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Abstract

Networked Control Systems are controlled physical systems where sensing and
control devices are connected via communication networks. Motivated by the
proliferation of embedded sensors, microprocessors, and wireless networks, ex-
tensive research has been conducted in recent years on networked control sys-
tems, bringing forth important theoretical advances in the automatic control
field.

The results of the present thesis spring from networked control applications, con-
sidering three different network scenarios. First, considering a network model
inspired on the Ethernet and the Wireless 802.11 protocols, where delays and
intervals between transmissions are stochastic, we provide a stability result
that can be tested using the Nyquist criterion and show how to compute mo-
ment Lyapunov exponents to investigate performance. In the same setup, but
considering several asynchronous networks, we establish that stability can be
asserted by computing the spectral radius of an integral operator. Second,
assuming that all the sensing and control devices in the network can run an
arbitration algorithm, we propose dynamic protocols, assigning priorities based
on data sent by the devices, which can outperform any static protocol where
nodes transmit in a prescribed order. Third, considering networks that guaran-
tee fixed transmission rates, although in general different among users-such as
circuit-switching networks-, we propose output regulation and gain-scheduling

solutions for multi-rate systems.

We use the framework of hybrid systems to model several networked control
scenarios, and the machinery of Volterra equations, piecewise deterministic
processes, and dynamic programming to establish the main results of the thesis.
These results are often stated with enough generality that their interest is shown

to exceed the networked control systems scope.

Keywords: Networked Control Systems; Impulsive Systems; Stochastic Hy-
brid Systems; Asynchronous Systems; Volterra Equations; Dynamic Protocols;
Piecewise Deterministic Processes; Gain-Scheduling; Output Regulation; Multi-

Rate Control.
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Resumo

Sistemas de controlo sobre redes sdo sistemas de controlo automético em que
sensores, atuadores e controladores comunicam entre si através de redes de
comunicacdo. A proliferagdo de sensores embebidos, micro-processadores e re-
des de comunicacdo sem fios despertou o interesse por estes sistemas, o que se

traduziu em progressos significativos na area do controlo automatico.

Esta tese aborda problemas na area do controlo automatico que provém de trés
cenarios para sistemas de controlo sobre redes. Em primeiro lugar, considera-
se modelos para a rede inspirados na rede Ethernet e na rede Wireless 802.11,
obtendo-se resultados de estabilidade que podem ser testados através do critério
de Nyquist e mostrando-se também como se pode avaliar o desempenho do
sistema. Ainda para este cenario, mas considerando varias redes operando ass-
incronamente, prova-se que a estabilidade do sistema de controlo sobre redes
pode ser testada através do calculo do raio espetral de um operador integral.
Em segundo lugar, assumindo que os varios intervenientes na cadeia de con-
trolo tém capacidade de processamento, propoem-se protocolos dinamicos, que
atribuem prioridades de acesso a rede com base na informacao enviada pelos
intervenientes na cadeia de controlo, conseguindo superar a performance dos
protocolos estaticos, em que uma dada ordem para as transmissoes é repetida
periodicamente. Em terceiro lugar, considera-se redes que garantem uma deter-
minada taxa de transmissdo, possivelmente diferente para cada utilizador-tais
como as redes de circuitos comutados-, e propoem-se solugoes para os problemas
de regulacdo da saida e de sintese de sistemas de controlo de ganhos comutados

para sistemas multi-ritmo.

A capacidade de modelagao dos sistemas hibridos e as ferramentas matematicas
para equagoes de Volterra e de Fredholm, de processos deterministicos por
trogos, e de programacao dindmica estao na base dos principais resultados da
tese. Os resultados sdo enunciados com generalidade, o que permite mostrar

que o seu interesse excede a area dos sistemas de controlo sobre redes.

Palavras Chave: Sistemas de controlo sobre redes; Sistemas Impulsivos; Sis-
temas Hibridos Estocéasticos; Sistemas Assincronos; Multi-Ritmo; Equagoes
de Volterra; Protocolos Dinamicos; Processos Deterministicos por Trogos; Sis-

temas de controlo de ganhos comutados; Regulacao da Saida.
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Introduction

In recent years we have witnessed remarkable technological advances in computing, sens-
ing and wireless communication technologies. The combination of these advances made
possible pocket-size embedded electronic devices, designed to sense, compute, and commu-
nicate information of interest. Sensors and micro-processors are now ubiquitously deployed
in vehicles, roads, cell-phones, buildings, and environment, and have the ability to process
measurement data in real time and transmit this data to perform adequate control actions.
A control system where sensors, micro-controllers, and actuators are connected through
communication networks is termed a Networked Control System (NCS).

There are abundant new and envisioned applications of networked control systems [43].
As a first example, consider the problem of preventing highways’ traffic congestions. A re-
quirement for providing traffic control is to predict traffic conditions. This can be achieved
by using a limited number of vehicle detector stations (sensors) deployed along the highway.
A networked control estimation problem is to infer on the highway traffic density from these
distributed measurements [37], [70]. Another research direction is the control of vehicle
platoons [30] to mitigate the so-called butterfly effect, i.e., large traffic jams triggered by
minor events, such as an abrupt steering maneuver by a single motorist. Here, the goal
is to control the velocities and relative positions of the vehicles based on communication
from immediate predecessors, so that a desired behavior for the platoon is achieved, e.g.,
constant speed cruising or leader following. As a second class of applications, consider the
emerging field of smart grids. It is predicted that in a near future renewable energy sources,
such as wind and solar power, will play an even more important role in the overall energy
production. However, the uncertainty on the availability of such energy sources, along with

the increasingly variability of loads, such as electric vehicles, poses challenging problems
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concerning the transient stability of the network, i.e., achieving synchronism when sub-
jected to these large disturbances on load and generation. In [29], the relation between the
transient analysis in a power network and a distributed networked control problem known
as the consensus problem is sharply recognized. Another example in the area of energy
systems is the use of sensor networks in energy building efficiency, which enables improved
control of indoor environment [92]. As a third class of applications, consider automation
in manufacturing systems. Here, communication networks are being used more and more
for diagnostic and control operations [71]. The use of wireless communications in industry
environments can drastically reduce cabling and maintenance costs. However, the mea-
surement and control delays resulting from introducing a shared communication medium
have to be taken into account when designing such systems. There are several other appli-
cations in many distinct fields, such as remote surgery [67], or thermal control of livestock
stables [96]. Also in a luxury car there may exist over 50 embedded computers, running
several control algorithms, which include safety critical operations, as well as leisure appli-
cations [83]. Using a network to close the control loop has several advantages, including
flexibility, high reliability, simple installation and maintenance, and low cost. The demand
for small and intelligent sensing devices is steadily growing in our society, which allows
one to predict that networked control systems will continue to be a prominent object of
interest in coming years.

