (4.10). Lemma 2.1 and Lemma 2.2 are needed
to derive a delay-dependent criterion for H,, tracking performance analysis.

In the following, by finding a Lyapunov-Krasovskii functional (LKF) V (¢) satis-
fying the condition (2.7)-(2.10), we will derive a new delay-dependent criterion. For

simplicity of presentation, let

' (t) = [n7 (t) n3 ()],

() = [€7(t) €7(t) €7t —7(t))],

g (1) = (€7 (t = 7(t) € (t—7n) € (t—Tm)],
ee=[ 0 0 0 0  Opxe
e2=[0 I 0 0 0  Oxep
es=[0 0 I 0 0  Oxe
es = [0 0 0 I 0 0ps6p:
es = [0 0 0 0 I 0ps6p:

€g — [0 0 0 0 0 I]p><6p

where ¢; (i = 1,2,...,6) are px 6p matrices; I denotes a p X p identity matrix, the
others in e; (i =1,2,...,6) are p X p zero matrices; p is the dimension of £(¢) and

p = n+n. The delay-dependent criterion is given by

Proposition 4.1. Given positive scalars v, Ty, T and 6; (1 = 1,2,...,r), gain
matrices F; (i=1,2,...,r) and a weighting matriz U >0, the system (4.8) is asymp-
totically stable with an H., tracking performance if there exist symmetric matrices
P>0,Q;>0 (1=1,2), R;>0 (i=1,2,3,4) and matrices S; (i=1,2,3), X; (i=1,2),

M;, N; (1=1,2,...,r) and T;; (i,j=1,2,...,2r) such that the following linear matriz
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inequalities (LMIs) hold fori,j =1,2,...,r:

[ E}j * * *
Ly —2 % *
5, 0 SR, . <0 (4.11)
| 653 0 0 —0R;
[ E?j * *
I, —2%I * <0 (4.12)
| 05, 0 —0Rs
[ T11 * tee *
Lo <o (4.13)
L T27‘,1 T27“72 e TQT,QT
Ty + Ty — 2M; < 0 (4.14)
= 2Nj = Tty (i) — Tl ) <0 (4.15)

where

=L =00 4 TOTUCker — Gy &T,

Efj :Q?j + (5Qilj + el CTUCie, — &Y3i6)

ng =l (XT A+ AT X1+ Q1 +Qy— Ry — Ry)e; +el Pey
+ el (AT Xo— X )ea+ei X{ BiFjes+e] Ryeq
+ el Ries+el (P—X1+X5 A)e +63TF]-TBiTX161
+ e4TR461 —|—e5TR161 +62T(7'31R1 —|—5R2—X2—X2T)62
+ engBiFj€3+€§F}TB?X2€2—GZR4€4_6gQ165
— el Ries+(es—e3)"S1+57 (es— e3)+ 53 (e3— es)
— el Qaest(e3—e6) T Sy+ ST (e1—eq)+(e1—es)T Ss,

1 T T T T T
Qij =€ R4€2+€2 R4€1 +€2 R3€2 —€y R4€4—€4 R4€2,

- T+ 15+ Tt G+r) F LG+ (40)

Ty = 5 +Tij+r) T LG4y
a E Tz I r r +T r)(g+r
~3 5 {Mi— /ﬂ; ki T ><k+>2 e |
k=1

I =El Xie1+Ef Xoe, 6 =Ty — T, o= [ e €l el ].
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Proof: Choose the following LKF for the system (4.8)

0

V(t) = V(4 5)Q1E(t + s)ds + L (4 8)Q&(t + 5)ds

—Tm —T™M

0 0
+ &N () PE®) + T / ET(t+ 0)RiE(t + 0)dbds

—Tm

g (t+ 0) Ro& (t + 6)dbds

—TM S

+ (ra—r (1)) /_ O ORE O

+ (rar =7 (8))x" (t) Rax(t) (4.16)
where P >0, Q; >0 (:=1,2) and R, >0 (i=1,2,3,4), x(t) = x(t) —x(t — 7(t)),
7(t)=7(t)—m, and 7(t)=t—Ih for t € [[h+7,, lyy1h+7,,,), VKEN.

We first show that the LKF (4.16) satisfies the condition (2.7) for P >0, Q; >0
(i=1,2) and R; >0 (i =1,2,3,4). It is clear to see that V() > X\, [|£(¢)]|* for
t € [lkh+m,, lky1h+m,,,), where A, > 0 (Vk € N). Notice that U~ llxh+
T lrth 471, ) = [to, 00), we have V(t) > e1|[£(¢)]|? for ¢t € [lrh+7,, 00), where

er=S0"1{ N} >0. For P>0,Q;>0 (i=1,2) and R, >0 (i=1,2,3,4), we have

V() Sm max | [6(0)]* +re max GO (@17

where

K1 :Amax(P)_‘_Tm)\max(Ql)+7—M>\max(Q2)a
K2 :T;/\maX(Rl)_‘_TM(TM - Tm)AmaX(R2)

+ (721 = Tn)* Panae (R3) + Amax (Ra)].

Second, we show that the LKF (4.16) satisfies the condition (2.8) for some ma-
trices P >0, Q; >0 (i=1,2) and R; >0 (i =1,2,3,4). In the LKF (4.16), Rs,
R4-dependent terms are discontinuous at updating instants {l,h+m, }3°, and do not
increase along {l,h+7, }72, since they are non-negative before [;h+7;, and become
zero just after [yh+7, , Vk €N; the other terms are continuous on [ty, 0o). Thus, we

obtain the condition (2.8).
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Third, we consider the asymptotic stability for the system (4.8) with w(t) = 0.
Taking the derivative of the LKF (4.16) along the trajectory of the system (4.8)

with w(t) =0, we have

222“2 X[ +e3 X3)(Aser+BiFjes—ea)n(t)

i=1 j=1

+ 07 (1) [el (Q1+Q2— Ri— Ry)ey +el Pey+el Ryeq)n(t)

+ 0T (O)[(ramr —7(t)) (el Ryea+ed Ryer)+el Ries+eq Pey]n(t)
+ 07 (t)[ef Raer+ed Rier+ej (7., Ri+0Ry)es]n(t)

— 0" (t)[e1 Raeates (Ri+Q1)es+eg Qzean(t)]n(t)

— 0" (O)(Tn =7 () (e3 Raea+ef Raes—e5 Raen)]n(t)

— T /t ;m 7 (s)R&(s)ds— /t o £7(s)Ry€(s)ds

—7(t)

t—7(t) ) t . .
‘/t E7(5) Raé (s)ds — / E7(5) R€ (s)ds (4.18)

—TM ‘T’(t)
for ¢t € [lkh—f—ﬁk, lgsrh + le+1), Vk € N.

Using Jensen integral inequality, we obtain

— T, /t ET(S)Rlé(S)dS < —nT(t)(e1—es5) T Ry(e1—es)n(t). (4.19)

Applying Lemma 2.2 with & = e5 — e3, ¥ = n(t) and Z = S; in Chapter 2 to the
term — ft 0 £7(s)Ry€(s)ds yields

- / ) Raé(s)ds <o (1) [(e5—es) i+ ST (es—e)] mit)

—r(t)
+(T(t)=Tm)n" (ST Ry ' Sin(t). (4.20)

Similarly, the following inequalities hold

—TM

t—7(t) . .
_/t E1(s)Ryé(s)ds <n™ (1) [(63—66)T52+S (e3—es }77
)

+ (=7 ()" (£)S; By " San(t (4.21)
N /t—_(t) éT(S)RBS(S)dS SnT(t) [(61—64) 53—1-5 (e1—ey4 }77
+(7(t) =T )" (t) S5 Ry ' Ssn(t). (4.22)
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Then it follows from (4.18)-(4.22) that
)<Y k" ()98 (t)n(t) (4.23)
i=1 j=1
for t € [lxh + 7, les1h + 7, ), VE € N, where
ng (t) :Q}j (t)+Q?j( )"‘Q?ja
Q(8) =(rar =7 (1)) (S5 Ry ' S2+923)),
Q7 () =(7(t) —7m) (S] Ry ' S1+53 R S3).
We are now in a position to prove that
S5 (4.2

i=1 j=1

for t € [lxh + 7, lktah +7,.,,), Vk € N. Since Qf;(t) is a convex combination of

Qf;(t) and QF;(t) on 7(t) € [T, Tar], one can see that (4.24) holds if (4.13) and the

following inequalities are satisfied

DD <= N ST gins =) Y i &o T sy

i=1 j=1 i=1 j=1 i=1 j=1
+ZZ'M“MJ Ti(jr) +T(J+T)Z)£ ]<0
=1 j=1

for i =1,2 and t € [lh + 7, lps1h + 7,,,), Yk € N, where

CI)%]- = ng +Qzlj (t) |T(t)=7'm )

(I)?j = ng +Q?j (t) |r(t)=rM .

Notice that

D Ty = > lpapl + pa(p /@)]@

iflj*l i=1 j=1

(4.25)

(4.26)

i+r)(j+r T r)(i+r
_ZZM% () (i) = ZZMM; ui-“)uﬁ?]T(“(”’; Gr)(etn)

i=1 j=1 =1 j=1

(4.27)
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And some free-weighting matrices M; and N; (i=1,2,...,r) with appropriate dimen-
sions are introduced by

D> iy — )M =0 (4.28)

iljl

ZZ — p)uEN; = 0. (4.29)

i=1 j=1
Under Assumption 4.1 and Assumption 4.2, we obtain |g; — u¥| < 6;. If the LMIs
(4.11)-(4.13) are satisfied, it follows from (4.25)-(4.29) that
D> (P — &Yyé) <0 (4.30)
i=1 j=1
for t € [lxh+7,, lgy1h+m7,,,), VE € N. Using Schur complement to the LMIs (4.13)-
(4.14), one can obtain (4.30), which implies that the inequality (4.24) holds. Then
the system (4.8) is asymptotically stable if the LMIs (4.11)-(4.14) are satisfied.
Lastly, we consider the H, tracking performance (4.9) for the system (4.8).
Taking the derivative of the LKF (4.16) along (4.8), we have

0=t 1G] [0 ][]

i=1 j=1

e (Ue(t)+7 w” (t)w(t) (4.31)
for t € [lkh+7,, li1h+7,,,), Yk € N, where
Using the convex combination technique and Schur complement to the LMIs (4.11)-

(4.14), we have

PO(t) — ET 8T x
ij 170

r, ey < 0. (4.32)
From (4.31) and (4.32), one can see that V (t) 4 e (t)Ue(t) — v*@" (t)@(t) < 0 holds
for t € [lkh+m,,lkh+7,) (Yk € N). Then the Hy tracking performance (4.9) is

ensured for the system (4.8), which completes the proof.
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Remark 4.3. Notice that in the proof of Proposition 4.1, (1) the inherent piecewise-
linear time-varying delay information 7(t)=1 on [[yh+1,, lyr1h+7,,,) (VK € N) is
fully used; (2) the knowledge about premise variables and fuzzy membership func-
tions (p and €;, i=1, 2, ...,7) is considered; and (3) some free-weighting matrices M;,
N; (1=1,2,...,r) and T}; (i,j=1,2, ..., 2r) are introduced by using the asynchronous
constraint (4.10) on membership functions. Thus, it is expected that Proposition

4.1 is of less conservatism.

Remark 4.4. For network-based T-S fuzzy systems in [128] and [156], some routine
relaxation methods in [66], [80] and [122] are used to analyze the stability and design
the fuzzy controller. However, this is not the case for the system (4.8) because all
the relaxation methods in [66], [80] and [122] are based on the following partition
& (t) (Z PPii+ > > g (®i + ‘%)) £(0), (4.33)
i=1 i=1 i<j<r
and this partition does not hold for the system (4.8) with p; # p,? for i=j. Instead,
we use the asynchronous constraint (4.10) to introduce some free-weighting matrices
in the H., tracking performance analysis of the system (4.8). The introduction of
these matrices in Proposition 4.1 can allow the existence of a network-based fuzzy
controller with different control gains for different fuzzy control rules at the cost of

computational complexity, see [93].

If the lower bound of network-induced delays is assumed to zero, i.e., 7,,, =0, one

can obtain the following result.

Proposition 4.2. Given positive scalars v, Ty, and §; (1=1,2,....,1), gain matrices
Fy (i=1,2,....,v) and a weighting matriz U > 0, the system (4.8) is asymptotically
stable with an H., tracking performance if there exist symmetric matrices P > 0,
Q2>0, R, >0 (i=2,3,4) and matrices S; (i=1,2,3), X; (i=1,2), M;, N; (i =
1,2,..,r)and T;; (i,j=1,2,...,2r) such that (4.11)-(4.15) hold fori,j =1,2,...,r,
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where d =Ty; and

O =eT(XT A4+ A" X1 4+Qa—Ra)er +el (P—XT +el A7 Xy )es

+ GlTXlTBiF}-63+6§F}TB?X1€1 +el Ryey+el Ryey—el Ryey
+ e5 (T Ro—Xo— X )eate5 Xy BiFjes+e5 F) Bl Xse,
— el Qres+(e1—e3)'S1+ ST (e1—e3)+57 (e3—es)
+ (e3—e5)" S+ 55 (e1—e4)+(e1—eq)" S5,

= 0 0 0  Ols

=[0I 0 0 Os

=0 0 I 0 Opxsy

=0 0 0 T Opxsy

=0 0 0 0 s

Proof: The proof is similar to that of Proposition 4.1 and omitted.

4.4 Fuzzy state feedback tracking control design

We now establish a delay-dependent criterion on the existence of a network-based

H, fuzzy tracking controller for the systems (4.2)-(4.3). The criterion is given by

Proposition 4.3. Given some positive scalars v, Ty, T and 6; (i=1,2,...,7), a
tuning parameter o, and a weighting matriz U >0, the system (4.8) is asymptotically
stable with the Hy tracking performance v if there exist symmetric matrices P> 0,
Q;>0 (i=1,2), R;>0 (i=1,2,3,4), and some matrices X, S; (i=1,2,3), Y;, M;,

N; (i=1,2,...,1), Tij (i,j=1,2,...,2r) such that the following inequalities hold for

i,j=1,2 .. r:
E}j * k k
Fi —’)/2[ * ES
55, 0 —6Ry, * <0 (4.34)
555 0 0 —0R; x
CiXey 0 0 0 Ut
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[ Efj * * *
I; —~2T * *
_552 0 —0R, * <0 (4.35)
L C’Z-Xel O O —U_l
I Tll *
Ty T
.21 .22 <0 (4.36)
L T2r,1 T2r,2 T Tzr,zr
T+ Tji —2M; <0 (4.37)
o QNJ - T(j+7”)(i+r) - T(i—i—r)(j-i—r) <0 (438)

where e; (i =1,2,...,6) are given in Proposition 4.1 and

Ezlj :Q?j - éaDTijé%T>
=5 = + 00 — &Y 567
Q?j :elT(fli)_(—i—X'TfliT+Q1 +Qo—Ri—Ry)er + elT(P—X+J)_(TAiT)62
+ ey (P—X"+0A;X)e1+e] BiYjes+e5 Y, Bl ei+ef Ryes+ej Rye
+elRies+el Riey+el (2R —0 X —0XT)ey +62T§R262+62TUBZY}63
+ egaY}TBiTeg —el Ryes—el (Q1+Ry)es—ef Qoeg+(e5— e3)''S;
+ ST (e5— e3)+ ST (e3— eg)+(e3—eg) ' Sy +51 (e1—ey)+(e1—eq)’ Ss,
ng :€1TR462+62TR461 +6§R362—€§R464—€ZR462, fi = E;fel —HTEiTeg,
Yij =(Tij+ Tjit+ Tasr) G40+ Tl4n60m) /24 Tiggam + T 4myi

— > k[ M= (Tis+Tii) /24 N+ (T )+ Ty ) /2]
k=1
Moreover, the control gains F; are given by F; = ;X% (i =1,2,...,7).

Proof: From Proposition 4.1, we can see that the system (4.8) is asymptotically
stable with an H,, tracking performance if the LMIs (4.11)-(4.15) are satisfied. Pre-
and post-multiplying both sides of the inequality (4.11) with diag{A, A, I, X, X}7T
and its transpose, the inequality (4.12) with diag{A, A, I, X}7 and its transpose,
the inequality (4.13) with diag{A, A, ..., A} . ¢, and its transpose, the inequal-

ities (4.14) and (4.15) with AT and its transpose, respectively, and introducing



Chapter 4. Network-based fuzzy state feedback tracking control using
82 asynchronous constraints

A —diag{X, X, X}, X = X.' = oX;1, P = XTPX, O; = XTQ:X (i = 1,2),
Ri=XTRX (i=1,2,3,4), ST = diag{A, A}Y'STX (i =1,2,3), T;; = ATT;A
(i,j=1,2,..,2r), ;= F;X, M;=ATM;A and N;=ATN;A (i=1,2,...,7), we can
obtain the LMIs (4.34)-(4.38) by using Schur complement.

If information about asynchronous membership functions is not considered in

the tracking control design, one has the following corollary.

Corollary 4.1. Given some positive scalars v, T,, and Ty;, a tuning parameter o,
and a weighting matriz U >0, the system (4.8) is asymptotically stable with the H,
tracking performance v if there exist symmetric matrices P >0, Q; >0 (i=1,2),

R;>0 (i=1,2,3,4), and some matrices X, S; (i=1,2,3), Vi, M;, N; (i=1,2,...,1),

Ti; (i,j=1,2,...,2r) such that
0 A
IT; <0, 4,7=1,2,...,7 (4.39)
1 . .
I <0,4,7=1,2,..,r (4.40)
where
[ Q?j * * *
T —2T * *
;=1 05% 0 —0Ry, *  x |,
053 0 0 —0Rs *
| CXe, 0 0 0 —U!
[ QY +0Q) o« *
. — _j —~2T * *
& 05, 0 —0Ry = ’
| CGXee 0 0 -U
and QY. QL and T; (i,j=1,2,...,r) are defined in Proposition 4.3.

The following proposition establishes the relationship between Proposition 4.3

and Corollary 4.1.

Proposition 4.4. If the conditions of Corollary 4.1 are satisfied, then the conditions

of Proposition 4.3 are satisfied.
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Proof: From (4.39) and (4.40), it can be seen that there exist some small scalars
g >0 (i=1,2,...,7) such that II); < —(g;4¢;)Igxq and II}; < —(g;4¢;)Igxq for
t,7=1,2,...,7, where g=8p+v+v+1[. On the other hand, choosing M; = —¢;I3x3p,
Nj=—¢;I3px3p, Tijzo for i« # j, Tz’i:—&fzapxsm T(j+r)(i+r):0 for i # j, T(j—i—r)(j—i—r) =

—€il3px3p, Ti(j4r) = T(j4r)i = 0, where 7,5 =1,2,...,r, one can see that the LMIs

(4.34)-(4.38) are satisfied. This completes the proof.

Remark 4.5. Proposition 4.3 can be effectively used to design the network-based
fuzzy tracking controller such that the system (4.8) with available ¢; (i=1,2,...,7) is
asymptotically stable with a prescribed H,, tracking performance. If §; are unknown
or 9; > 1, one can choose Corollary 4.1 for tracking controller design. However, in
this case, only a network-based linear controller can be developed and the control

design method is conservative, see [93].
In the case 7,,, = 0, we have the following proposition

Proposition 4.5. Given positive scalars v, Ty and 6; (i = 1,2,...,7), a tuning
parameter o, and a weighting matriz U >0, the system (4.8) is asymptotically stable
with the Ho tracking performance v if there exist symmetric matrices P >0, Q2 >0,
R; >0 (i=2,3,4), and matrices X, S; (i=1,2,3), Y;, M;, N; (i=1,2,....,7), T};
(1,7 =1,2,...,2r) such that (4.34)-(4.38) hold fori,j=1,2,....,r, where § =T, €;
(1=1,2,...,5) are given in Proposition 4.2 and
Q?j :elT(AiX+XT/_liT+Q2 —Ry)ey +e{(UXT/_1iT —X)es

+ el Peg+el BiYjes+e] Ryes+es (04, X —XT)e

+ el Pe, +e§YjTB?el el Rye;—el (0 X +0XT)ey

+ e3 v Roea+e30B;Yes+e5 oY, Bl ea—ej Ryey

— el Qges+(e1— e3)" S+ ST (e1— e3)+ 57 (e3— es)

+ (es—e5)T Sy + ST (e1—eq)+(e1—e4)" Ss.

Moreover, the control gains F; are given by F; = ;X! (i =1,2,...,7).
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Remark 4.6. In [54], z(t) and x.(t) are assumed to be with same dimensions.
Defining e(t) =z (t) —x,(t), the network-based control system is modeled as

) = 3737 b lAiet) + BiFye(lih) + o)

i=1 j=1

te [lkh—i—le, lk+1h+le+1),Vk eN

(4.41)

where

) = 3 (As = Ao (1) + Bao(t) = Bur (1),

It should be mentioned that Proposition 4.3 and 4.5 with alterations A; = A;, B; = B;,
Fi=F;,C;=Iand E;=1I (i =1,2,...,7) can be used to design a network-based fuzzy
controller such that the tracking error system (4.41) with available ¢; (i = 1,2, ...,r)
is asymptotically state with a prescribed H,, tracking performance. An example

will be given to show the advantage of the proposed method over the result in [54].

4.5 An example

In this section, we will illustrate the effectiveness of the proposed design method
by performing the network-based tracking control for the Duffing forced-oscillation

system, which is described by

#(t) = Z pi (1 (8) [Aiz (8) + Biu(t) + Eic (t)]

; (4.42)
y(t) = ;Mz’(xl(t))cﬂ(t)
where
A= {8 —(1J.1 } ’ AQ:{ —%5 —(1).1 } ’ BZ':EZ:H]’ G=[10],i=12,

()= [T(t) 25 (@) ], mlen(t) = 1= 23(6)/25, po(a1(t) =a3(t)/25.

In the following, we consider the tracking control for two cases of network-based

T-S fuzzy systems, i.e., the system described by (4.8) and the system described by
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(4.41). In the first case, we perform the output tracking control through a network-
based fuzzy controller designed by Proposition 4.3. In the second case, we show the
advantage of Proposition 4.5 over Theorem 1 in [54].

Case I: choose the following reference model

{ iy = =z (t) + r(t) (4.43)

yo(t) = 2. (1)
Suppose that a communication network is inserted between the system (4.42) and

the following fuzzy tracking controller
2
u(t) = gz (8) [Fua(t) + Fya(t)). (4.44)
i=1

Using the modeling process in Section II, we have the augmented system (4.8) with

the following matrices

[0 1 0 0 0
Ai=10 =01 0 |,Bi=|1]|,E=|10],
0 0 -1 0 01
[0 1 0 0 0 0
Ay=| =25 =01 0 |, By=|1], Ey=|1 0],
| 0 0 -1 0 01

Ci=[10 —-1],Cy=[10 —1].

It is assumed that the compact region D=[—5,5]x[—4,4]. For t € [lxh+7,, lkr1h+
Ti,,) (VK € N), we have
t

|x1(t)—a:1(lkh)|§/ |T1(s)|ds <4dryy,

t—7(t)

i — 1| <Jay (8) 21 (Leh) | |21 (8) — 21 (1eh)] /25 < 1677, § = 1, 2.
Then 0; =min{1, 1.675,} (i=1,2). Given 7, =30(ms), 7y =90(ms) and U = [oys.
Applying Proposition 4.3 with 0 =0.2 and 0; =0.144 (i =1,2), one can obtain the
minimum H., tracking performance 7,,;, = 0.38 and the corresponding fuzzy gains

F11=[-33.7161 — 8.7109], F» =27.5881, F1o=[—9.8056 — 8.6784], Fpy =27.6524.

When §; (i=1,2) are unavailable, one can use Corollary 4.1 with 0 =0.2 to obtain
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Figure 4.2: The outputs of the system (4.42)-(4.43)

Ymin = 0.64 and Fj; = Fip = [—23.8429 — 8.6894], Fy = Fyy = 21.2722. Clearly,
the obtained fuzzy controller with Fj; # Fjs (j = 1,2) is nonlinear and the fuzzy
controller with Fj; =Fj (j=1,2) is essentially linear.

We now compare the tracking effect between the obtained nonlinear controller
and the linear controller in simulation. Choose the sampling period h = 30(ms),
the initial states x(0)=[0 — 3|7, z,(0) = —2, and the reference input r(t) = cos(t).
We assume that network-induced delay 7, (Vk € N) vary in [30(ms), 60(ms)]
and no packet dropout occurs in the network transmission. Figure 4.2 and Figure
4.3 shows the output responses of the systems (4.42)-(4.43) and the corresponding
output tracking error, respectively. In Figure 4.2, y' and y? are the output responses
of the system (4.42) controlled by the controller with Fj; # Fj, and the controller
with Fj; = Fjs, respectively, and y, denotes the output of the reference model (4.43).
Figure 4.3 compares the corresponding output tracking errors, where e! =y'—y, and
e? =y?—y,. It is easy to see that the network-based fuzzy controller designed by

Proposition 4.3 with available 9; can achieve a better H,, tracking performance than
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Figure 4.3: The comparison of the output tracking errors

the controller designed by Proposition 4.3 with unavailable §;, where i1 =1, 2.

> Theorem 1 in [54]

1
co 1
Proposition 5.4 | - /\- )
in this chapter | - |

0 2 4 6 8 10 12 14 16 18 20
Time (Sec)

Figure 4.4: The state trajectories z1(¢) and xz,1(t) of the system (4.42) and (4.45)

Case II: choose the reference model in [54]

iy = [ o } T+ [ ! 1 (1), (4.45)
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Figure 4.5: The state trajectories z5(¢) and z,9(t) of the system (4.42) and (4.45)
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Figure 4.6: The comparison of the tracking errors €i(t) (i = 1,2) of the system
(4.42) and the reference model (4.45)

Similar to [54], the input of the system (4.42) on [lyh+7,, lp1h+7, ) (k € N) is

u(t) = 37 paler () Fi(a(ch) — . (1ih)). (4.46)
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Proposition 5.4
in this chapter -

7 Theorem 1 in [54] .

0 2 4 6 8 10 12 14 16 18 20
Time (Sec)

Figure 4.7: The comparison of the tracking errors e5(t) (i = 1,2) of the system
(4.42) and the reference model (4.45)

And the resulting closed-loop system can be described by (4.41) with system matri-
ces A1, Ay, By, By Ey and Es, which can be found below (4.42).

For the system (4.41), using Theorem 1 with U = Isys, 7, =0 and 73, =60(ms)
in [54] to obtain the minimal H,, tracking performance 7,,;, =2 and correspond-
ing control gains F} = Fy = [—21.7667 — 13.7008]. Applying Proposition 4.5 with
o = 0.1 and some alterations (see, Remark 4.6), one obtains v, = 1.06 and
Fy = [—48.5220 — 13.1135], F = [—23.9771 — 13.1700]. Clearly, the fuzzy track-
ing controller designed by Proposition 4.5 is essentially nonlinear and can ensure a
better H, tracking performance 7y, = 1.06 for the system (4.41) than the linear
network-based controller provided by [54].

Then we compare the tracking effect via the proposed nonlinear controller and
the linear controller [54]. In simulation, the initial states of the systems (4.42) and
(4.45) are z(0)=[0 —3]* and ,.(0) =[—2 2]7; the sampling period is h=10(ms); and
the reference input is r(t) =4 cos(t). Choose the same network constraints as those in

[54], i.e., the maximum allowable delay bound is 30(ms) and the maximum allowable
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number of consecutive packet dropouts is 2. We depict the state trajectories of the
systems (4.42)-(4.45) via a controller designed by Proposition 4.5 and Theorem 1 in
[54] by Figure 4.4 and Figure 4.5. Figure 4.6 and Figure 4.7 show the corresponding
tracking errors. From Figure 4.4-4.7, one can clearly see that the proposed method

provides a better tracking control than the one in [54].

4.6 Summary

In this chapter, we have considered network-based state feedback tracking control for
T-S fuzzy systems by using the asynchronous constraints on fuzzy membership func-
tions. Since premise variables are involved in network transmission, the membership
functions of a T-S fuzzy model and a fuzzy tracking controller are asynchronously
fired. Taking the asynchronous characteristic intro account, the network-based T-S
fuzzy system has been represented by an asynchronous T-S fuzzy system with an
interval time-varying sawtooth delay. Notice that a routine relaxation method for
H,, performance analysis and controller design of a traditional T-S fuzzy system
can not be used for the asynchronous fuzzy system since the common product of
asynchronous membership functions can not be grouped. We have proposed a new
relaxation method by using the asynchronous constraints on fuzzy membership func-
tions to introduce some free-weighting matrices. By using the proposed relaxation
method and a discontinuous Lyapunov-Krasovskii functional method, some delay-
dependent criteria for H,, performance tracking analysis and tracking controller
design have been established in terms of linear matrix inequalities. An illustrative
example has been given to show that a better H,, tracking performance can be

achieved by the proposed method.
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Chapter 5

Network-based static output
feedback tracking control for
linear systems

5.1 Introduction

Consider the following linear system

&(t) = Ax(t) + Bu(t) + Ew(t)
y%t)): Cz(t) (5.1)
X t[) = Ty

where z(t) € R™ is the state, u(t) € R™ is the control input, y(t) €R! is the output,
w(t) €RY is the external disturbance acting on the system (5.1) and w(t) € %ty 00);
x(tg) = xo is the initial state; A, B, C' and E are constant system matrices of
appropriate dimensions; the pairs (A, B) and (A, C') are assumed to be controllable
and observable, respectively. It is assumed that the system (5.1) with w(t)=0 can
not be stabilized by a non-delayed static output feedback controller, but can be
stabilized by a delayed static output feedback controller. Such a typical system is a

driven damped harmonic oscillator [84], which is described by
2(t) 4+ 2Cwo(t) + wiz(t) = u(t), y(t) = 2(t) (5.2)

where ¢ (¢ < 0) is the damping ratio, wg (wo > 0) is the undamped angular frequency,

and z(t) is the position of the oscillator. Let x(t)=[z"(t) 27 (¢)]". The system (5.2)



Chapter 5. Network-based static output feedback tracking control for linear
92 systems

can be expressed in the following state-space representation

o[ Lo
y(t) = [1 0fz(t).