On the other hand, the interest on networked control system is far from confining
itself to the realm of applications. Networked control systems have given rise to a multi-
disciplinary research field lying in the intersection of three distinct research areas: con-
trol systems, telecommunications, and computer science, and this has promoted the inter-
change of problem solving techniques and insights from different areas. Moreover, some
of the problems that arise in networked control lead to important research advances in
the control research field. For example, the celebrated Shannon’s results on the maximum
bit-rate at which a communication channel can carry information reliably, has inspired
several researchers [31, 42, 72, 94], to tackle the problem of determining the minimum
bit-rate needed to stabilize a linear system through feedback over a finite capacity chan-
nel. Stochastic and deterministic hybrid systems [45], [77], have played an important role
in modeling several networked control scenarios, and several theoretical results prompted
from this relation [62], [90], [73]. The inherent distributed structure of many problems
in networked control system has also inspired many problems in the area of distributed

control of agents deployed in a given environment [12]. There are several problems where



agents are connected by a communication network and wish to optimize a given perfor-
mance cost in a distributed way [49] or achieve a common objective [10]. Hence, there is a
significant overlap between the research on networked control systems and the research on
distributed optimization and decentralized control. Another example are switched systems,
where recognizing the connection with networked control system has favored research on
both areas [28], [36].

In this thesis, we formulate and address several networked control problems, considering
three models for the communication network: (i) networks with stochastic characteristics,
where the arbitration process for network access involves stochastic events, such as ran-
dom delays, packet drops, or random back-off times. Examples of networks where such
events may occur are the Ethernet and networks utilizing the Wireless 802.11 protocol;
(ii) networks in which access to the network is determined by a protocol based on state
information sent by the nodes. This may be achieved in networks where nodes have enough
computational resources to run an arbitration algorithm in a distributed way, or in cases
where the network itself may provide an arbitration mechanism based on data sent by the
nodes, e.g., CAN-BUS networks. Since decisions are dynamically taken at each transmis-
sion time based on state information, we denote these protocols by dynamic protocols; (iii)
networks with periodic multi-rate data transmissions, where each communication link has
a fixed rate, which is in general different from the rates of the other links. Examples of
these networks are the circuit switching networks, which guarantee a fixed bandwidth for
each link.

The solutions we propose often involve developing novel theoretical and system analyti-
cal results. In fact, it is a common trend in the thesis that the underlying networked control
problem serves as a motivation or as a starting point to consider mathematical and system
analytical problems obtained from raising the level of abstraction of the models that cap-
ture the networked control problem. As we shall see, this approach has the advantage that
our results often have a broader range of application that exceeds the networked control
systems scope. We use the framework of hybrid systems to model the networked control
systems that we consider and the machinery of Volterra equations, piecewise deterministic
processes, and dynamic programming to establish the main results of the thesis.

In this introductory chapter, we give a general description of the networked control
problems that we tackle in Section 1.1 and provide an overview of our main results in Sec-

tion 1.2. We explain the organization of the thesis in Section 1.3 and enumerate the thesis
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Controllers
Other users

Figure 1.1: General Diagram of a Networked Control System

contributions, as well as the list of publications that substantiate the thesis in Section 1.4.

Basic notation is established in Section 1.5.

1.1 Networked Control Systems - General Description

A nuts and bolts description of a networked control system as perceived in the present thesis
is depicted in Figure 1.1. We use the nomenclature nodes, to denote sensors, actuators, and
controllers that are connected by the communication network in a networked control system.
Nodes pertaining to the same closed-loop are connected by a shared network. The network
is abstractly represented by a cloud due to the uncertainty that may exist on the service
it provides, or on the type of communication that agents perform. This cloud can also
encapsulate several other subnetworks or dedicated communications links between nodes.
The sensors acquire measurement data from the plant, and transmit this data through a
communication network to be processed by one or several remote controllers. In the present
thesis we shall consider mainly the case where there is only one controller. The controller
transmits control values to the actuators through the same shared network. Based on this
control values the actuators perform a digital to analog conversion and apply a continuous-
time actuations to the plant. The network may be shared with other users, which in
general are not related to the closed-loop. The interference that the data transmitted by
these other users has on the closed-loop, e.g., whether other users transmit frequently or
sporadically, is assumed to be encapsulated in the model for the communication network.

In this thesis we address several problems, considering different models for the agents
in the networked control system (plant, controller, sensors, actuators), and for the network

itself. These different models are described next.



1.1 Networked Control Systems - (General Description

Plant

The model for the plant may be linear or nonlinear, certain or uncertain. Uncertainty
may be modeled by external stochastic disturbances, or by external deterministic (but
unknown) disturbances. It may also be the case that there exists parameter uncertainty on

the plant.

Controller Synthesis

Tracing a parallel with traditional digital control [15], we consider two methods for obtain-
ing the controller: emulation and direct design. In emulation, a continuous-time stabilizing
controller designed without regard to the network characteristics is assumed to be avail-
able. The controller for the networked control system is obtained by running a numerical
approximation method of the continuous-time controller based on the measurement values
received from the sensors. This numerical approximation is typically obtained by emu-
lating the evolution of the continuous-time controller using as its inputs hold values of
the measurement data most recently received from the sensors. Both sensor measurement
arrivals and transmissions of actuation updates from the controller to the actuators are
dictated by the communication networks availability. From a networked control point of
view, for an emulation design, we are simply concerned with analyzing the effects of the
network in the closed-loop. On the other hand, in direct design the controller for the net-
worked control system is synthesized by directly taking into account the plant and network
characteristics. The specifications to obtain this controller can be closed-loop stability, op-
timality according to some performance criterion, and/or output regulation of some outputs

of interest.

Sensors and actuators

Sensors perform an analog to digital conversion, which is assumed to be an ideal sampling,
while actuators perform a digital to analog conversion which is typically assumed to be
a standard hold operation, although other possibilities exist (cf. [69], [63]). Sensors and
actuators are assumed to have network adapters to transmit data through the network.
Each sensor may be associated with more than one output of the plant’s state, and each
actuator may be associated with more than one input of the plant. In cases where sensors
and actuators have dedicated links to transmit, we may only need to assume that they
can be sampled and updated (respectively) at a fized rate, while in general we shall re-

quire that they can be sampled and updated on demand, i.e., at any desired transmission
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time. We denote sensors and actuators by simple sensors and simple actuators if these
sampling and transmitting operations are the only operations they can perform. However,
we denote sensors by smart sensors if they have enough computational resources to run
an arbitration algorithm for network access, and denote controllers by smart controllers if
they are collocated with the actuators, in which case we also assume that they have enough

computational resources to run an arbitration algorithm.