Clearly, the oscillator (5.2) can not be stabilized by a static output feedback con-
troller u(t) = fy(t) because there does not exist a feedback gain f such that the

matrix [ } is Hurwitz. But the oscillator (5.2) can be stabilized by

0 1
f—wi —2¢wy
introducing a time-delay 7>0 in the controller u(t) = fy(t—r).

In this chapter, the objective of static output feedback tracking control is to
drive the output y(t) of the system (5.1), via a static output feedback controller, to

follow a reference signal y,(t) as close as possible. The signal y,.(¢) is generated by

the following reference model

(1) = Apx,(t) + Bor(t)
yr(t) = Cra, (1) (5.4)

z(to) = o
where z,.(t) €R", r(t) € R” and y,(t) € R! are the state, the energy bounded input
and the output, respectively; x,.(fy) = =0 is the initial state; A,, B, and C, are
constant matrices, and A, is a Hurwitz matrix. Since the system (5.1) with w(¢)=0
under consideration can not be stabilized by a non-delayed static output feedback
controller, it is mpossible to fulfil the objective of output feedback tracking control

by the following non-delayed static output feedback controller
u(t) = Fy(t) + Fay, (1) (5.5)

where F} and F; are output feedback gains. But the system (5.1) with w(t) =0
can be stabilized by a delayed static output feedback controller. So a feasible way
to achieve the objective of static output feedback tracking control is intentionally
introducing a time-delay in the controller (5.5). To develop the delayed feedback
control, we insert a communication network between the system (5.1) and the con-

troller (5.5). The main motivation of introducing the network is to investigate
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whether network-induced delays have positive effects on system stability and track-
ing performance. Usually, network-induced delay is regarded as the source of poor
performance and system instability (deterioration effects: negative effects), see [28],
[36], [46], [54], [133], [137] and the references therein. In this chapter, we will take
a different and novel view. For the system (5.1) under consideration, we will pur-
posefully produce network-induced delays in the feedback control loop by inserting
the network to provide a stable and satisfactory tracking control. The introduction
of the network in a feedback control system has several advantages such as wiring
reduction, ease of maintenance and installation, and remote execution of tracking
control [36]. When exchanging data among system components through a com-
munication network, there exist four types of essential delays: queueing time 7,
processing time 7, propagation delay 7,; and transmission delay 7;4. For the pur-
pose of clarity, we classify the network-induced delays as the sensor-to-controller

delay 7°¢ and the controller-to-actuator delay 7¢¢, where 7°¢

=T+ T+ Tpd + Tid
T =T+ T+ Tt T+ Tpd +74 » and the superscripts s, ¢, a, sc and ca denote the sen-
sor, the controller, the actuator, between the sensor and the controller, and between
the controller and the actuator, respectively. It is assumed that the sampled-data
y(kh) and y,(kh) (Vk € N), where h is the sampling period and N is the set of non-
negative integers, are transmitted in a single packet and no packet dropout occurs

in transmission. Taking into consideration the network-induced delays 7;¢ and 7¢,

the update input of the actuator is
u(t) = Fly(kh) + Fyy.(kh), t € {kh + 1 }72, (5.6)

where 7, =747 (Vk € Z). Defining 7(t) =t — kh for t € [kh+7y, (k + 1) h+Tk41),

T =Mingez {7} and 7y = h+maxpez {7} [56], we have
0<7m <7(t) < 7Tar. (5.7)

The actuator holds the control signal to input the system (5.1) until next update.
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The input of the system (5.1) is described by

{ u(t) = Fiy(t=r()) + Fay, (t=7(1) (5:5)
t € [kh+ 1, (k+ 1)h + Tpy1), Yk € Z. ‘

Obviously, 7(t) is discontinuous at {kh+7;}72, and piecewise-linear with deriva-
tive 7(t) =1 for t # kh+7, (Vk € Z). From the definitions of 7, and 7/, one can
see that 7(¢) is an interval time-varying sawtooth delay induced by sample-and-hold
behaviors and the network-induced delay 7, satisfying 0 <7, <7, <7p—h (Vk € Z).

Defining the output tracking error e(t) =y(t) —y,(t) and using (5.1), (5.4) and
(5.6), one has the following augmented system

E(t) = A&(t) + BFE(t — 7(t)) + Ew(t)
e(t)=CE&(t) (5.9)
T(t)=t—kh, tekh+7g, (k+1)h+741), Yk € Z

where
-] <o 8] -2 2 5-[2)
E:{jg gT],F:[FlC RC ], C=[C —C].

The initial condition of the system (5.9) is supplemented as &(t) =¢(t) with ¢(ty) =

[z 217, t € [to—Tar, to]. We choose the following H,, tracking performance
tr tr
/ (B Ue(t)dt < V (k) + 2 / ST ()5 (t)dt (5.10)
to to

where 7 is the terminal time, v > 0 is the desired H,, tracking performance level,

U >0 is the weighting matrix, and V' (¢o) is the energy function of initial states.
The purpose of this chapter is to design a network-based static output feedback

controller such that the augmented system (5.9) is asymptotically stable with a

prescribed H,, tracking performance, which means that
1) the system (5.9) with w(t)=0 is asymptotically stable;

2) the output tracking error e(t) satisfies the H., tracking performance (5.10),

for all nonzero w(t) € % |ty, ).
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Notice that the system (5.1) can not be stabilized by a non-delayed static output

feedback controller, which implies that A+ BF,C is not Hurwitz. Since A+ BF =
A+BF,C BF,(C,
0 A,

As a result, a stable tracking performance can not be ensured for the system (5.1) by

, the system (5.9) with w(¢) =0 is not stable when 7(¢) =0.

using the static output feedback controller (5.5) without a time-delay. By inserting
a communication network that between the system (5.1) and the controller (5.5), a
network-induced delay is purposefully introduced in the feedback control loop, which
results in the delayed control input (5.6). Since the system (5.1) can be stabilized by
a delayed static output feedback controller, it is possible that the system (5.9) with
an interval time-varying delay 7(t) satisfying (5.7) is asymptotically stable with a
prescribed H,, tracking performance. It should be mentioned that 7, is both the
lower bound of the network-induced delay and the lower bound of the sawtooth delay,
and therefore 7,,, > 0 is essential for the network-based output tracking control. In
addition, network-based static output feedback tracking control for the system (5.1)

has not been investigated in the existing literature, which motivates the present study.

5.2 A complete LKF method for tracking perfor-
mance analysis

In this section, we will analyze H,, tracking performance for the system (5.9). We

need the following lemma

Lemma 5.1. There exist some positive scalars ¢; > 0 (i =1,2) and a functional

V(t,6(0),&(0)) : R x R* x R"—=R such that

allE@®I? < V(E,6(6),£(0)) < ealléllf (5.11)

where &(0) = E(t+6) and &(0) = £(t+0), YO € [—1,0], and the space of functions
(0) and &,(0) is denoted by W with the norm

lellw = sup - {I€O)], €)1}

96[*7’]%, O}
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Let the functional V (t) = V(t,£(0),&(0)) be absolutely continuous for t # kh+m

and satisfy

V(kh+7) < lim  V(t), Vk€Z (5.12)
t—)(k‘h—‘-ﬂc)f

where imy_, (ghir)- V() s a limit taken from the left, t € [(k — 1)h+T7,_1, kh+7).
. 1 .
Define V(t) = limsup —[V (t 4+ €) =V (t)], where V(t+¢€) = V(t+€,&46(0), Eve(6)).
e—~0 €

Then one can see that

(i) the system (5.9) with w(t)=0 is asymptotically stable if there exists an £3>0

such that the time-derivative of V (t) along (5.9) with w(t)=0 satisfies
V(1) < —esll€®)] (5.13)
fort € [kh+ 13, (k+ 1)h + T41), VEk € Z.

(i1) the Hy tracking performance (5.10) can be ensured for all nonzero w(t) €

Ls[tg, 00) if along (5.9), the following inequality holds
V() + el () We(t) — v (Hw(t) < 0 (5.14)
fort e [kh+ 1, (k+1)h + 741), VE € Z.

Proof: Tt can be directly obtained from Lemma 2.1 with iy =k (Vk € Z).

Notice that the existing simple Lyapunov-Krasovskii functionals (LKFs) can not
be used to derive a delay-dependent criterion for H,, tracking performance analysis
since they require the system (5.9) with 7(¢) =0 to be stable, where the definition
of a simple LKF can be found in [40]. Instead, a new discontinuous complete LKF,
which makes use of the lower bound of the network-induced delay 7,,, the sawtooth

delay 7(t) and its upper bound 7y, is constructed as follows

V(t) = Vi(t) + Va(t) + Va(t) (5.15)
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where

0

Vilt) = S€7(OPED) + €70 [ QMO+ 6)as

) . . ] —TM

+ 5 /TM —TM f (t+0>R<07 S)£(t+8)d9ds
0

+% £ (t+0)S(O)E(t + 0)do,

—T™M

0
Valt) = 5 /_ E7(t + 0)Z1E(t + 0)dB

0 0
¢ I / ET(t 1 0) Zof (¢ + 0)dds

- —Tm 0 . .
4 ™ Tm/ /5T(t+e)z3§(t+e)deds,

2 TM S

Va(t) = TM_TT@) /_O_(t) EM(t+0)Z:E(t + 0)do

+ TM_TT(t)(w(t)—x(t — (1)) Zs(x(t) —x(t — 7(1))),
T(t)=7(t)—7k, t € [kh+Tk, (k + 1)h+Tk11), Yk € Z,
Zie R 7, = 71(i=1,2,3,4,5), P e R"? P =P
Q : [=7ar, 0] = RP?, Q(0) = Q"(0),
S i [~7ur, 0] = RP*P | S(0) = ST(h),

R :[~7Ta, 0] x [=7ar,0] = RP*P R(,5) = R (s,0),

and @, S and R are continuously differential matrix functions.

Choose @, S and R to be continuous piecewise linear [33], i.e.,
Ql(&) = Q(91+av) = (1_05)Qi71+05@’i> i:1727"'7N
SZ(Oé) = S(QZ+OCU) = (1—06)51'714—0651', 2':1,2,...,N

R(a, B)

R(Gi,l +av, Hj,l +5U>

_ (1_a)Ri—1,j—1+ﬁRij + (a_ﬁ)Ri,j—h « Z 6aiaj:17 2a 7N
N (1_B)Ri—l,j—l+aRij + (B_Q)Ri—l,ﬁ a < ﬁaiajzla 27 7N

(5.16)

(5.17)

(5.18)

where 0 < a <1, 0< B <1, [-7ap,0] is divided into N segments [6;_1,6;] (i =

1,2,...,N) of an equal length v=7y,/N and §; = —75; +iv (i=0,1,...,N).
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The following lemma is introduced to ensure the LKF (5.15) satisfying (5.11).

Lemma 5.2. For piecewise linear ), S and R described by (5.16)-(5.18), there

exist ;>0 (i = 1,2) such that the Lyapunov-Krasovskii functional (5.15) satisfies

el[SOIF <V(E) <exl€ly if

P>0 (5.19)
7,50, i=1,2,34,5 (5.20)
$;>0, i=0,1,....N (5.21)
{c; Sié}w (5.22)
where

Q= (Qo, @1, -, Qn),

S = diag{v='Sy,v™1S, ..., v SN},
Ry Ry -+ Ron

. R'lo R'11 R?N
Rao Ry - Ry

Proof: We first prove that the LKF (5.15) satisfies V (t) >&1||£(¢)]|?, where £, > 0.

Using (5.16)-(5.18) to Vi(t) yields

Vit =3 [ [0 @ - @)

2
Lo &l i |#

+5 ENQ / o (@) (@) (a)da (5.23)
where
L =0 1], Lo = [T O] = [Onr 1],
Plo) = [ (@) ¥ (@) - vV ()],
V() = /Oagoi(s)ds, i=1,2,...,N,

o'(a) =&t —iv+av), i=1,2,..,N.
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Using a similar method in [39], we have

W0 2y [ [0 o wn - i)

2
[ C; gié } { U(]f@(f)(f)]g&(a)) } dov.

For the terms V;(t) (i =2,3), it follows from (5.20)-(5.21) that V;(t) >0 (i =2, 3).

Then it is clear to see that there exists an €1 >0 such that V(t)=V; (¢)+Va(t)+V5(t) >

e1]|€()])? if the linear matrix inequalities (LMIs) (5.19)-(5.22) are satisfied.
Second, we show that there exists an upper bound for the LKF (5.15). It can be

seen from (5.23) that

V) < ﬂmn+/f do| v (| 51 1)

+ N ax Amax(S7) / o (o
0

2 ie{1,2,..,N}

5
2
IS
Q

< max (6] (5.24)

where
1 T 1 a T a
f(@) :UQ/ o' (s)ds/ gpl(s)ds—l—UZ/ o (S)ds/ o (s)ds
o a 0 0
N 1 1 N—-1 o «
+2U22/ gpiT(s)ds/ gpi(s)ds—i-QUQZ/ goiT(s)ds/ ©'(s)ds,
i=2 @ i=1 /0 0

1 2N -1, P o« Nv .
=135 A B, )\max ! .
& (2+ 3 > Ama ({ QT R }) * 2 z‘e{llq,lzé,l..}.(,N} (5°)

For Z;>0 (i =1,2,3,4,5), we have

%mAmaX(Zl) max {|&(0)[|* + max Hé}( > (5.25)

Vo(t)+V5(t) <
2( >+ 3( ) - 0e[—7ar, 0] oe[—

where

3

3
T. TM\TM — Tm T™ —Tm
Ro = ?m)\nlax(ZQ)—l—%)\rnax(ZB)_{—% [Amax(Z4)+Amax(Z5)] .

From (5.24)-(5.25), we can see that

V(t) el (5.26)
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where g5 = (k14 K2+ B Amax(Z1))]|€][Fy- Then it is concluded that the LKF (5.15)
satisfies the condition (5.11) if the LMIs (5.19)-(5.22) are satisfied.

We now show that the condition (5.12) holds for the LKF (5.15) satisfying the
inequality (5.11). In the LKF (5.15), the terms V;(¢) (i = 1,2) are continuous on
to, 00), which means that V;(kh+7y) = limy_, (kpiry- Vi(t) (i =1,2, Yk € Z). The
term V3(t) involving explicitly the sawtooth delay 7(t) is discontinuous at kh+ 7.
But for Z, >0 and Z5 >0, V5(¢) does not increase along kh+7, since it is non-negative
before kh+7, and becomes zero just after kh+7, Vk € Z. Thus, we can obtain the
inequality (5.12).

In the following, by utilizing the complete LKF (5.15) with the discretization
technique (5.16)-(5.18), we will derive a new delay-dependent criterion such that the
system (5.9) is asymptotically stable with a prescribed H,, tracking performance.

For simplicity of presentation, let

nt () = [ni (8) mp () &' (1)),

() = [7(t) € (t—7m) €t —7(1))],
(1) = [t = 7(1) € (t—mm)),

e1 =[xy 0 0 0 0  Olpxipre,
=100 Iy O 0 0 Olpx (5p-+a).
es = [0 0 Iy 00 Olpx (5p-+a)»
eqs = [0 0 0 Lk O Olpx (5p-+a);
es = [0 0 0 0 Iy Olpxepre:
=0 0 0 0 0 Iygoxepre

where e; (i = 1,2,3,4,5) are px (5p+¢) matrices and eg is a g x (5p+¢) matrix;

Ivp and Iy, denote p x p and ¢ X ¢ identity matrices, respectively; the others
in e; (j=1,2,...,6) are zero matrices with appropriate dimensions; p and ¢ are

dimensions of £(t) and w(t), respectively. Then &(t) = eyn(t), £(t — 7(t)) = esn(t),
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and w(t)=een(t). For t € [kh+ 7, (k+1)h+7ry1) (Vk € Z), rewrite the augmented
system (5.9) as

{ §(t) = (_12161 + BFes + Eeﬁ)n(t) (5.27)

e(t) = Cen(t).

Proposition 5.1. For given positive scalars v, T,, and Ty, and a weighting matriz
U >0, the system (5.9) is asymptotically stable with the H., tracking performance
(5.10), if there exist symmetric matrices P >0, Z; >0 (i = 1,2,3,4,5), S; > 0
(1=0,1,...,N), and X1, Xo, X3, Qi, Rij (4,7=0,1,...,N) such that (5.22) and

[ g?l E % *
521 522 % *
6Xy 0 07y o+ >0 (5.28)
—-0X; O 0 024
=0 F0EL x %
521 522 * >0 (529)
—0X3 0 075

where

=l = —el (PA+A"P+Qn+QN+Sn+2Z1—Z2)er
— el (ATQA+2CTUC — Zs)e, —el Zyey
— el (P+ATQ)BFes—el Zsey+el Qoes
— el (P+ATQ)Eeg—el Zoey —es FT BT Pey
— e FTBTQAey —el Zsei+ei Qf e
— el ET(P+QA)ey+e5 (Z1+ Zs)es
— el (BF)"QBFes—ei (BF) ' QFEeg
— egETQBF63+e4TZ5e4+e5TSOe5
— 5 (ETQE=27"T)es—(e1—es)" X,
— X (e1—ey)— XL (eg—e3)—(ea—e3)" Xy

- Xg,T(€3—€5) - (63—65)TX3,
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=l = —el (AT Zy A+ Zs A+ AT Z5)ey —e] ZsBFey
— el AT Z,BFes—el (BF) (Z4A+ Zs)e,
—e3 (BF)' Z,BFe3+e] A" Zsey+e, ZsAey
— el (AT Zy+ Zs)Eeg+ei (BF) Zsey
— X (BF)' ZyEeg—el ET Z,BFes
— el BT (Z4A+Zs)ey1+el ZsBFes

— egETZ4E_’66+6£Z5E66+65ETZ564,
It oo oo gty

EQQ :dzag {Rd+sda 3Sd} ’

[1]

Q=7127y+673, 8§ = Tag—Tpm, v = Tar/N,
=I5 15 - Ty (6=1,2,3,4),

If =g Iy - Tiy] (0=1,2,3,4),

Df=Qi= Qi — 5 [AT(Qu+ Qi)+ (RI+RL ).
Fclli:;[AT(Qi—Qzel)+(RZN_R1'T—1,N)]7
ng:g(BF)T<—Qi—Q¢—1)a
ng:g(BF)T(Qi—Qi_l),

ngzg(RZO—'—R;r—l,O)a

ngzg(RZT—I,O_ Rfo),

Pii:%E_'T(_Qi_Qi—l)7

Pii:gET(Qi_Qi—l)y

2

Rain Raie -+ Ran
o | Mo T ]

Ran1 Rana -+ Rann

Ryj=v(Ry—Ri—1j-1) (1,5 =1,2,..., N),

Sd :diag{Sl—So, So—=51, -+, SN_SN—I}-
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Proof: Using Lemma 5.2, we can see that the existence of the LKF (5.15) satis-
fying the conditions (5.13)-(5.14) can be ensured by the LMIs (5.19)-(5.22). Taking
the time derivative of the LKF (5.15) on [kh+7g, (k4+1)h + 7141) (Vk € Z) along the

trajectory of the system (5.9), we have

V() =nT(t)el _O QO)E(t + 0)do + /_ ’ L (t+0)S(0)E(t + 0)do

+ 07 (t)(Aey+BFes+ Eeg)” Q(0)E(t+0)do

0 0 ' —T™
- / EL(t4+0)R(0, 5)E(t+5)dOds

+ 0" (t) [e] (PA+ATP+Z))e1+e] PBFes] n(t)

n"(t) [e5 FT BT Pe;+e] PEeg+el ET Pey] n(t)

() [es
nTt [eQTZlez—i- 1—64)TZ5(€1—€4)} n(t)
+ D TO00) (0 )T 238(0) + €7 (1) Zoler— ()]

+ €T ()T Ze+0 Zs+ (T —7 (1) ZuJE(D)

[t ) 1 [t )
| gezies g [ ez

t—7(t) ‘
_ %/t 7 (5) Za€(s)ds — %/t_%(t) ET(5) Z4é (s)ds. (5.30)

—TM

Using Jensen integral inequality, we obtain

—Tm /t E7(5)Za€(s)ds < —n" (t)(er—e2)" Za(er—ea)n(t). (5.31)

Applying Lemma 2.2 to the term — ft _ §T ) Z4E(s)ds yields

t
[0 Zés)ds <" @) (e Xo X (-] nfe)
t—7(t)
+(r(t) =)’ () X7 Zy Xan(t), (5.32)
Similarly, the following inequalities hold

N /t—_:)n €7(s) Z3€(s)ds <n"(t) [(ez—es)TX2+X2T(e2_e3>] n(t)

+(T(t)=Tm)n’" () X5 Z5 " Xan(t) (5.33)
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t—7(t) . )
- /t_ §7(s)Z3&(s)ds <n" (t) [(es—e5)" X5+ X5 (e3—es)] n(t)
+ (e =7()n" () X3 Z5 ' Xan(t). (5.34)

Integrating by parts in (5.30) and applying the discretization scheme (5.16)-(5.18),

one can see from (5.31)-(5.34) that

— () [ I+ (1= 201 ()do

__/5 daRd/f (5.35)

for t € [kh + 7, (k + D)h + T41) (Vk € Z)

where

(@) =[€"(an) E(a) -+ €M (am)]",

) =" (t—iv+av), i=1,2,...,N,

11 (t) - E(1)1 _Eil(t) _:%1 (t)

Applying Proposition 5.21 in [34] to the inequality (5.35), we have

1 [fl n(t) r[ Eu(t) (t)

[1] [1]

i< 2V 2] o)

+17' (t)(*eg e6 — e1 CTUCer)n(t) (5.36)

for t € [kh + 7, (k + 1)h + 711) (VK € Z).

Let
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It is easy to see that =(t) is a convex combination of =!(¢) and Z%(¢) on 7(t) €
[Tm, Tar]. Using Schur complement to the LMIs (5.28)-(5.29), we obtain =(t) < 0.
Then it follows from (5.36) that the condition (5.14) is obtained, which means that
the Hy tracking performance (5.10) is ensured for the system (5.9) on [to, tf).
Next, we consider the asymptotic stability of the system (5.9) with w(t) = 0.

Taking the derivative of the LKF (5.15) along (5.9) with w(t)=0, we have

Vs X donia [ 20 2 i 5 i | (537)

for t € [kh + 7, (kK + 1)h + 7x41) (VE € Z). Applying Schur complement and the

11 [1]:

convex combination technique to the LMIs (5.28)-(5.29), we have

{ Zn(t)

=21

[111 [1]2

12 } <0 (5.38)
22

where

[1]

11(t)=[€1T e3 €5 e el
RSN E S
A7 el o e’ oo et |-

[1]:

From (5.37)-(5.38), one can see that there exists an 3 > 0 such that V(&) <
—&3]l€(@)|I* < 0 for t € [kh+7x, (k+1)h+7ky1) (VE € Z). Using Lemma 5.1, one
can conclude that the system (5.9) with w(t) =0 is asymptotically stable, which
completes the proof.

Notice that the network-based static output feedback tracking control objective
is to search for the gains F} and F5 such that the H. tracking performance 7 is
minimized for the system (5.9). For given 7,, 7, U, F; and F», one can employ
Proposition 5.1 to determine the minimum ~, which can be obtained by solving the

following optimization problem:
minimize v
subject to P>0, Z;>0(i=1,2,3,4,5), S; >0 (i=0,1,...,N),

and LMIs (5.22), (5.28) — (5.29).
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Remark 5.1. A new discontinuous complete LKF candidate (5.15), which includes
the lower bound of the network-induced delay 7,,, the sawtooth delay 7(¢) and its
upper bound 7,,, is constructed to derive a delay-dependent criterion for H,, track-
ing performance analysis of the system (5.9). Notice that the derivation involves a
coupling property between the present state () and the past state £(t — 7/), the
division of delay interval [—73/,0], and the inherent piecewise-linear time-varying
delay information 7(¢t) =1 on [kh+7g, (k + 1)h+7411) (VE € Z). So it is expected

that the derived criterion is of less conservatism.

Remark 5.2. In [28] and [139], network-based output tracking control for linear
systems via a state feedback controller is studied. In many practical situations, it
is physically difficult to measure all the process variables of a system. Considering
that a static output feedback controller can be easily implemented with low cost,
we investigate network-based static output feedback tracking control for the system
(5.1). Notice that the existing simple LKFs in [28] and [139] can not be employed
for H., tracking performance analysis of the system (5.9) because they require the
system (5.1) with w(t) =0 can be stabilized by a static output feedback controller
without a time-delay, see [40]. Instead, the complete LKF (5.15) is constructed to
analyze the H,, tracking performance of the system (5.9). By using the LKF (5.15)
with the discretization scheme (5.16)-(5.18), Proposition 5.1 is established to judge
whether the system (5.9) is asymptotically stable with a prescribed H., tracking

performance.

For given control gains F}, F» and delay bounds 7,,, 7as, one can employ Proposi-
tion 5.1 to judge whether an H, tracking performance is ensured for the augmented
system (5.9), which includes the system (5.1) and the reference model (5.4). Notice
that the reference model (5.4) is asymptotically stable and the system (5.1) under
consideration can not be stabilized by a non-delayed static output feedback con-

troller, but can be stabilized by a delayed static output feedback controller. As a
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result, from the stability point of view, there exist a lower delay bound 7,,;, and an
upper delay bound 7,4, such that the system (5.9) with an interval time-varying
delay 7(t) satisfying (5.7) is asymptotically stable with a prescribed H,, tracking per-
formance. By intentionally inserting a communication network between the system
(5.1) and the controller (5.5), network-induced delays 7, satisfying 0 <7, <7 < mp—h
(Vk € N) are produced to make the interval [7,,,, Tay—h| fall into (T, Tmaz—h), then
a stable tracking control performance can be achieved. In this study, Proposition
5.1 is a sufficient delay-dependent criterion and it can be applied to search for some

local optimal values 77 . and 77

min max*

The specific steps are given by

Step 1: Given the H, tracking performance v and the sampling period h. Choose
T =7 and Ty =7 such that (5.19)-(5.22), (5.28) and (5.29);

Step 2: Let 7, =7, — 01 and Ty = Tay + 09, where §; (i = 1,2) are two step
lengths;

Step 3: For given 7, and 7, if the LMIs (5.19)-(5.22), (5.28) and (5.29) are

satisfied, 7¥ . =7,, and 7P

» "man max

=T, then go to Step 2; otherwise go to Step 4;
Step 4: Output the local optimal values 77, and 72 .

We consider the case that the system (5.1) involves time-varying parameter un-

certainties AA(t) and AB(t) satisfying
[AA(t) AB(t)] = GF(t)[H, Hp] (5.40)

where G, H, and Hy, are some constant matrices of appropriate dimensions, F'(t) is
an unknown time-varying matrix function with Lebesgue measurable elements and
FT(t)F(t) < I ([41], [42], [56], [57], [58]). For derivation purpose, we have

[AA(t) AB(t)] = GF(t)[H, Hy) (5.41)
where

= | Hy O = | Hy

e (2 8] [4]

Similar to the process in [41] and [42], we obtain the following criterion
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Proposition 5.2. For given positive scalars vy, T, and Ty, a weighting matriz
U >0 and control gains Fy and Fy, the system (5.9) with the uncertainties (5.41)
is asymptotically stable with the H., tracking performance (5.10), if there exist a
positive scalar X\, symmetric matrices P >0, Z; >0 (i =1,2,3,4,5), S; >0 (i =

0,1,...,N), and Xy, X, X3, Q;, Ri; (i,7=0,1,...,N) such that (5.22) and

[ Z0+A ok o« *
?21 ?22 * * *
=31 =39 pvi * * >0 (542)
—0X5 0 0 023 =«
| —0X, 0 0 0 07,
[ E(l)l—i—diéh—l—Al R
o1 ook *
= = >0 5.43
31 392 A * ( )
X 0 0 6Z

where 2Y,, Z},, Z91 and 29y can be found in Proposition 5.1 and

AY = NeTHTHyey— el HY Hyes— el H] Hyey — et H Hyes,

Al = el H' H,eq —Nel HY Hyes — et H H,e, — ek H Hyes,

(11

[efGTP 0 0 0 0],

31
T

(1 GTQs —elG'Q* 7,efGTZy 6e1GTZs 0],

[1n

32
Q" = [5(@1+Q0) 5(Q+Q1) .. 5(Qx+Qu-1)],
Q" = [5(Q1=Q0) 5(Q2=Q1) -, 5(@n—Qu-1)].

Proof: The proof is a routine case and omitted, see [41] and [42].

Remark 5.3. Notice that the delay-dependent criteria, i.e., Proposition 5.1 and
Proposition 5.2, derived by using the complete LKF (5.15) can be used to judge
whether the prescribed H, tracking performance v is ensured not only for a system
that can not be stabilized by a non-delayed static output feedback controller, but
can be stabilized by a delayed static output feedback controller (see, a damped

harmonic oscillator, a structural system and an internal combustion engine [1], [34],
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[84] and [132]), but also for a system that can be stabilized by a non-delayed static

output feedback controller (see for example, the aircraft in [27]).