Network

The network access in a shared network typically introduces delays, since nodes may have
to wait until the network becomes available. Depending on the implementation or con-
text, these delays may either affect the times between consecutive sampling, in cases where
sensors and controllers respond on demand to network availability, or may introduce sig-
nificant delays on the data received from plant and controller, in case the sensors hold
past information until the network becomes available for transmission. Further delays may
be taken into account such as transmission and processing delays. In this thesis, we shall
mainly consider the following model for a network with stochastic characteristics, which

we denote by renewal network, a nomenclature justified in the sequel.

(i) The time intervals between transmissions from nodes pertaining to the networked

control system are independent and identically distributed;

(ii) The transmission delays are small when compared to the time intervals between

transmissions;
(iii) Packet may me dropped with a given probability.

Assumption (i) holds for scenarios in which nodes attempt to do periodic transmissions
of data, but these regular transmissions may be perturbed by the medium access proto-
col. It is typically the case in CSMA protocols that nodes may be forced to back-off for
a typically random amount of time until the network becomes available. The probability
distribution of the time interval between transmissions, which can be estimated experimen-
tally or by running Monte Carlo simulations of the protocol, is determined by two factors:
the congestion of the network and the delay introduced by the medium access protocol.
Assumption (ii) also holds in general in local area networks. In fact, as explained in [90],
in local area networks, the transmission delays are typically small when compared to the
times that nodes take to gain access to the communication medium. We shall consider

general stochastic models for the delays (see Chapter 3, Sec. 3.1, and Chapter 5, Sec 5.1.1).
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Assumption (iii) is typical and our modeling framework allows to consider general models
where packet drop are correlated and modeled by Markov Chains (see Chapter 3) such as
the well-known Gilbert-Elliot model. We use the nomenclature renewal network, since the
state variables associated with the sources of randomness (intervals between transmissions,
delays, packet drops) restart or are renewed when a transmission occurs.

Another model that will be used in the present thesis is to assume that each sensor and
each actuator use a different communication link to exchange data with the controller. Each
communication link may represent a shared network that guarantees a fixed transmission
rate, such as in circuit switching networks (cf. [58]). It can also simply represent a sensor,
which outputs measurements at a fixed sampling rate, or an actuator which allows actuation

updates at a fixed rate. We denote these networks by multi-rate networks.

Access Protocol

Typical communication networks, such as the wireless 802.11, the Ethernet, and the CAN-
BUS, provide a medium access protocol for transmissions. However, what we mean here
by access protocol is the high-level protocol that nodes pertaining to the same loop may
possibly implement on top of the protocol provided by the network. A static protocol is
defined as a protocol in which the nodes agree to transmit in a prescribed order, which is
repeated periodically. Note that in a static protocol a node is allowed to transmit more than
once in a period. On the other hand, one can define dynamic protocols, running on-line,
i.e., simultaneously with the process, in which nodes are allowed to arbitrate who transmits
based on state information about the plant and/or based on the data received from previous
transmissions. Dynamic protocols may utilize some mechanism for arbitration provided by
some networks, e.g., dynamically changing the arbitration field of messages in CAN-BUS
networks. However, in general, nodes run an arbitration algorithm in a distributed way
and on top of an underlying communication protocol which offers no direct service for

arbitration, in which case we assume that the sensors and actuator nodes are smart.

1.2 Overview of the Main Results

We divide the presentation of our main results according to six works that substantiate the
thesis. The first three works focus on analytical properties of networked control systems
in which the network has stochastic characteristics. The fourth work proposes a class
of dynamic protocols for networked control systems, and the fifth and sixth works study

networked control systems with periodic multi-rate transmissions. In each of these works we



1. INTRODUCTION

Controller

Actuator Sensor

Actuator Sensor

(a) Controller collocated with sensor (b) Controller collocated with actuator

Figure 1.2: Two possible scenarios where a single node transmits through a shared network

consider different models for the plant, controller synthesis, actuators and sensors. These
models are chosen typically in a way that we can focus on a particular feature of the
networked control system as opposed to considering the most general models for every
case. We hope that the reader interested in a problem that combines several of the features

considered here can combine and adapt the ideas we propose.

1.2.1 Control Systems over a Renewal Network

We start by considering a simple networked control system where only one node pertaining
to the closed-loop transmits through a shared renewal network, and therefore no network
access protocol is required. Figure 1.2 depicts two possible scenarios that fit our framework:
a) the controller may be collocated with a single sensor of the plant and transmit control
data to a single actuator through a shared network; b) The controller may be collocated
with the actuator and receive measurement data from the sensor. Delays and packet drops
are neglected for now, the plant and the controller are assumed to be linear, and we assume
that no disturbances are acting on the plant. The controller synthesis is assumed to be

emulation-based. Our assumptions are summarized next.

Plant ‘ Controller Syn. ‘ Sensor & Actuators ‘ Network ‘ Access Protocol
Linear, no . . Renewal, .
. Emulation Simple Not required
disturbances no drops, no delays

The focus here is to capture the fact that the times between transmissions are independent
and identically distributed, asserting stability and performance of networked control sys-
tems with this feature. Note that stability should be considered in a stochastic sense. For
now it suffices to consider that we declare the networked control system to be stable in a
mean square sense, if the expected value of the squared norm of the state variables of the

networked control system goes to zero. We shall define performance as the rate at which
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the expected value of a quadratic positive definite function of the state goes to zero.

We show that the networked control system just described can be modeled by an
impulsive renewal system. Impulsive renewal systems are described by a vector field that
determines the evolution of the state between transition times at which the state undergoes
a jump determined by a reset map. The intervals between transition times are assumed
to be independent and identically distributed (i.i.d.) random variables. The nomenclature
impulsive renewal system is motivated by the fact that the process that counts the number
of transitions up to the current time is a renewal process (cf. [79]). We provide analytical
results for impulsive renewal systems, which are deeply rooted in a set of novel results for
Volterra integral equations with positive kernel, and have applications to the stability anal-
ysis of the networked control systems depicted in Figure 1.2. Volterra integral equations
with positive kernel shall be defined in Chapter 2, where we also provide general results for
this class of equations and show other applications of these results. The main implications

of these results for networked control systems can be summarized as follows.

We provide stability conditions for impulsive renewal systems that can be cast in terms
of a matriz eigenvalue computation, the feasibility of a set of LMIs, and also tested using
the Nyquist criterion. Moreover, we provide a method to compute a second moment Lya-
punov exponent, which provides the asymptotic rate of decrease / growth for the expected
value of a quadratic function of the systems’ state. These results have a direct application

to NCSs with a single renewal network.

We also discuss how one can assert the performance of the networked control system with
single renewal network by computing the second moment Lyapunov exponent of the im-
pulsive renewal system.

Our framework shares common features with randomly sampled systems [40], [55]. As
we shall discuss in Chapter 2, our results, to the best of our knowledge, have not been
obtained before, and shed further insight also to randomly sampled systems.