5.3 Static output feedback tracking control de-
sign

In this section, we are interested in designing a network-based static output feed-
back tracking controller such that the system (5.9) is asymptotically stable with a
desired H,, tracking performance. It is pointed out in [20] that delay-dependent
criteria for the existence of a controller (in both output feedback and state feedback
cases) are expressed in terms of nonlinear matrix inequalities. To establish an LMI-
based design result, it is inevitable to introduce some linearization techniques such
as equality or inequality constraints ([29], [28], [54], [137], [139], [149]) and iterative
algorithms ([28], [29], [57]), which bring some conservatism. Notice that less conser-
vative H, tracking performance criteria and control design methods can provide an
appropriate tradeoff between the maximum allowable delay and the minimum H.,
tracking performance for a network-based control system (NCS) ([28], [54], [137],
[139]). Accordingly, it is of importance to develop a new design method without
using the linearization techniques, which can determine output feedback gains by
solving an optimization problem of an H,, tracking performance.

On the other hand, a particle swarm optimization (PSO) technique plays a key
role in solving complex design optimization problems due to its global search ability,
easy implementation, stable convergence characteristic and computational efficiency
([18], [62], [130]). In the PSO technique, its population is called a swarm and each
individual is called a particle. Each particle evolves to an optimal solution in the
multidimensional search space, adjusting its position by its own experience and that
of neighboring particles. A particle therefore makes use of best position encountered

by itself and that of its neighbors to position itself toward an optimal solution. The
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status of a particle is characterized by two factors: its velocity and position, which

are updated by the following equations

vij(k +1) = wrij (k) + cxra(pbesty; (k) — fij (k) + cara(gbest;(k) — fi; (k)  (5.44)

fij(k +1) = fi;(k) + vy (k + 1) (5.45)
W= (Wy — W) (My — cy) /My + Wiy (5.46)
fori=1,2,...,n, and j=1,2,...,d, where n, and d are the number of particles

in a group and the number of members in a particle, respectively; v;;(k) is the jth
dimensional velocity of the ith particle at iteration k, and V}””” < (k) < v
fi;(k) is the jth dimensional position of the ith particle at iteration k; pbest, =
(pbest,;, pbest,,, . .. ,pbestij) is the previous best position of the ith particle; ghest
is the global best position of the group; r; and r, are two random numbers uni-
formly distributed in [0, 1]; ¢; and ¢y are two acceleration coefficients; w is the
inertia weight; wy; and w,, represent the maximum and minimum inertia weight,
respectively; m,, is the maximum number of iterations and ¢, is the current number
of iterations.

Recently, the PSO technique has been applied to design a proportional-integral-
derivative controller that minimizes the H,, performance for traditional point-to-
point systems in a frequency domain ([64], [151]). However, the potential of a PSO
technique in finding the solutions of a network-based tracking controller has not been
explored. Therefore, we will try to propose a design algorithm of a network-based
static output feedback tracking controller by applying the PSO technique with the

feasibility of Proposition 5.1. The algorithm is given by
Algorithm 5.1. Step 1. Initialization

1.1 Randomly initialize a group with n, particles. Each particle consists of mem-
bers f;;(0) in FY and FY; and f;;(0) lies in the range [, 3;], where i =

1,2,...,np,and 7=1,2,...,2ml;
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1.2 Initialize parameters c1, ¢a, War, Wy, My, V" and 17", where j=1,2, ..., 2ml;

J J

1.3 Initialize the velocity of n, particles and vj*" < v;(0) < v

1, where @ =

1,2,...,n,and j=1,2,...,2ml, and set k = 0;

1.4 Initialize the fitness value 42 = [,, where [, is a positive constant and i =
1,2,...,n,. Solve the minimization problem mentioned above Remark 5.1 to

? =

obtain the minimum ~} for given FY, and Fy, i€{1,2,...,n,};

1.4.1 Assign the minimum ~Y to 7;, and f;;(0) to pbest,., respectively, where

YR
Vip 1s the fitness value of the particle pbest, i = 1,2,...,n,, and j =

1,2,...,2ml, and set k = 0;

1.4.2 Assign min{y) | i € {1,2,...,m,}} to 7] and f;(0) to gbest;(0), re-
spectively, where 72 is the fitness value of the particle gbest, and j =

1,2,...,2ml and set k = 0;
Step 2. Fitness evaluation of particles

2.1 Obtain Ff and F¥ from f;;(k) in n, particles, where i = 1,2,...,n,, j =

1,2,....2ml,and k> 1, k € N;

2.2 Solve the minimization problem mentioned above Remark 5.1 to obtain the

minimum ¥ for given Ff. and Fy, where i€{1,2,...,n,}, and k > 1, k € N;

2.3 Record the previous best particles and their fitness values. If vF < v;,, then

assign v¥ to v;, and fij(k) to pbest,;, respectively, where i =1,2,...,n,, j =

YR

1,2,....2ml,and k> 1, k € N;

2.4 Record the global best particle and its fitness value. If 45~! > min{~}/};7,,

then assign min{~} | i € {1,2,...,n,}} to 7% and fg;(k) to ghest;(k), respec-
tively; otherwise, assign 75_1 to 75 and store the corresponding particle, where

j=1,2,....2ml, and k > 1, k € N. If [y —~5"!| < ¢ is satisfied within m,,
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iterations, where £ > 0 is a sufficiently small constant, then exit, and k£ > 1,

k € N; otherwise, go to Step 2.5;

2.5 Update the velocity of n, particles by (5.44) and (5.46). If vy(k) < v or
vij(k) > v then randomly generate v;;(k) satisfying v/ <w;;(k) < vjer,

where 1=1,2,...,m,, j=1,2,...,2ml, and k > 1, k € N;

2.6 Update the position of n, particles by (5.45). If f;;(k) <oy or fi;(k) > j;,
then randomly generate f;;(k) satisfying o; < f;;(k) <;, where i=1,2,...,n,,

j=1,2,....2ml,and k > 1, k € N;

2.7 If k>m,,, where m,, is the maximum number of iterations, then exit; otherwise,

set k =k + 1 and go to Step 2.1;

Step 3. Obtain the minimum 7, > 0 and the corresponding F; and F, from the

global best particle.

Remark 5.4. Applying a PSO technique with the feasibility of Proposition 5.1,
Algorithm 5.1 is provided to search for the minimum H, tracking performance .,
and corresponding gains F; and Fy. The total row size of the LMIs of Proposition
5.1 is . = (4N + 12)p + ¢ and the total number of scalar decision variables is
N =3[(N? + 5N +40)p® + (2N + 8 + 6¢)p)]. Thus, the computational complexity

of Algorithm 5.1 is proportional to /.7 .43, where &/ =(nm-+nv)m,n,.

Remark 5.5. The convergence of Algorithm 5.1 is influenced by some tuning pa-

rameters ny, 1, Co, War, Wi, My, Vi

max

and v*** (j =1,2,...,2ml). A complete
theoretical analysis of selecting these parameters to cause convergence of a PSO al-
gorithm is given in [18] and [130]. In this study, the tuning parameters are selected
properly to ensure the convergence of Algorithm 5.1 according to [18] and [130].
Moreover, the search spaces [, 5;] (1=1,2,...,2ml) have an influence on the con-

vergence speed of Algorithm 5.1. Some basic ideas of how to determine «; and ; in
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Initialize F;, F, and tuning parameters

v

Obtain F; and F»; (i=1, 2, ..., np)

»
»
A

A
Evaluate the individual fitness for v;

Feasibility of
Proposition 5.1

Yi=l > Y

\4

pbest; and gbest; with corresponding v;

Update Fy; and F»; by (5.44)-(5.46)
=1,2,...,n

-

Y

gbest, and corresponding v,

Figure 5.1: The flowchart of Algorithm 5.1

Algorithm 5.1 are provided as follows. For the system that can not be stabilized by
a non-delayed static output feedback controller, but can be stabilized by a delayed
static output feedback controller, one can obtain some rough estimates of [a;, f3;]
referring to a pole placement theory [85]; while for the system that can be stabilized
by a non-delayed static output feedback controller, one can estimate [«;, 3;] by some

traditional control design strategies in a non-delayed feedback setting (][9], [27]).

Remark 5.6. The flowchart of Algorithm 5.1 is shown in Figure 5.1. It can be
seen from Figure 5.1 that the evolutionary process will end when the search process
converges in a given H, tracking performance or will repeat for n, particles until

the maximum number of iterations m,, is reached. If the search process is ended by
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I, and the conditions of Proposition 5.1 are not satisfied for given f,, FY, and Fy,
(k € N), which means that no optimal solution is found, then one can adjust the

search spaces or initialize the tuning parameters for another new search.

Remark 5.7. Unlike the frequency domain method in [64] and [151], an LMI-
based criterion in the time domain is proposed to judge whether the system (5.9)
is asymptotically stable with a prescribed H,, tracking performance. By using the
feasibility of the LMI-based criterion, the proposed method facilitates to indicate
the potential of an evolutionary process in the PSO technique. Moreover, using the
proposed method, it is not required to specify the unknown external disturbance
w(t) and the reference input r(t) to formulate the transfer function of the augmented

system (5.9).

5.4 An example

In this section, we will show the positive effect of a network-induced delay on
network-based output tracking control of the harmonic oscillator (5.2).
Consider the oscillator (5.2) with parameters wy = v/2, ¢ = —/2/40 and an

external disturbance w(t), which is represented by the following state-space form

(t) = { _02 0%1 1 o(t) + { (1) 1 u(t) + { 0(.)1 ]‘”(t) (5.47)
y(t)=[1 0]x().

And the reference model is given by

,(t) = —a,(t) +0.2r(t)
{ Y, (t) = 0.5z, (t). (5.48)

Notice that the system (5.47) can not be stabilized by a static output feedback
controller without a time-delay, but can be stabilized by a delayed static output
feedback controller. So it is not possible to fulfil the output tracking control task by
the controller 4(t) = fiy(t)+ foy-(t), where f; (i = 1,2) are output feedback gains.

To achieve a stable and satisfactory tracking effect, we intentionally insert a network
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that induces communication delays (7:¢ and 75%, Vk € Z) between the system (5.47)
and the controller u(t). Following the process of (5.6) and (5.8), the input of the

system (5.47) in a network environment can be described by

u(t) = fry(t —7(t)) + fayr (t — 7(t))
{ t € [kh +y7k, (k+1)h+ iﬂ), Le7 (5.49)

where 7(t) =t — kh, Tp=71+71*, Vk € Z.
Using (5.47), (5.48) and (5.49), we obtain the system (5.9) with the following

matrices
0 1 0 0 0 0
A= -2 01 0 , B=11 , E=1]101 0 ,
0 0 -2 0 0 0.2

First, we show how to schedule network-induced delays 7, (Vk € N) to improve
tracking control performance. Given f; = 1.2 and f, = 0.6, one can see that the
eigenvalues of the matrix A+ BF are 0.5000 + 0.8930i and —1.0000, which means
that the system (5.9) is unstable if there is no network between the system (5.47)
and the controller 4(t). For given v=1, h=0.05s, 7i"% =0.4501s, 7" =0.5595s,
01 =02=0.0001, N=1 and W =1, using steps above Proposition 5.2, one can obtain
(78 s TP o —h) =(0.3489s, 0.6571s). Then purposefully producing network-induced
delays 0.3490s < 75, < 0.6570s (Vk € N) in the static feedback control can ensure
a given H,, tracking performance y=1. In addition, applying Proposition 5.1 for
—h), which is listed

—h)

different N, 7/ and 7™ = we obtain the interval (77

mn max? mzn’ maz

in Table 5.1. From Table 5.1, one can clearly see that the interval (77 . 7P
is magnified as NV increases, which shows that the conservatism of Proposition 5.1
is reduced significantly by increasing N. Depending on the range of 7, (Vk € N)
produced in the feedback control, one can choose the corresponding delay interval

in Table 5.1. For example, if 7,,, > 1s, one can schedule 7 (Vk € N) into the interval

shown in the last row of Table 5.1.
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Y2,
n’ Tmaz

Table 5.1: (77 h) for different N and given h=0.05s

N=1 N=2 N=3
(0.1839, 0.2347) | (0.1814, 0.2372) | (0.1810, 0.2376)
(0.3489, 0.7071) | (0.2940, 0.8020) | (0.2755, 0.8205)
(1.2172, 1.2674) | (1.1414, 1.3432) | (1.1228, 1.3613)

Sensor
7, €[25ms,30ms]

v :- 7,, €[25ms, 30ms]
e
Tpq €[50ms, 60ms]
il - 7, €[100ms, 145ms]
Controller

- 7, €[25ms, 30ms]
B - -025ms.30ms]
- Ty €[50ms, 60ms]

K I - - (000ms. 145ms]
- 7,, €[50ms, 60ms]
v I - <(50ms, 60ms]

Actuator

Figure 5.2: Ranges for the delays in the feedback control loop
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Figure 5.3: The outputs of the system (5.47)-(5.48) in Case I
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0.4
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Figure 5.4: The outputs of the system (5.47)-(5.48) in Case II
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Figure 5.5: The comparison for the output tracking errors of the system (5.47)-(5.48)
in Case II and Case 111

Second, we design the network-based tracking controller by using Algorithm 5.1
for given 7, and 75;. The search spaces of f; are roughly set to be [o;, 5;] =[—2, 2]
(¢ =1,2) and the tuning parameters are initialized to be n, = 20, ¢; = 2, wy =

0.7000, wy, =0.4000, m,, =20, v =0 and v/"** =0.4000 (i = 1,2), which satisfy

(2
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the convergence of a PSO algorithm. Given 7, = 0.5000s, 73, = 0.7000s, N =1
and W =1, use Algorithm 5.1 to obtain the minimum H,, tracking performance
Ymin=0.3259 and the corresponding gains f; =1.3542 and f,=0.6514. By inserting
a network that induces network delays 7, (Vk € N) satisfy 0.5000s < 75, < 0.6500s
between the system (5.47) and the controller u(¢) with f; =1.3542 and f,=0.6514,
an H,, tracking performance 7,,;, =0.3259 can be ensured.

Third, we demonstrate the positive effects of network-induced delays on the
tracking control performance. In simulation, the sampling period is A=0.05s and the
initial states of the system (5.47)-(5.48) are chosen as z(to)=[0.5 0], z,(to) =—0.1.

It is assumed that

_ [ sin(6t), 10s <t < 60s,
wt) = { 0, otherwise,

1, 5s <t < 35s,
r(t) =< —1, 35s <t <65s,
0, otherwise.

We depict the output responses of the systems (5.47)-(5.48) controlled by the con-
troller u(t) with f; =1.3542 and f, =0.6514 in the following two cases, i.e., Case
1: no network connection and Case 2: network-induced delays 7, (Vk € N) vary in
[0.5000s, 0.6500s], where the specific delay ranges are shown in Fig. 5.2. Fig. 5.3
shows that the output of the system (5.47) is unstable if there is no network con-
necting the system (5.47) with the controller (??). Fig. 5.4 and Fig. 5.5 show the
output and the tracking error of the system (5.47)-(5.48) in Case 2, respectively. It
can be seen from Fig. 5.4 and Fig. 5.5 that network-induced delays are purposefully
introduced to improve the tracking control performance.