We consider the problem of directly designing a controller in this framework in [AHS09a].
However, since the results one obtains using a dynamic programming optimal control frame-
work are similar to existing results for randomly sampled systems [40], [55], we decide not to

include them in the present thesis. The interested reader can consult [AHS09a], [40], [55].
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1.2.2 Network Features Modeled by Finite State Machines

Consider now that several nodes pertaining to the same closed-loop are connected to the
network, implementing a static protocol, and also the general case where the network may
have delays and packet drops. The remaining assumptions on the networked control system

are similar to the ones considered in Section 1.2.1 and are summarized next.

Plant ‘ Controller Syn. ‘ Sensor & Actuators ‘ Network ‘ Access Protocol
Linear, no . . Renewal, .
. Emulation Simple . Static
disturbances with drops & delays

We will show that static protocols, delays, packet drops, and other network features which
can be captured by finite state machines can be modeled by stochastic hybrid systems.

Stochastic hybrid systems (SHSs) are systems with both continuous dynamics and
discrete logic. The execution of an SHS is specified by the dynamic equations of the
continuous state, a set of rules governing the transitions between discrete modes, and reset
maps determining jumps of the state at transition times. We consider SHSs with linear
dynamics, linear reset maps, and for which the lengths of times that the system stays in
each mode are independent arbitrarily distributed random variables, whose distributions
may depend on the discrete mode. The process that combines the transition times and
the discrete mode is called a Markov renewal process [48], which motivated us to refer to
these systems as stochastic hybrid systems with renewal transitions. The class of impulsive
renewal systems is a special case of a SHS with renewal transitions, where there is only one
discrete mode and only one reset map. The key to model networked control system with
SHSs is to capture the sequence of events as a finite state machine. As we will show in
Chapter 3, besides delays, packet drops, and static protocols we can capture, e.g., scenarios
where nodes try to access the network independently, or scenarios where nodes transmit
through more than one renewal network, operating synchronously.

Inspired by the work on impulsive renewal systems, the approach followed to analyze
stochastic hybrid systems with renewal transitions is based on a set of Volterra renewal-type
equations. As for impulsive renewal systems, we can characterize the asymptotic behavior
of the system by providing necessary and sufficient conditions for various stability notions
in terms of LMIs, algebraic expressions and Nyquist criterion conditions, and determining
the decay or increase rate at which the expected value of a quadratic function of the sys-
tems’ state converges exponentially fast to zero or to infinity, depending on whether or not

the system is mean exponentially stable. We derived these results in [AHS10b]. In the
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Actuator Sensor

Network 1 Network 2

Controller

Figure 1.3: Networked Control System with nodes transmitting through different networks

operating asynchronously

present thesis, we present other results that differ significantly from the ones described in

Subsection 1.2.1. These new results can be summarized as follows:

We give computationally efficient expressions to compute any moment of the state of the
SHS, and characterize the asymptotic behavior of special high-order moments. In particu-

lar, we provide necessary and sufficient conditions for mean square stability.

Note that these additional results concerning higher order moments also apply to impul-
sive renewal systems, which are special cases of SHSs. We also discuss how by computing
the moments one can provide information about the probability density function of the
state of the SHS. Regarding this latter problem, we highlight the advantages of our meth-
ods when compared to other general methods in the literature [25], [45], [41].

1.2.3 Asynchronous Renewal Networks and Non-Linear Models

Consider now a networked control system in which a remote controller communicates with
a plant through two independent communication links; e.g., the actuation data is sent
from the controller to the plant through a shared wired network and the sensor data is
sent from the plant to the controller through a shared wireless network. This example is
depicted in Figure 1.3. More generally, we can consider networked control systems where
several sensors, actuators, and controller are linked through different networks operating
asynchronously, i.e., there is no interference between networks. We consider that each of
these networks is a renewal network, but for simplicity we ignore delays and packet drops.
We consider an emulation based design for controller design and we assume that no delays

are present. The fundamental differences between this networked control scenario and the

11
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one considered in the previous subsections are two fold: (i) the networks operate asyn-
chronously, (ii) the model for the plant and for the controller are allowed to be non-linear.
We still consider no disturbances in the model for the plant, and we assume for simplicity
that no two nodes transmit through the same shared network. Our assumptions are sum-

marized next.

Plant ‘ Controller Syn. ‘ S& A ‘ Network ‘ Access Protocol

Linear & non-linear

Asynchronous Renewal .
Not required

Emulation ‘ Simple

no disturbances links, no drops, no delays

We could model several renewal networks in the networked control system with the frame-
work of stochastic hybrid systems, as long as the protocols could be modeled as finite state
machines. However, since each renewal network operates asynchronously, it does not ap-
pear to be possible to capture this scenario with finite state machines. This significantly
changes the type of mathematical tools used to address these systems and the correspond-
ing results. In fact, the approach we follow for the networked control scenarios considered
in Sections 1.2.1 and 1.2.2, based on Volterra integral equations, does not appear to render
an easy extension to the present case of asynchronous networks. Piecewise deterministic
processes [25] are shown to be an adequate mathematical framework to tackle these sys-
tems. Interestingly, they also allow to handle the case of non-linear models for the plant
and the controller.

We show that the networked control system at hand can be modeled by an impulsive
system triggered by a superposed renewal process, which is a model similar to impulsive
renewal systems but allowing several reset maps triggered by independent renewal pro-
cesses, i.e., the intervals between jumps associated with a given reset map are identically
distributed and independent of the other jump intervals. The connection between this class
of systems and piecewise deterministic processes is also addressed. We provide stability
results for this new class of impulsive systems, which directly entail stability properties for
the considered asynchronous networked control systems. Our main results can be summa-

rized as follows.
We provide stability conditions for general non-linear NCSs with asynchronous links. By

specializing these stability conditions to linear NCSs, we show that stability for linear NCSs

can be asserted by testing if the spectral radius of an integral operator is less than one.

12
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We also show that the origin of the non-linear NCS is stable with probability one
if its linearization about zero equilibrium is mean exponentially stable, which justifies
the importance of studying the linear case. Stability with probability one is a standard
generalization of the notion of local stability to stochastic systems, and will be formally

defined in Chapter 4.

1.2.4 Dynamic Protocols

We have already discussed time-driven static protocols in which nodes choose a given order
to transmit, which is repeated periodically. However, it is reasonable to suspect that in
some state configurations of the networked control system it may be more favorable for
one of the nodes to transmit, whereas for other states, transmissions from other nodes may
lead to more favorable outcomes. This leads us to study dynamic protocols, in which nodes
are allowed to arbitrate who transmits based on state information about the plant and/or
based on the data received from previous transmissions. We tackle this problem from both
the frameworks of emulation and direct design for controller synthesis. The plant is con-
sidered to be linear, and in the controller design setup we shall consider a model where the
plant is disturbed by Gaussian noise. The sensors and actuators are assumed to be smart,
i.e., to have enough computation resources to run an arbitration algorithm, and we also

consider delays and packet drops. Our assumptions are summarized next.

Plant ‘ Controller Syn. ‘ S& A ‘ Network ‘ Access Protocol

Linear, with and Emulation & Renewal,

. Dynamic
with drops and delays

without disturbances | direct design

‘ Smart

Considering an emulation framework, we provide conditions for mean exponential sta-
bility of the networked closed-loop in terms of matrix inequalities, both for investigating
the stability of given protocols, such as static round-robin protocols and dynamic maximum
error first-try once discard protocols [91], and to design new dynamic protocols. The main
result entailed by these conditions is that if the networked closed-loop is stable for a static
protocol, then we can provide a dynamic protocol for which the networked closed-loop is
also stable. The dynamic protocol in this case can be obtained by construction. However,
the obtained protocol assumes in general that the full-state is available, which restricts the
range of applicability of the results in this emulation framework.

Considering a direct design framework, we tackle the problem of simultaneously de-

signing the scheduling sequence of transmissions and the control law, so as to optimize a
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quadratic objective. The plant is assumed to be disturbed by noise. Using the framework
of dynamic programming, we propose a rollout strategy [5] by which the scheduling and
control decisions are determined at each transmission time as the ones that lead to optimal
performance over a given horizon, assuming that from then on controller and sensors trans-
mit in a periodic order and the control law is a standard optimal law for periodic systems.
We show that this rollout strategy results in a protocol where scheduling decisions are
based on the state estimate and error covariance matrix of a Kalman estimator, and must
be determined on-line (closed-loop policy) in the case where both control and measurement
values are scheduled. This is in striking contrast with the optimal and analog rollout strate-
gies for the sensor scheduling problem [68], in which only the sensors are to be scheduling
while the control variables can be updated at every time step (e.g., controller is collocated
with the plant), for which the scheduling sequence can be determined off-line (open loop
policy). The resulting protocol obtained from the rollout algorithm can be implemented in
a distributed way both in wireless and wired networks, based on previous data sent from
sensors and actuators, as opposed to the requirements of the protocol obtained with the
emulation framework, where full-state is in general required. It follows by construction
of rollout algorithms that our proposed scheduling method can outperform any periodic
scheduling of transmissions. Our main results both for emulation and direct design can be

summarized as follows.

We propose a class of dynamic protocols for both the cases of emulation and direct de-
stgn that result directly from stability and optimal solutions to the problem at hand. The
protocol for an emulation design depends on state information of the networked control
system, whereas the protocol obtained in the direct design framework depends on state es-
timates of the plant and can be run in a distributed way. In both frameworks, dynamic

protocols are shown to outperform periodic protocols.

1.2.5 Output Regulation for Multi-Rate Systems

The output regulation problem consists on controlling the output of a linear time-invariant
plant so as to achieve asymptotic tracking of an exogenous signal generated by the free
motion of a linear time-invariant system, so-called exosystem, while guaranteeing closed-
loop stability. Here we tackle the output regulation problem when sensors transmit over

different dedicated links imposing different transmission rates. We consider linear plants
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Figure 1.4: Multi-Rate networked control systems setup

which may me subject to unknown but deterministic disturbances and parameter uncer-
tainty. For now, we consider that the actuation is available at a fixed rate, i.e., the links
that connect the controller to the actuators have the same rate. The setup is depicted in

Figure 1.4, and our assumptions are summarized next

Plant ‘ Controller Syn. ‘ S& A ‘ Network ‘ Access Protocol

Linear, with external

Multi-Rate Not required

. Direct Design | Simple
and parameter disturbances

The difficulty here is that these measurement and update rates may be different for
the various communication links. A standing assumption is that the rates, although in
general different, are rationally related. In principle, one can take advantage of using
the maximum allowed sampling rates for sensors and actuators, instead of synchronizing
these rates to match the slowest, in which case traditional digital control techniques [15]
would be applicable. The set-up considered in Figure. 1.4 matches the one considered
for traditional multi-rate systems, which have been the object of research since the early
ninetees (cf., e.g., [7], [16]), i.e., before the dawn of the networked control system research
area. In the case where the plant has the same number of inputs as outputs, the output
regulation problem was solved in [82]. However, as mentioned in [82], the output regula-
tion problem was left unsolved for the general case where more outputs may be available
than inputs. Note that providing a solution to this problem entails that in many control
problems where the outputs have different measurement rates, one can take advantage of
all the measurements available for feedback, and therefore improve the performance of the
closed-loop. Moreover, a solution to the output regulation problem for non-square systems

that achieves closed-loop stability is required when the non-regulated outputs are needed
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to guarantee the detectability of the plant. In this thesis we present the following result.

We design a controller that achieves stability for the closed-loop and output regulation for
a number of requlated outputs equal to the number of inputs, while taking advantage of the

remaining outputs for feedback.

1.2.6 Gain-scheduling Control for Multi-Rate Systems

Gain-scheduling is a useful tool for designing control laws for non-linear plants, using linear
control tools [53]. The standard procedure for designing a gain-scheduling controller in-
volves the following steps (cf. [81]): (i) the selection of scheduling variables or parameters;
(ii) linearization of the non-linear plant about the equilibrium manifold; (iii) synthesis of
controllers for the family of plant linearizations, which typically involves linear controller
design for a given set of equilibrium points; and (iv) implementation of the controller. The
implementation must be such that the controller verifies the linearization property: at each
equilibrium point, the nonlinear gain-scheduled controller must linearize to the linear con-
troller designed for that equilibrium. In fact, it is often the case that for gain-scheduling
implementations which would perhaps appear more natural the linearization property does
not hold and this mismatch is commonly known as the hidden coupling [81]. A solution
to part (iv) is the velocity implementation proposed in [52] and further discussed in [53,
Ch. 12], [81]. In the present thesis, we pose the problem of obtaining a solution to the
gain-scheduling problem in the case where actuators and sensors have different rates. The
plant is assumed to be non-linear and subject to external deterministic but unknown dis-
turbances and we assume that the model for the plant may have parameter uncertainty.

Our assumptions are summarized next

Plant ‘ Controller Syn. ‘ S& A ‘ Network ‘ Access Protocol

Non-Linear, with external

Direct Design | Simple | Multi-Rate Not required

and parameter disturbances

In this thesis we have the following results.
We provide a method for the synthesis and implementation of gain-scheduled controllers

for multi-rate systems that satisfies the linearization property, and show that the proposed

implementation satisfies similar stability properties to the ones considered for linear time
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invariant systems [53].

Gain-scheduling control is a tool per excellence in guidance, navigation and control prob-
lems. As an application, we cast the integrated guidance and control problem for an
autonomous vehicles as a regulation problem, and using our results we are able to solve in
a systematic manner the guidance and control problem for autonomous vehicles equipped
with multi-rate sensor suite. The methodology is applied to the trajectory tracking problem

of steering an autonomous rotorcraft along a pre-defined trajectory.