Last, one can conclude that it is impossible to achieve the objective of output
tracking control for the oscillator (5.47) by using the non-delayed static output
feedback controller. However, purposefully producing appropriate network-induced
delays in the feedback control loop can achieve a stable and satisfactory tracking

control for the oscillator (5.47).
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5.5 Summary

We have studied network-based static output feedback tracking control for a system
that can not be stabilized by a static output feedback controller without a time-
delay, but can be stabilized by a delayed static output feedback controller. For such
a system, we have shown that purposefully producing a network-induced delay in
the feedback control loop can achieve a stable and satisfactory tracking control. A
new discontinuous complete Lyapunov-Krasovskii functional has been constructed to
establish a delay-dependent criterion for H,, tracking performance analysis. We have
proposed a novel control design algorithm by applying a particle swarm optimization
technique with feasibility of the obtained criterion. The effectiveness of the proposed

method has been illustrated by an example.






121

Chapter 6

Network-based fuzzy static output
feedback tracking control using
asynchronous constraints

6.1 Introduction

Consider the following nonlinear control system

{ #(t) = f(@(t)z(t) + g1(z(t))u(t) + ga(z(t))w(t) (6.1)
y(t) = Ca(t) '

where z(t) € R", u(t) € R™ and y(t) € R are the state, the input and the output,
respectively; w(t) € RY denotes the external disturbance and w(t) € Lo[tg, 00); C' is
a constant matrix; f(z(t)) and g;(z(t)) (i=1,2) are continuous functions over the
compact region D, and f(0)=0, ¢;(0)=0 (i=1,2). It is assumed that the system
(6.1) can not be stabilized by a non-delayed static output feedback controller, but
can be stabilized by a delayed static output feedback controller. Such a typical
system is the Van der Pol’s oscillator. It is shown in [6] and [141] that, for the Van
der Pol’s oscillator, a static output feedback (or position feedback) without a time-
delay can only affect the frequency, but can not change the amplitude of oscillations;
however, a delayed static output feedback can be alternatively used in the control
of the oscillator.

Using the fuzzy modeling method in [124], the nonlinear system (6.1) on the

compact region D can be represented by a T-S fuzzy model, in which the fuzzy rule
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is of the following form
Plant Rule R": TF 6,(t) is M;; and 05(t) is M;5 and - - - and 6,(¢) is M;,, THEN

{x(t) = A;jz(t) + Biu(t) + Ew(t)
y(t) = Cx(?)

where i=1,2,...,r and r denotes the number of IF-THEN rules; 6;(¢) (i=1,2,...,9)

(6.2)

are the premise variables that are functions of the output y(t); M;; (i=1,2,...,r;
j=1,2,...,g) are the fuzzy sets; A;, B; and E; (i=1,2,...,r) are system matrices
of appropriate dimensions.

By using a center average defuzzifier, a product fuzzy inference and a singleton

fuzzifier, the global dynamic of the fuzzy system (6.2) is inferred as follows

(t) = Z pi [Aix(t) + Byu(t) + Eww(t)] (6.3)
y(t) = Cx(t)

where

. T —
wi=u;(0(t)) >0, i=1,2,....m, 0(t)= [Hf(t),eg(t), . ,9;(15)] , Zui =1.
i=1
The objective of static output feedback tracking control is to drive the output

y(t) via a static output feedback controller to follow the output y,(t) as close as

possible. y,.(t) is generated by the following reference model

{ T (t) = Az, (t) + Br(t)
yr(t) = mer(t)

where x,(t) € R, r(t) € R” and y,(t) € R! are the state, the energy bounded input

(6.4)

and the output, respectively; A,,, B,, and C,, are system matrices of appropriate
dimensions, and A,, is a Hurwitz matrix.

In this chapter, the output tracking control is implemented by the following fuzzy
static output feedback controller, which shares same fuzzy sets with the fuzzy model
(6.2) in premise parts

Control Rule R': IF 6,(t) is M;; and 62(t) is Ms and --- and 6,(¢) is M,

THEN

u(t) = Fry(t) + Foye(t), i =1,2, ... (6.5)
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Analogous to (6.3), the fuzzy controller is given by

u(t) = [ F1iCa(t) + FyCp,(t). (6.6)
For the nonlinear system unZd:elr consideration, it is not possible to achieve the out-
put tracking control objective by using a non-delayed fuzzy static output feedback
controller but possible by using a delayed fuzzy static output feedback controller.
To develop a delayed control input, we intentionally insert a communication network
between the system (6.1) and the fuzzy controller (6.6). Notice that the insertion of
the network in the feedback control system has several advantages such as system
flexibility, low cost of installation and maintenance, and remote execution of track-
ing control [36]. Meanwhile, the use of the network leads to a network-induced delay
in the feedback control loop. Usually, the network-induced delay is regarded as a
main source of system instability and tracking performance degradation (see, [15],
28], [46] and the references therein). However, in this study, we will investigate
whether purposefully introducing a network-induced delay in the feedback control
loop can provide a stable and satisfactory tracking control. More specifically, the
measurement y(kh) and y,(kh) (Vk € Z) is transmitted in a single packet at each
sampling instant kh, where h is the sampling period and Z is the set of nonnega-
tive integers. Due to the existence of the sensor-to-controller communication delay

¢ (Vk € Z), the fuzzy controller (6.6) in a network environment can be described by

=1
t € {kh+ 75°}52,, VEEZ
where u(t*) =lims ;o u(d), lims ;1 is a limit taken from the left, uf = p;(6(kh)) >0

(6.7)

(i=1,2,...,7), Si_ uF=1,Vk € Z, Fy; and Fy; (i=1,2,...,r) are output feedback
gains to be determined. Then the control signal u(¢") is transmitted in a single
packet over a controller-to-actuator channel. In the presence of the controller-to-

actuator delay 75* (Vk €Z), the update input of the actuator is

=1
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where 7, (Vk € Z) is the network-induced delay that lump the sensor-to-controller
delay and the controller-to-actuator delay together and 7, = 7+ 7.*. Defining
7(t) =t—kh for t € [kh+7, (k+ 1)h+ 741) (Vk € Z), T = mingez{7} and

T =h+maxgez{7;}, we have
0<7m <7(t) <7pp, t € [kh+T1, (K+ 1A+ T3y1). (6.9)

Obviously, 7(¢) is discontinuous at the time instant kh+ 7, and piecewise-linear with
7(t) = 1 for t # kh+ 7. From (6.9) and the definitions of 7(t), 7,, and 77, one can
see that the network-induced delay 7, satisfies 0 <7,,, <7, <7py—h (Vk € Z), where
Tm is both the lower bound of the network-induced delay and the lower bound of
the sawtooth delay. The actuator holds the available data until next update. Then
the input of the system (6.2) is

w(t)= 3" W FuCa(t—7(t)) + FouCoa, (t—7(t))] (6.10)

=1

for t € [kh+7k, (k+ 1)h+7ps1) (VEEZ).

Using (6.3), (6.4) and (6.10), one obtains the following augmented system

E6)= > mapf[A&() + BiFsE(t—7(t)) + Eico(1)]

i=1 j=1

e(t)=C&(t), t € [kh+7k, (k+ 1)h+ T11)

(6.11)

where

() = [7(t) 2T()]", @(t) = [WT(t) 7T(6)]", e(t) = y(t) — v, (1),
A,; 0 > Bz ' EZ 0
C —Cm ] y Fz:[ ic Fglcm :| > 1= 1,2,...,7”.

The initial condition of the system (6.11) is supplemented as £(t) = ¢(t), t € [to—

Tar, to], where ¢(t) is a continuous function on [ty — 7as, to], ¢(to) =[xl 2], and

xo = x(ty) and x,9 = z,(to) are initial states of the system (4.2) and the reference

model (4.3), respectively. We choose the following H., tracking performance

ty

/tf el ()Ue(t)dt < V(ty) + 72/ of (H)o(t)dt (6.12)

to to
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where ¢ is the terminal time, v > 0 is the desired tracking performance level, U >0
is the weighting matrix, and V' (¢y) is the energy function of initial states.

The purpose of this chapter is to design the network-based fuzzy static output
feedback controller (6.7) such that the system (6.11) is asymptotically stable with

a prescribed H,, tracking performance, which means that
1) the system (6.11) with @(¢) =0 is asymptotically stable;

2) the output tracking error e(t) satisfies the H,, tracking performance (6.12),

for all nonzero w(t) € % (ty, ).

Notice that the system (6.11) with 7(¢) =0 is unstable whereas the system (6.11)
with 7(t) satisfying (6.9) may be stable. From a stability point of view, there exist a
lower delay bound 7,,;, >0 and an upper delay bound 7,4, >0 such that the system
(6.11) is asymptotically stable with a prescribed H,, tracking performance. It is
worth pointing out that 7,, is both the lower bound of network-induced delays and
the lower bound of the sawtooth delay, and therefore 7,, >0 is essential for network-
based static output feedback tracking control. Then one can see that the intentional
introduction of an appropriate network-induced delay between the system (6.3) and
the fuzzy static output feedback controller (6.6) can produce a stable and satisfactory
tracking control.

There are some available results on network-based state feedback tracking control
for a linear system [15], [28], [133], [137] and [148]. However, in many practical
situations, the system is nonlinear and it is physically difficult to measure all the
state variables of a nonlinear system. This fact demands the research on network-
based output feedback tracking control for a nonlinear system. Motivated by (1) a
T-S fuzzy model can be a universal approximator of any smooth nonlinear control
systems on a compact region ([100], [124]); (2) a static output feedback controller
can be easily implemented with low cost compared with a dynamic output feedback

controller ([24], [102]); and (3) the positive effect of the network-induced delay on
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fuzzy static output feedback tracking control has not been investigated, we will focus
on network-based static output feedback tracking control for the nonlinear system
(6.1) described by the T-S fuzzy system (6.3).

To further show the motivations and contributions of this study, we review some
existing results on fuzzy modeling and control of a network-based T-S fuzzy system
[54], [57], [98], [128], [156] and [157]. As mentioned in Chapter 4, there exist the

following limitations in these references

e [t is impossible to practically implement the network-based fuzzy controller

depending on continuous premise variables in [57], [98] and [156].

e [t is technically wrong to use a routine relaxation method for a traditional T-S
fuzzy system to analyze stability and design a network-based controller for a

T-S fuzzy system in [128] and [157].

e [t is very conservative to design a network-based linear tracking controller for

a T-S fuzzy system in [54], without using the routine relaxation method.

Moreover, in the above references [54], [57], [98], [128], [156] and [157], the delay-
dependent criteria are derived by using simple Lyapunov-Krasovskii functionals (LK-
Fs), where the definition of simple LKF can be found in [40]. The simple LKFs can
not be applied to analyze H,, tracking performance for the system (6.11) since they
require the system (6.11) with 7(¢) = 0 to be stable, which is clearly not satisfied.
Furthermore, the knowledge of fuzzy membership functions is not considered in these
works [54], [57], [98], [128], [156] and [157], which may lead to some conservative re-
sults. To design an essentially nonlinear network-based fuzzy static output feedback
controller by taking the knowledge of fuzzy membership functions into account, we

introduce the following asynchronous constraints
o —pf| <6, 1=1,2,...,r (6.13)

where 0; (I =1,2,...,r) are some given positive constants.
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The following lemma is introduced to achieve the upper bounds ¢; (i = 1,2,...,7)

Lemma 6.1. Given the membership functions p;(0(t)) (i = 1,2,--- 1), the universe

of discourse D and known positive scalars 7, and Tp;. The following inequalities hold

for any 7(t) € [T, Tum|
’ﬂl<0(t>> - Ni(0<t - T(t»)’ < 5i7 1=1,2,--- 1

where §; = min{1, ;prpr} (i =1,2,--- 1), if the following conditions hold
(i) The fuzzy membership functions p;(6(t)) of the premise variable 6(t) are Lip-
schitz continuous functions with known Lipschitz constants €; (i=1,2,...,7) on the

compact region D, i.e,

i (0(2)) =i (0(t = 7(1)| <€|0(t) =0t — 7(2))],i=1,2, ..., 7.

(i) The derivative of the premise variable 0(t) is bounded, i.e., |0(t)|| < p for

any t € [kh+7g, (k+1)h+7e1) (K =0,1,---), where p is a known positive scalar.

6.2 Performance analysis of static output feed-
back tracking control

In this section, we will derive a new criterion for H, tracking performance analysis

by using a complete LKF method. For simplicity of presentation, let

() = [€7(6) €7(8) €7t —7(1)) €7t —7(1) € (t=mm) € (t—Ta)],
e1=1[x, 0 0 0 0 0l px6ps
ea=1[0 Iy, 0 0 0 0]px6p;
e3=100 0 Lpp 0 0 Olpuep,
es=100 0 0 ILnp 0 Opup
es=[0 0 0 0 Iy Olpxep

€g = [O 0 0 0 0 Ipo]pX6p
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where e; (i = 1,2,3,4,5,6) are px6p matrices; I, denotes a p X p identity matrix;
the othersine; (=1, 2, ...,6) are px p zero matrices; p is the dimension of £(¢). Then
a delay-dependent criterion for H,, tracking performance analysis of the system

(6.11) is given by the following proposition.

Proposition 6.1. Given positive scalars v, Tm, Tar, 6; (1 = 1,2,...,7), and gain
matrices Fy; and Fy; (i=1,2,...,7) and a weighting matriz U >0, the system (6.11) is
asymptotically stable with a given H., tracking performance if there exist symmetric
matrices P>0, Z; >0 (i=1,2,3,4,5), S;>0 (i=0,1,..., N), and matrices Xy, Xs,
M; (i=1,2,..,r), Y; (i=1,2,3), Q;, R;j (i,j=0,1,..., N) such that the following

linear matriz inequalities (LMIs) hold

P *
[QT §+R}>0 (6.14)
2l <0,1=1,2,i=1,2,..,r (6.15)
B 4EL <0, 1=1,2,ij=1,2,..,1 i<} (6.16)
U + M >0, 1=1,2,i,j =12, (6.17)

where

QT = (QO?QI? -"7QN)T7
S = diag{vSy,v71S,,...,v 1SN},

Rogy Ror -+ Ron
. Ry Ry -+ Ry
R = . . . . 3
Ryo Rn1 -+ Rnn
[ —111
2 * * *
=21 —22 * *

Yol 0 =12y x|
7'}/3 0 0 —7'Z4

r—112
:}jl * *
=2 _ | =21 =22 %
—ij — — 3

7Y 0 —7Z;
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—ut | D 0k ( S S + M) ET + O
! = ET (X e+ Xae9) —272]
o [ I3T TsT 0 0 0 Iy" 0

. _{rf;T re o0 0 19" 0
522:diag{—Rd—Sd, —3Sd}7

Rii Raiz -+ Rain
Rd _ Rc.l21 Rc.l22 : Rd2N ’
Rle RdNQ te RdNN

Ryij = v(Rij—Ri—1j-1) (1,7 =1,2,...,N),

Sq = diag{S1—Sy, S2—S1, -+, SN—Sn-1},

Q) = e (X{ A+ AT X1 +2CTUC+Qn+QN+ SN+ 21— Zo— Zs)ey
+ el (P—X{+ AT Xy)ea+el XT BiFjes+e] Zses+el Zoes—e] Qoes
+ eZT(P—X]L +X2Tf1i)el +63T(Biﬁ’j)TX161 +e4TZ5el +e5Tdel —eGTQOel
+ 3 (12 Za+ T 73— Xo— X3 )eg — €4 Zsea—er (Z1+Z)es—eg Soes
+ €3 Xy BiFjes+es (BiF;)" Xaeg+(e5—e3)  Yi+ Y] (e5—e3)
+ Yy (e3—eg) + (es—eg) Yo+ (e1—eq) Yo+ Y3 (e1—ey),

Q?j = Q%—H’Q, T =TM—Tm,

& = [elT el eST}T, &y = [elT el eiﬂ ,

Q = el Zyey+el Zsey+el Ziey—el Zsey—el Zse,,

=I5 - Tyl (6=1,2,3,4),

P =5 I - Tiy] (i=1,2,3,4),

Fin = Qn—l—Qn+%(R£,N+R£—1,N)a

F(lln = %(RZ—l,N_Rg,N)>

D3, = 5(Qu+Qu-1).