1.3 Organization of the Thesis

The organization of the thesis is dictated by the mentioned six networked control problems
that we tackle. We devote a chapter to each. Networked control systems with a single
node transmitting though a renewal network are addressed in Chapter 2, networked control
systems modeled by finite state machines are addressed in Chapter 3, and networked control
systems with asynchronous networks are addressed in Chapter 4. Chapter 5 is devoted
to dynamic protocols, while Chapters 6 and 7 address the output regulation and gain-
scheduling problems for multi-rate systems, respectively. Final conclusions and remarks,

as well as future work are provided in Chapter 8.

1.4 Contributions and List of Publications

The publications that substantiate the present thesis are listed after the bibliography. We
summarize next the already described contributions for stochastic, dynamic, and periodic
networked control systems, and the corresponding publications where these contributions

can be found.

e Stability conditions and determination of Lyapunov exponents for NCSs with a single
renewal network [AHS11d], [AHS09b], [AHS09a].

e Transitory and asymptotic moment analysis for NCSs with network features modeled

by finite state machines [AHS11b], [AHS10b].
e Stability conditions for NCSs with asynchronous renewal networks [AHS10a],[AHS11a].

e Propose a class of dynamic protocols that always outperform static ones [AHS11],
[AHS11c|, [AHHS11a], [AHHS11b].
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e A solution to the output regulation problem for multi-rate systems [ASH11].

e A solution to the gain-scheduling problem for multi-rate systems [ASCO07], [ASC08a],
[ASCO08b], [ASC10].

In the process of solving these networked control problems we found other results which
are important per se. These results are listed next, where we also provide the articles and
the section of the thesis where they can be found. More details on these results are given

therein.

e Definition and stability analysis of Volterra Equations with Positive Kernel [AHS11d],
Section 2.7.

e Stability results for piecewise deterministic processes [AHS10a], Section 4.3.1.

e Definition of blocking zero with respect to a matrix both for linear time-invariant

systems and for periodically time-varying systems [ASH11], Section 6.4.

1.5 Basic Notation and Nomenclature

For a given matrix A, its transpose is denoted by AT, its hermitian by A*, its trace by
tr(A), its spectral radius by r,(A), and an eigenvalue by \;(4). We use A >0 (4 > 0) to
denote that a real or complex symmetric matrix is positive definite (semi-definite). The
n xn identity and zero matrices are denoted by I,, and 0,,, respectively, and the notation 1,
indicates a vector of n ones. The dimensional information is dropped whenever no confusion
arises. For dimensionally compatible matrices A and B, we define (A, B) := [AT BT|T.
We denote by diag([A; ... A,]) a block diagonal matrix with blocks A;. The Kronecker
product is denoted by ®. The expected value is denoted by E(.). For a complex number
z, R[z] and I[z] denote the real and complex parts of z, respectively. The notation z(t, )
indicates the limit from the left of a function z(¢) at the point ¢;. When we work in
finite dimensional spaces, these are identified with C™, or R", subsumed to be Hilbert
spaces with the usual inner product (x,y) = y*z, Banach spaces with the usual norm
|z||?> = {x,z) and endowed with the usual topology inherited by the norm. We consider
the usual vector identifications C"*" = (C"Q, R"X" = R for matrices and this results in
the following inner product (A, B) = tr(B*A). We denote the value at time ¢ € R>q of
the continuous-time signals z : R>o — R™ by z(t), and the value at time & € N of the

discrete time signals z : N — R"™ by z[k]. We consider scalar real measures p over R>q,
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and we omit the 'over R>(’, since these are the only scalar measures that we consider. We
consider also matrix real measures © (each entry 6;; is a scalar real measure), with the
usual total variation norm [O[(E) := sup > 52, ||©(L;)||, where the supremum is taken over
all countable partitions {£};} of a set £ (cf. [39, Ch.3, Def.5.2], [80, p. 116]), and ||O(E})||
denotes the induced matrix norm by the usual vector norm. One can prove that |O|(E)
is a positive measure (cf. [39, Ch.3,Th.5.3]). For a measurable vector function b(s) € R"
and an interval I C [0, cc], the integral [; ©(ds)b(s) is a vector function with components

i1 J10(8)0ij(ds). We say that [; ©(ds)b(s) converges absolutely if [; [|b(s)|||©](ds) < oo,
and use the same nomenclature when we replace the real measure ©(ds) by the positive

Lebesgue measure ds. Further notation will be introduced when necessary.

19



1. INTRODUCTION

20



Control Systems over a Renewal
Network

In this chapter, we consider networked control systems with a single renewal network and
for which only one sensor or actuator transmits through the shared network introducing
independent and identically distributed intervals between transmissions. Network induced
delays and packet drops are for now neglected and will be addressed in the next chapters.

We show that these networked control scenarios can be modeled by impulsive renewal
systems, which are impulsive systems with independent and identically distributed intervals
between transmissions. The nomenclature used to address these systems is motivated by
the fact that the process that counts the number of transitions up to the current time
is a renewal process [79]. We characterize the stability of impulsive renewal systems by
providing necessary and sufficient conditions for mean square stability, stochastic stability
and mean exponential stability. This result provides a unified treatment for these three
stability notions and reveals that these are not equivalent in general. We prove that the
stability conditions can be cast in terms of a matrix eigenvalue computation, the feasibility
of a set of LMIs, and also tested using the Nyquist criterion. Furthermore we discuss how
one can assert the performance of the system by computing a second moment Lyapunov
exponent, which provides the asymptotic rate of decrease/growth for the expected value of
a quadratic function of the systems’ state. We provide a method to compute this Lyapunov
exponent. The applicability of the results to networked control is illustrated by an example
of a linearized model of an inverted pendulum.

Our results follow from a new approach to analyze impulsive renewal system based on
a Volterra integral equation, describing the expected value of a quadratic function of the

systems’ state. For this specific class of Volterra equations we show that stability can be
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determined through a matrix eigenvalue computation or through a cone programming
problem, and we provide a method to obtain the Lyapunov exponent of the Volterra
equation. These two results can be used in problems unrelated to impulsive renewal systems.
As an example, we show how they can be used to construct a simple stability condition for
a class of LTI closed-loop systems with non-rational transfer functions.

The remainder of the chapter is organized as follows. Section 2.1 establishes the con-
nection between networked control systems and impulsive renewal systems. Section 2.2
defines impulsive renewal systems and introduces appropriate stability notions. The main
stability theorems are stated without a proof and discussed in Section 2.3. An example
illustrating the applicability of these results is given in Section 2.4. Section 2.5 derives
the Volterra integral equation describing a second moment of the impulsive systems’ state,
and establishes general results for Volterra integral equations with positive kernel, leading
to the proof of the results of Section 2.6. Section 2.7 discusses LTT closed-loop systems
with non-rational transfer functions. Some technical results are proved in the Section 2.8.