05, = 5(Qu-1=Qu),
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s v
P3n = 5(_R£0_RZ—1,0)»
e — E RT —RT
3n 2( n,0 n—l,O)?

n=12..,r v=my/N.

Proof: We first analyze the asymptotic stability for the system (6.11) with w(t)=

0 by using a complete LKF method. The complete LKF is constructed as follows
V(t,£(0), &(0)) = Vi(t,&(60),&(0)) + Va(t, &(0), £(0)) + Va(t,£(6),&(6)) (6.18)

where &(0) = £(t+6) and &(0) = £(t+06), VO € [—Tas, 0], the space of functions &(6)
and &(6) is denoted by W with the norm ||¢||w = SUDge(—ry,, o] LIE (O] 1€:(8)]|} and

0

Vilt,6(6),6(0) = S€" OPEW) +€7(0) [ QUG+ 6)do

—T™

1 0 0
+ 5/ EN(t+HO)R(0, 5)E(t+5)dbds
0

I e oyswe + o),

2 —TM

V600 E0) = [ €+ 0)2iE(t + )9

0 0
+ %’” / §M(t 4 0) Zo&(t + 0)dbds

™ —Tm [T [° :
L / / ET (¢ + 0)ZE (1 + 0)dbds,
0

Vit 60).660) = 0 [ & 0zée o

+ DT o)t — 20)7 2 (alt) (e~ 7(0))
T(t)=7(t)—7k, t € [kh+7k, (k+ 1)h+711), VEk € Z,
Zi e RPP 7= 7Z1(i=1,2,3,4,5),
PeRP? p=PpPT
Q : [=7ar, 0] = RP*P, Q(0) = Q"(0),
S : [=7ar, 0] = RP*P. S(0) = ST(#),

R:[=71,0] X [~7ar,0] = RP*P . R(0, 5) = R (s,0).
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Using Lemma 5.2 in Chapter 5, we can obtain e1||€(t)||> < V(t,&(0),&(0)) <
o]|€)13 if (6.14) and Z; >0 (i=1,2,3,4,5) hold. Let V(t)=V(t,&(6),&(6)) and

taking the derivative of V(¢) yields

0

V(t) =" ()] ( Q(9)€(t+9)d9+P6m(t)> e [ Q)i+ 6o

—T™™ —T™
0 0 0

v [ &t 00+ 0)do+ / ET (140 R(6, 5)E(1+5)d0ds

—TM —TMY —TM
1
+ 577T(t> [6{2161 — (61 —64)TZ5(€1 —64) +€g(T31Z2 +TZ3)€2 —652165] n(t)

Tm

() T(t) [2(ex—es)" Zsea+e] Zyes) U(t)—j/t_ £ (s) Za (s)ds

2

_ %/t () Zaf(5)ds — %/”@) E7(5)Z4€ (s)ds. (6.19)

—TM

For the system (6.11) with w(t) =0, the following equation hold for matrices X; and

X, with appropriate dimensions

Z Z il Xl XI (/_liel —i—BiFjeg—eQ) n(t)=0 (6.20)

i=1 j=1

where t € [kh + 7, (k + 1)h + 7411) (Vk € Z).
Using Jensen integral inequality, we have
t
- Tm/ fT(S)Zzﬁ( )ds < —n"(t)(e1—es)" Za(er—es)n(t). (6.21)
t—Tm
Applying Lemma 2.2 in Chapter 2 with &=e5—e3, ¥ =n(t) and Z=Y] to the term

C Tm §T( ) Z5€(s)ds, we obtain

t=Tm .
—/ £7(s)Zs(s)ds <n' (t) [(es—es) Yi+Y (es—es)] n(t)
t—7(t)
+(r(t) =m)n” ()Y Z5Yin(t). (6.22)
Similarly, the following inequalities hold

t—7(t) | .
—/t £ () Z5€(s)ds <n" (t) [(es—eq) Yoty (e3—eg)] n(t
)

+ (=7 ()" (0)Yy Z3 Yan(t (6.23)
_/t__(t) £7(5)Z4E(s)ds <n"(t) [(ex—ea) Y3 +Yy (e1—ed)] n(t
+ (7 (8) = m)" (6)Y5" 27 Yan(2). (6.24)
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Integrating by parts in (6.19) and applying the discretization scheme in [34] and
(6.20)-(6.24), we have

V) <530 3 a0 (On0) + 5 [ € (@)S(@)do

i=1 j=1

() /0 [Fs—i—(l—Qa)F“]é(a)doz—l—% /0 €7 (a)daRy /0 Ela)da (6.25)

for t € [kh + 73, (k + 1)h + 7411) (VK € Z), where

(@) =17 () €7 (as) -+ £ (an)]",
gT(ai)sz(t—iv+ozv), 1=1,2,..., N,

Qi;(t) =01 —2¢{ CTUCe +Q' (1) +Q%(t),

Q) =(r(t) =) (VY Zg V1 +Y4 Z1'Y3),

Q)= (= 7(1))(2+Yy Z5 ')

Applying Proposition 5.21 in [34] to the left side of (6.25), we obtain
I~y nt) ] 2 o [0
V(t) <= . =t 6.26
<>_2;j§;uu]{qa>] o 4] (6.26)

for t € [kh + 73, (k + 1)h + 7411) (VK € Z), where

(o) = [ o,
Ei(t) = [Qéjz(f) 522} :

(st o0 0 e
et et o0 0 et

=21
Let

—_
—

—_ Qlt k
:l(t):{ Eg1> _22} , 1=1,2.

Clearly, =;;(¢) is a convex combination of Z'(¢) and =2(¢) on 7(t) € [T, Tar). By

using the convex combination technique and Schur complement, we can see that the
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inequality Z Z uiufézj (t) <0 can be ensured by

i=1 j=1

S wll
i=1 j=1
=2 =22 * * <0 (6.27)
7Y, 0 —745 *
i TY; 0 0 —TZ4 |
DITTENEE
=1 j=1 <0 (6.28)
521 522 *
i 7Y, 0 —745

where Q; = Q) —2e{ CTUCe; and QF; = Q,+74.
Notice that Z(,uf—,ui):O and |pf —p;| <6 for i = 1,2, ..., r. If the LMI (6.17)

i=1

holds, we have

SO

=1 j=1
D) NS 39 SN R

i=1 j=1 i=1 j=1

1=1 j=1 k=1

Then it is easy to see that (6.27)-(6.28) are implied by the LMIs (6.15)-(6.16). It
follows from (6.26) that V(t) < —es||£(t)||? for t € [kh+Ty, (k+1)h+Tp1), VE € Z.
is satisfied, which means that the system (6.11) is asymptotically stable.

We now consider H,, tracking performance of the system (6.11). Taking the

time derivative of the LKF (6.18), we have

YT { o } =i(l) {?8)1

i=1 j=1

+7%w! (Hw(t) — €1()CTUCE(R) (6.30)
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for t € [kh + 73, (k + 1)h + Tp11) (VK € Z), where

7t (t)=[n"(t) " (t)],
Ei(t) = [5212(1t) 522] ,
Eiljl (1) = { Q%(;f)+261TC_’TUC”el * .
D(Xie1+Xaes) =291
By using the convex combination technique and Schur complement, we obtain that

Z Z 1L ,ufEij(t) <0 holds if the following inequalities are satisfied
i=1 j=1

S e e
i=1 j=1
=2t =22 * * <0 (6.31)
Y1 0 —745 *
i 7Y 0 0 —TZy i
Sy s
=1 j=1 <0 (6.32)
521 522 *
i 7Y, 0 —745

where

_ Qéj *
g EZ»T(X161+X262) —2")/2] ’

=l
=
=

[=1,2.

Using (6.30), we can see that (6.31)-(6.32) can be ensured by (6.15)-(6.17). It follows
from (6.28) that V(t) + €T (t)Ue(t) — v*@T (t)@(t) < 0 for t € [kh + 73, (k + 1)h +
Tkt+1), Vk € Z. Then the H,, tracking performance (6.12) is ensured for the system

(6.11) on [ty, c©), which completes the proof.

Remark 6.1. It can be seen from the above proof that the inherent piecewise-linear
time-varying delay information 7(¢t)=1 on [kh+7x, (k+ 1)h+7441) (Vk € Z) and the
knowledge about premise variables and membership functions (p and ¢;, i=1,2, ..., )
are utilized to establish a less conservative delay-dependent criterion. Notice that

for the asynchronous T-S fuzzy system (6.11), the H,, performance criterion may
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be generally cast as negativity of fuzzy summations in the form
" (t) (Z Zmu?Eij> p(t) <0, Yo(t) # 0. (6.33)
i=1 j=1
Then the inequality (6.33) can be ensured by =;; < 0 (i,j = 1,2,...,r), which is
conservative, see [93]. In this study, 7, (u¥ — ;) = 0 and |p; — pf| < 6; are fully

utilized to introduce some free-weighting matrices M; (i = 1,2, ...,r), which can be

used to reduce the conservatism.

Remark 6.2. From a stability point of view, there exist a lower delay bound 7,,;,
and an upper delay bound 7,4, such that the system (6.11) is asymptotically stable
with a prescribed H,, tracking performance . By scheduling the network-induced
delay 7 (Vk € Z) and choosing an appropriate sampling period h, we make the
interval [7,,, Tas] fall into (Tonin, Tmaz) to ensure the system (6.11) with a given Ho,
tracking performance . The steps mentioned above Proposition 5.2 in Chapter 5
can be used to determine appropriate delay bounds 7,, and 73, such that the H.,

tracking performance 7 is ensured for the system (6.11).

For given 7, >0, 7y >0, U >0, Fy; and Fy; (i = 1,2,...,7), one can employ
Proposition 6.1 to determine the minimum ~, which can be obtained by solving the

following optimization problem:

minimize 0%
subject to P>0, Z;>0(i=1,2,3,4,5), S; >0 (i=0,1,..., N),

and LMIs (6.14) — (6.17).

6.3 Fuzzy static output feedback tracking control
design

In this section, we are interested in designing the network-based fuzzy static output

feedback tracking controller (6.7) for the nonlinear system (6.1) described by (6.3).
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Notice that in Proposition 6.1, constant matrices C, C, and gain matrices F};, Fy;
are coupled into F; (i = 1,2,...,7), which makes it difficult to design a static output
feedback tracking controller. Similar to the control design method in Chapter 3,
we will propose a design algorithm of a fuzzy static output feedback tracking con-
troller by applying a particle swarm optimization (PSO) technique with feasibility

of Proposition 6.1. The control design algorithm is as follows

Algorithm 6.1.

Step 1. Initialization

1.1 Randomly initialize a group with n, particles. Each particle consists of mem-

bers fzg(o) in FO

L, and Fy . and f;;(0) lies in the range [y, 8;], where i =

2pj>

1,2,...,np, p=1,2,...,rand 7=1,2,...,2mlir;

1.2 Initialize parameters ci, ca, W, Wiy My, VJ’-”m and v

1 where j=1,2,...,2mlir;

1.3 Initialize the velocity of n, particles and vj*" < v;(0) < v

1, where @ =

1,2,...,npand 7=1,2,...,2mlr, and set k& = 0;

1.4 Initialize the fitness value 7 = [,, where [, is a positive constant and i =

1,2,...,np. Solve the minimization problem at the end of Section 6.2 to obtain
the minimum ~? for given Flopj and Fgopj, i€{l,2,...,n,} and p=1,2,...,r;

1.4.1 Assign the minimum 7Y to v;, and f;;(0) to pbest,., respectively, where

YR
Vip 1s the fitness value of the particle pbest, ¢ = 1,2,...,n,, and j =

1,2,...,2mlr, and set k = 0;

1.4.2 Assign min{y) | ¢ € {1,2,...,m,}} to 7 and f,;(0) to gbest;(0), re-
spectively, where fyg is the fitness value of the particle gbest, and j =

1,2,...,2mlr and set k = 0;

Step 2. Fitness evaluation of particles
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2.1 Obtain F*. and FF

Loi by from fi;(k) in n, particles, where i =1,2,...,n,, p =

1,2,....r,5=1,2,....2mlr,and k > 1, k € N;

2.2 Solve the minimization problem at the end of Section 6.2 to obtain the min-

and ¥

- k - k
imum -y;* for given F Sy

r where i € {1,2,...,n,}, p=1,2,...,7, and

kE>1,keN;

2.3 Record the previous best particles and their fitness values. If v% < 7;,, then

assign 7¥ to i, and fi;(k) to pbest,;, respectively, where i =1,2,...,n,, j=

YR

1,2,....2mlr,and k > 1, k € N;

2.4 Record the global best particle and its fitness value. If 4571 > min{y¥}!,

9
then assign min{~f | i € {1,2,...,n,}} to 7% and fg;(k) to ghest;(k), respec-
tively; otherwise, assign 75‘1 to 7;“ and store the corresponding particle, where
j=1,2,....2mlr, and k > 1, k € N. If |[yf —~+"1| < ¢ is satisfied within m,,

iterations, where € > 0 is a sufficiently small constant, then exit, and £ > 1,

k € N; otherwise, go to Step 2.5;

2.5 Update the velocity of n, particles by (3.43) and (3.45) in Chapter 3. If
vij (k) <vi"" or vy;(k)>v***, then randomly generate vy;(k) satisfying v/ <

vij(k) <vie®, where i=1,2,....,n,, j=1,2,...,2mlr, and k > 1, k € N;

2.6 Update the position of n, particles by (3.44) in Chapter 3. If f;;(k) <a; or
fij(k) > B;, then randomly generate f;;(k) satisfying o; < f;;(k) < f3;, where

1=1,2,...,np, j=1,2,... . 2mir,and £ > 1, k € N;

2.7 If k>m,,, where m,, is the maximum number of iterations, then exit; otherwise,

set k =k + 1 and go to Step 2.1;

Step 3. Obtain the minimum 7, > 0 and the corresponding F; and F, from the

global best particle.
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Remark 6.3. Algorithm 6.1 is a novel evolutionary algorithm which utilizes the
particle swarm optimization technique with feasibility of an LMI-based H,, tracking
performance criterion. This algorithm can effectively avoid some ideal assumptions
and linearization techniques such as equality or inequality constraints and iteration

algorithm in delay-dependent static output feedback control design.