Section 2.9 provides further comments and references.

2.1 Modeling Networked Control Systems with Impulsive

Renewal Systems

Suppose that a linear plant and a state-feedback controller are connected by a communi-

cation network. The plant and the controller are described by:

Plant: i’P(t) = Apxp(t) + Bpﬁ(t), (21)
Controller: u(t) = Kxp(t) (2.2)
where % is the input to the plant and w is the output of the controller. The controller has
direct access to the state of the plant. However, a network connects the controller to a

standard sample and hold actuator, which holds the actuation value between transmission

times denoted by ty, i.e.,
a(t) = a(tr),t € [thyth+1), k € Lo,

where
a(ty) = u(ty) = Kzp(ty)

is the value sent from the controller to the plant at time ¢;. Let

e(t) := (a(t) —u(t)) (2.3)



2.2 Definition of Impulsive Renewal Systems

and note that e(t) is reset to zero each time a transmission occurs, i.e.,
e(ty) = 0. (2.4)

From (2.1), (2.2), (2.3), and (2.4) we obtain

i‘pt I .%'Pt
l A )] = l_K] [AP+BPK BPK} le(g))]

i) - )
The time intervals between transmissions are assumed to be independent and identically
distributed and described by a given probability measure characterizing the network. The
model (2.5) is an impulsive renewal system, as defined in the next section. Typically one
assumes that the controller has been designed to stabilize the closed-loop, when the pro-
cess and the controller are directly connected, i.e., when 4(t) = wu(t), or in other words,
one assumes that Ap + BpK is Hurwitz, and the objective is to analyze for which prob-
ability measures of the times between transmissions does the closed-loop remains stable.
In [AHS09a], we proved that if this probability measure assigns high probability to fast
sampling then the closed-loop remains stable, as intuition suggests.

Besides this scenario, other simple scenarios could be modeled by impulsive renewal
systems. Namely, we could consider an output feedback controller and that only the
sensors send their information through a shared network while continuous-time actuation
is provided to the plant. The modeling framework will however be significantly augmented
in the next chapters, and the scenarios just described are special cases of the modeling

frameworks provided in Sections 3.1, and 4.1.

2.2 Definition of Impulsive Renewal Systems

An impulsive renewal system is defined by the following equations

‘T(t) = A:C(t)’ t # tk‘) t> Oa ke Z>05
(2.6)
x(ty) = Jx(ty,), to =0, z(to) = o,

where the state z evolves in R™ and the notation x(t, ) indicates the limit from the left
of a function z(t) at the transition time ¢;. The intervals between consecutive transition
times {hg := tg+1 — tg, k > 0} are assumed to be i.i.d.. The matrices A and J are real.

The value at time ¢ of a sample path of (2.6) is given by x(t) = T'(t)xo, where

T(t) = eAt=t) jeAhr=1  JeAho = max{k € Z>q : tj, < t},
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2. CONTROL SYSTEMS OVER A RENEWAL NETWORK

is the transition matrix.

The probability measure of the random variables hy is denoted by p. The support of u
may be unbounded but we assume that 1((0,00)) = 1, u({oc}) = 0. We also assume that
1({0}) = 0. The measure x can be decomposed into a continuous and a discrete component
as in p = pe + pg, with p([0,5)) = [ f(r)dr, for some density function f(r) > 0, and
g is a discrete measure that captures possible point masses {b; > 0,7 > 1} such that

1({b;}) = w;. The integral with respect to the measure p is defined as
t t
/ W (s)p(ds) = / W(s)f(s)ds+ 3w (by). 2.7)
0 0 itbs €[0,1]
In the present chapter we address two problems for the system (2.6). The first, is to

obtain stability conditions for the following three stability notions, which are consistent

with those appearing in the literature (e.g. [32, Def. 2.1]).
Definition 1. The system (2.6) is said to be

(i) Mean Square Stable (MSS) if for every x,

lim E[z(t)Tz(t)] =0,

t—-+o00

(ii) Stochastic Stable (SS) if for every xq,
+o00o
/ Efz(t)T2()]dt < oo,
0

(iii) Mean Ezxponentially Stable (MES) if there exists constants ¢ > 0 and « > 0 such that
for every xg,
E[z(t)Tz(t)] < ce”*z]z0, Vi>o-

O

The second problem is to compute a second order Lyapunov exponent for (2.6). The

following definition of second order Lyapunov exponent is adapted from [66, Ch.2].

Definition 2. Suppose that E[z(t)Tz(t)] # 0, Vt>o and that for every o # 0 the following
limit exists 1
T T
M) = Jim Llog Bl(t)Ta (1)

Then the second order Lyapunov exponent Ay, for the system (2.6) is defined as

AL = sup Ar(zo).
xroER™

Moreover, if Jpso:E[z(t)Tx(t)]=0,Vt > b then A\f:=—o0. O
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2.3 Stability and Performance Analysis of Impulsive Renewal Systems

The Lyapunov exponent provides a measure of how quickly the probability of ||z (¢)]]
being large decays with time. One can see this, e.g., through the Chebyshev’s inequality

Bla(t)Te ()]

Probl||z(t)|| > €] < 2

A small second moment Lyapunov exponent corresponds to a fast exponential decrease
of E[z(t)Tx(t)] and consequently to a fast decrease of the probability that ||z(t)|| is larger

than some positive constant e.

2.3 Stability and Performance Analysis of Impulsive Renewal

Systems

In this section we state the two main theorems of the chapter. The proofs are deferred
to Section 2.6, and build upon the general results provided in Section 2.5 for Volterra
Equations. The first main theorem characterizes the stability of (2.6) and to state it we

need to introduce the complex function

O:) 1= [Tt @ (Tt e u(ds),
which can be partitioned as in (2.7), ©(z) = O.(z) + O4(z), where
Ou(2) 1= [ (eh)T @ (T f(s)ds,

Oa(2) =Y wi(Je )T @ (Jebi)Te i,
=1

The following two technical conditions on the function O will be needed:
(T1) ©(—¢) converges absolutely for some ¢ > 0.

(T2) inf.ce(re{l det(I—O4(2))|} > 0 for some € > 0, and
R >0, where C(R,€) := {2z : |z| > R, R[z] > —¢}.

These conditions hold trivially when g has bounded support and no discrete component
(124(]0,t]) = 0,V¢>0), but they also hold for much more general classes of probability mea-

sures. Let ro (M) be the spectral radius of a m x m matrix M, i.e.,
ro(M) := max{|\| : Mz = Az, for some z € C"}.