6.4 An example

In this section, we will show the effectiveness of the proposed design method by
performing network-based static output feedback tracking control for the following

nonlinear system

#1(t)=(1+ 0.1sin®(z1(2)))x2(t)
@9 (t) = 0.129(t)(cos? (a1 (t)) —sin®(z1(2))) =221 (t) + u(t) +0.1w(t)  (6.35)
y(t) =z1(t)

where y(t) is the output and w(t) is the external disturbance.

Consider the following reference model

i, (t) = —2,(t) + 0.2r(t)
{ y,(t) = 0.5,.(t). (6.36)

Suppose that the operating domain of the system (6.35) is Dy ={x(t) : |z, (¢)| <
0.57, |x2(t)] < 0.5}. Choose the premise variable as 6(t) =y(¢). Then the nonlinear

system (6.35) can be exactly expressed as

Z 1:(0 2(t) + Buu(t) + Exw(t)] (6.37)
y(t) = C’:z:( )

0 1 0 0
1_{—2 0.1}’31_{1}’&_[0.1}’

0 1.1 0 0
AZ:{—Q.l 0 }’BFL}’E?:[OJ}

= [ 10 } , 1 = cos?(w1(t)), pe = sin®(z1(1)),

where

N

Q
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Table 6.1: The maximum 7, for given 7,,, =0.30s and different N

N 1 2 3
T (s) | 0.5000 | 0.6403 | 0.7006

It is easy to see that |zi(t) —x1(kh)| < ftt_T(t) |&1(s)|ds < 117y and |p; — pk| <
|z1(t) —z1(kh)| = 1.17ps (i =1,2) hold on the compact region D;. Then we have
d;=min{l, 1.1my} (i=1,2).

Notice that there do not exist output feedback gains f; such that A;+ B;f;C
(1=1,2) are Hurwitz, which means that the system (6.35) can not be stabilized by
a fuzzy static output feedback controller. So it is impossible to fulfill the output

tracking control task by using the following controller

2

u(t) = pi [fray (D) + faive (1)) (6.38)

i=1
where fi; and fy; (i = 1,2) are the output feedback gains to be determined. To
achieve a stable and satisfactory tracking control, we intentionally insert a network
that induces the communication delays (73¢ and 7(%, Vk € Z) between the system
(6.35) and the controller (6.38). Then the input of the system (6.35) in a network

environment can be described by

2
=3 i Ut =70) =70 639
telkh+m,(k+1)h+71), k€Z

where 7(t) =t — kh, e =7+7, Yk € Z.

We now design the network-based fuzzy static output feedback tracking con-
troller by using Algorithm 6.1. The search spaces of fi (i = 1,2,...,n,) are roughly
set to be [ag, Bk] = [-2,2] (kK = 1,2,3,4) and the tuning parameters are initial-
ized to be n, =20, ¢ = ¢, =2, wy = 0.7, wy, = 0.4, my, = 100 and v;** = 0.4
(k=1,2,3,4), which satisfy the convergence of a PSO algorithm [18]. For given

Tm = 0.30s, 7ay = 0.50s, N =1 and U =1, applying Algorithm 6.1, we obtain the
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0 10 20 30 40 50 60 70 80 90 100
Time (Sec)

Figure 6.1: The outputs of the system (6.35)-(6.36) in Case I

minimum H,, tracking performance 7,,;, = 0.8812 and the corresponding output
feedback gains fi; =1.3242, f1o =0.8121, fy; =1.2163 and foy = 0.5619. Then an
H, tracking performance v,,;, =0.8812 is ensured by the obtained controller in the
presence of 7, (Vk €Z) satisfying 0.30s <75, <0.50s—h, where h (0<h<0.20s) is a
sampling period. Using Proposition 6.1 with fi; =1.3242, f1,=0.8121, fy; =1.2163
and foo =0.5619, v, =0.8812 and 7, = 0.30s, the maximum 7, for different N is
solved and listed in Table 5.1. From Table 5.1, we can clearly see that the inter-
val [0.30s, 7] is magnified as N increases, which means that the conservatism of
the stability criterion is reduced significantly by increasing N. On the other hand,
if there is no available knowledge of membership functions, using Proposition 6.1
with 7, =0.30s, 73/ =0.50s and the obtained output feedback gains, we can obtain
the minimum H,, tracking performance ,,;, = 1.3619, which is much larger than
Ymin=0.8812. Then we can conclude that a better H,, tracking performance can be
achieved by using the criterion involving the knowledge of membership functions.
Next, we show the positive effect of the network-induced delay on the tracking

performance. In simulation, the sampling period is h=0.05s and the initial states
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0.8

0.6?

0.4F
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0 10 20 30 40 TimeS?SeC) 60 70 80 90 10C

Figure 6.2: The outputs of the system (6.35)-(6.36) in Case II

are chosen as x(ty)=[0.5 0], x,(ty)=—0.3. It is assumed that

| sin(6t), 10s <t < 60s
wit) = { 0, otherwise,

1, Hs <t < 3bs
r(t)=<¢ —1, 3bs <t <65s
0, otherwise.

We depict the output responses of the system (6.35)-(6.36) in the following two
cases, i.e., Case [: there is no network between the system (6.35) and the controller
(6.38) and Case II: the network-induced delay 7, (Vk € Z) varies in [0.30s,0.45s].
Figure 6.1 and Figure 6.2 shows the outputs of the system (6.35)-(6.36) in Case I
and Case II, respectively. The output tracking error e(t) in Case II is shown by
Figure 6.3. In Figure 6.1, the output of the system (6.35) is unstable when there
is no network connecting the system (6.35) with the obtained controller. However,
if we purposefully introduce a network-induced delay in Case II in the feedback
control loop, the output of the system (6.35) can track the output of the reference
model (6.36) very well, which can be clearly seen in Figure 6.2 and Figure 6.3. Then
we can conclude that the purposeful introduction of a network-induced delay in the

feedback control loop can produce a stable and satisfactory tracking control.
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Figure 6.3: The output tracking error of the system (6.35)-(6.36) in Case II
6.5 Summary

In this chapter, we have dealt with network-based fuzzy static output feedback
tracking control for a nonlinear system that can not be stabilized by a fuzzy static
output feedback controller without a time-delay, but can be stabilized by a de-
layed fuzzy static output feedback controller. We have shown that a stable and
satisfactory tracking control can be achieved by intentionally inserting a communi-
cation network that leads to a network-induced delay in the feedback control loop.
The network-based tracking control system has been described by an asynchronous
T-S fuzzy system with an interval time-varying sawtooth delay. A new discontin-
uous complete Lyapunov-Krasovskii functional has been constructed to establish
a delay-dependent criterion for H,, tracking performance analysis. To reduce the
conservatism of the obtained criterion, we have proposed a new relaxation method
by utilizing the asynchronous constraints on membership functions to introduce
some free-weighting matrices. A novel control design algorithm has been proposed
by applying a particle swarm optimization technique with feasibility of the derived

criterion. The effectiveness of the design method has been shown by an example.
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Chapter 7

Conclusions and future work

7.1 Conclusions

This dissertation has been concerned with the network-based output tracking control
for continuous-time systems. The systems under consideration are linear systems
and nonlinear systems described by T-S fuzzy models, respectively. The systems
have been classified as Case I: the systems can be stabilized by non-delayed static
output feedback controllers; and Case II: the systems can not be stabilized by non-
delayed static output feedback controllers, but can be stabilized by delayed static
output feedback controllers.

For the systems in Case I, the negative effects of network-induced delays and/or
packet dropouts on network-based output tracking control have been considered.

More specifically, in this dissertation, the following problems have been studied.

e Network-based state feedback tracking control for a linear system has been stud-
ted by taking network-induced delays and packet dropouts into account. Some
delay-dependent criteria for H,, tracking performance analysis and controller
design have been established by using a new discontinuous simple Lyapunov-
Krasovskii functional and a generalized Jensen integra inequality that com-
bines a convex delay analysis method. Two examples have shown that the
obtained criteria are less conservative and can ensure a better H,, tracking

performance over some existing ones.
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e Network-based output tracking control for a linear system via an observer-based

controller has been considered. The network-based tracking control system has
been modeled as a system with two different interval time-varying delays by
taking into consideration the asynchronous inputs of the linear system and the
controller due to the effects of network-induced delays and packet dropouts in
the controller-to-actuator channel. A new delay-dependent criterion has been
established such that the system with two delays is exponentially stable with
a prescribed H,, tracking performance. Since a separation principle can not
applied to design the controller, a particle swarm optimization algorithm has
been presented to search for the minimum H,, tracking performance and the
corresponding gains. Network-based output tracking control of a mobile robot

has shown the validity of the proposed method.

Network-based fuzzy state feedback tracking control for a nonlinear system via
a T-S fuzzy model has been considered by using the knowledge of member-
ship functions. Using a fuzzy controller that depends on available sampled-
data measurement of feedback states and premise variables, the network-based
nonlinear control system has been represented by an asynchronous T-S fuzzy
system with an interval time-varying sawtooth delay induced by sampling
behaviors, network-induced delays and packet dropouts. Since a routine re-
laxation method for H,, performance analysis and controller design of a tra-
ditional T-S fuzzy system can not be used for that of the asynchronous fuzzy
system, a new relaxation method has been proposed by using asynchronous
constraints. Using the proposed relaxation method and a discontinuous simple
Lyapunov-Krasovskii functional, some delay-dependent criteria for H, track-
ing performance analysis and tracking controller design have been established
in terms of linear matrix inequalities. Network-based tracking control of the

Duffing forced-oscillation system has been demonstrated in simulation.
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For the systems in Case II, the positive effects of network-induced delays on
network-based output tracking control have been investigated. More specifically,

the following problems have been considered.

e For a linear system in Case I, the positive effect of a network-induced delay
on network-based output tracking control has been investigated. By intention-
ally inserting a network between the system and a static output feedback
controller, a network-induce delay has been purposefully introduced in the
feedback control loop to produce a stable and satisfactory tracking control.
A new discontinuous complete Lyapunov-Krasovskii functional has been con-
structed to derive a delay-dependent criterion for H, tracking performance
analysis. By applying a particle swarm optimization technique with feasibility
of the obtained criterion, a novel control design algorithm has been proposed
to search for the minimum H., tracking performance and the corresponding
gain. The effectiveness of the proposed method has been shown by performing

network-based output tracking control of a damped harmonic oscillator.

e [For a nonlinear system in Case I1, the positive effect of a network-induced delay
on network-based output tracking control has been investigated. For such a sys-
tem, it is impossible to achieve a stable tracking control by a non-delayed fuzzy
static output feedback controller; however, by intentionally inserting a network
between the nonlinear system and a fuzzy static output feedback controller,
we have purposefully introduced a network-induced delay in the feedback con-
trol loop to produce a stable and satisfactory tracking control. Taking sam-
pling behaviors and the network-induced delay into account, the network-based
tracking control system has been modeled as an asynchronous T-S fuzzy sys-
tem. By using a new discontinuous complete Lyapunov-Krasovskii functional
and the asynchronous constraints on membership functions, a delay-dependent

H, tracking performance criterion has been established. The fuzzy tracking



146 Chapter 7. Conclusions and future work

control design algorithm has been proposed by applying a particle swarm opti-
mization technique with feasibility of the obtained criterion. The effectiveness

of the proposed method has been illustrated by an example.

7.2 Future work

Network-based output tracking control for systems has received increasing atten-
tion in recent years. The current research has been focused on some fundamental
issues in network-based output tracking control for continuous-time systems, such as
modeling, stability analysis and controller design of network-based tracking control
systems in the presence of network-induced delays and/or packet dropouts. In addi-
tion, there are several topics associated with network-based output tracking control

for the future research work. Some related topics are listed below.

o The effects of some network-induced constraints such as quantization errors,
time-varying samplings and communication constraints on network-based out-
put tracking control will be investigated. The effects of network-induced delays
and/or packet dropouts on system stability and tracking performance have
been investigated in this dissertation. Besides network-induced delays and
packet dropouts, there exist some network-induced constraints such as quan-
tization errors, time-varying samplings and communication constraints. It is
important to investigate the effects of these network-induced constraints si-

multaneously on network-based output tracking control.

e Network-based output tracking control for a continuous-time system via a dy-
namic output feedback controller will be investigated. Notice that a static
output feedback tracking controller can be simply implemented with low cost.
However, it can not be applied in some particular cases, for example, if Kimura-
Davison conditions are not satisfied. In this case, a dynamic output feedback

controller is required to perform the network-based output tracking control.
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Different from static output feedback control, a two-channel NCS via dynamic
output feedback control is not equivalent to a one-channel NCS due to network-
induced delays and packet dropouts in the controller-to-actuator channel. It
is a challenging issue to design a network-based dynamic output feedback con-

troller for the two-channel NCS.

o A network-based nonlinear fuzzy tracking controller will be designed for a non-
linear system in a T-S fuzzy model when the asynchronous constraints on fuzzy
membership functions are unknown or partly unknown. In this dissertation,
the fuzzy controller shares same fuzzy sets and premise variables with the T-S
fuzzy model and the asynchronous constraints are available. It is of impor-
tance to investigate the network-based output tracking control for a T-S fuzzy

system with unknown or partly unknown asynchronous constraints.

o Network-based fuzzy output tracking control for a fuzzy-model-based nonlinear
system via an observer-based controller is an problem to be addressed. There
exist two main difficulties related to the research problem. One is how to model
the nonlinear network-based control system by taking the fire mechanisms of
both the T-S fuzzy model and the fuzzy observer-based controller into account.
The other is how to design the fuzzy observer-based tracking controller in a

network environment when a separation principle does not work.

e Some less conservative H, tracking performance criteria with few matrix vari-
ables and tracking control design methods will be considered. In this disserta-
tion, the obtained criteria involve some free-weighting matrices, which cost
much computational complexity. It is worthwhile to seek new methods to re-
duce the conservatism of the criteria without using many matrix variables. In
addition, the proposed control design algorithm employs a standard particle

swarm optimization technique, which leaves room for improvements.
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o Network-based output tracking control for a discrete-time system will be con-
sidered. In this dissertation, the controlled plant is a continuous-time system
and the reference model is a linear system. When the plant is a discrete-time
system or the reference model is a nonlinear system, the problem of network-

based output tracking control needs further investigation.
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