The following is our first main theorem. Each of the conditions appearing in its statement

will be commented in the sequel.
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2. CONTROL SYSTEMS OVER A RENEWAL NETWORK

Theorem 3. Suppose that (T1) and (T2) hold. Then, the following conditions are equiv-
alent

(A) det(I —O(2)) #0, R[] >0,
(B) ro(M) < 1, where
M= [Teh)T @ (7R Tu(as),
(C) 3pso: L(P) Cpe 0, where
L(P) = /0 (TN TPIeA u(ds),
Moreover, (2.6) is
(i) MSS if and only if (A), (B) and (C) hold and
ePrWt2me(A) =Dy (1) 5 0 as ¢ — oo; (2.8)

(i) SS if and only if (A), (B) and (C) hold and

/Oo GQkR(A)ttQ(mm(A)—1)T(t)dt < 00; (2.9)
0

(iii) MES if and only if (A), (B) and (C) hold and
2 (AE2ma (=1 (1) < e~ for some ¢>0, ag >0, (2.10)
where 7(t) := p((t,00]) denotes the survivor function, Ap(A) denotes the real part of the

eigenvalue of A with largest real part and mgy(A) the dimension of the largest Jordan block
associated with this eigenvalue. O

Proof. See Section 2.6. U
The second main result provides a method to compute the Lyapunov exponent A,
for (2.6). For simplicity, we restrict ourselves to the case where p has bounded support.

We recall that if ©(b) converges absolutely for a real b then ©(a) converges absolutely for
every a > b (cf. [39, Ch. 3, Th.8.2]).

Theorem 4. Suppose that p has bounded support, and let
b:=inf{a : ©(a) converges absolutely}.
Then, the spectral radius ro(©(a)) of ©(a) is a non-increasing function of a for a > b and

the second-order Lyapunov exponent for (2.6) is given by

a€R:ry(O(a)) =1, if such a exists
AL = (2.11)

— oo otherwise
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2.3 Stability and Performance Analysis of Impulsive Renewal Systems

Proof. See Section 2.6. O

Note that, since 7,(©(a)) is non-increasing, one can compute Az, by performing a simple
binary search on R.

We comment next on each condition of Theorem 3.

Condition (A)

When det(I — O(iw)) # 0, Vw € R, the Nyquist criterion can be used to check if (A) holds,
i.e., the number of zeros of det(I — ©(z)) in the closed-right half complex plane counted
according to their multiplicities equals the number of times that the curve det(] — ©(iw))

circles anticlockwise around the origin as w goes from oo to —oo.

Eigenvalue Condition (B)
Using the properties

(AB) ® (CD) = (A® B)(C @ D), (2.12)

and (A® B)T = AT® BT (cf. [46]), and considering the Jordan normal form decomposition
of A=VDV~! we obtain

MT = (JV)® (JV) /OOOeDS @ ePu(ds)(V oV,

Thus M can typically be obtained by integrating exponentials with respect to the measure

L

LMI Condition (C)
By choosing a basis C; for the linear space of symmetric matrices, we can write P =
Yt eiCi, m o= %, and express (C) it terms of the LMIs:

m

El{ci,z‘:l m} z:CZC'Z > 0, ZCZ(L(CZ) — CZ) < 0. (2.13)

i=1 i=1

Let v denote the operator that transforms a matrix into a column vector, i.e.,

v(A)=v(lay ... ay)) =[a] ... a]]T.
Recalling that
v(ABC) = (CT® A)v(B) (2.14)
(cf. [46]), we conclude that
v(L(Cy)) = Mv(C;). (2.15)

27



2. CONTROL SYSTEMS OVER A RENEWAL NETWORK

This shows that the integrals that appear in (2.13) can be obtained by computing the
matrix M, which can be done efficiently, as noted in the discussion regarding the condition
(B).

A generalized version of [21, Th.3.9], can be used to prove that (C) is the stability
condition for the discrete-time stochastic process vy := z(t) obtained by sampling (2.6)
at jump times, which is described by viy1 = JeAhky, . Related stability condition are
also available for randomly sampled systems [40], [55]. However, Theorem 3 shows that,
although being closely related, the stability of (2.6) is not equivalent to the stability of the
process v, when p does not have a bounded support. Moreover, even when p has bounded

support, Theorem 3 provides novel alternative stability conditions.

Conditions (i), (ii) and (iii)

These conditions pertain to the inter-jump behavior of (2.6). To gain intuition on why (A)
could not suffice for stability, and on why there may exist systems for which the stability
notions differ, suppose that A =a € Ry, J =01in (2.6) (in which case (A), (T1), and
(T2) hold trivially). For this system, x(¢) = 0 if one or more transitions have occurred
up to time ¢, and z(t) = e®xq if no jump has occurred up to time t. This latter event is
equivalent to the first interval between transitions being greater than ¢, and has probability
Prob[hg >t]=7(t). Thus, E[z(¢)Tx(t)]=e**23r(t) and (2.6) is:

(i) MSS but not SS nor MES if r(t) = 6_2‘“%“,

(ii) MSS and SS but not MES if r(t) = 6*2‘”&1#2.

Conditions (T1) and (T2)

Note that (T1) holds if x4 has bounded support or if A is Hurwitz, or, more generally, if
for some A > Ap(A), we have that [;°e?**i(ds) < oo. Moreover, whenever (T1) holds, the
following proposition provides a simple condition to verify if (T2) holds. The proof can be

found in Section 2.8.

Proposition 5. Assuming that (T1) holds, the condition (T2) also holds provided that

A

T4(04(0)) = TU(iZUi(JGAbi)T ® (JeAbi)T) < 1.
i=1

2.4 Example-Inverted Pendulum

In this section we illustrate the applicability of the main results in the previous section

through a simple example. Suppose that the plant (2.1) is described by
0 1 0
Ap = 5 Bp = )
" l% 0] " H
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2.4 Example-Inverted Pendulum

>0 w>0
0.5 0.5
=0, w=0
0 ®= 0 X ®=
-0.5 -0.5
w <0 w <0
- -1
-0.5 0 0.5 1 1.8 -05 0 0.5 1 1.t
(a) T = 1.35(MSS) (b) 7=1.391 (c) 7 = 1.43 (NOT MSS)

Figure 2.1: Nyquist plot illustration of stability for the impulsive renewal pendulum system.

which by properly scaling the state and input can be viewed as a linearized model of a damp-
free inverted pendulum. The controller is synthesized assuming a(t) = u(t), @(t) = y(t)
and it is chosen to be an LQR controller given by u(t) = Kopt§(t), Kopt = [—1.618 — 2.058}
which is the solution to the minimization of [;°[xp(t)T2p(t) + u(t)?]dt.

Suppose that the intervals between transmission ;41 — t; are uniformly distributed on
[0,7]. Then, we wish to: (i) determine for which values of the maximum sampling time 7
the system (2.5) is stable (MSS sense); (ii) assess the performance of the networked control
system by computing the second-moment Lyapunov exponent of (2.5). The equations for
(xp(t),ey) take the form (2.5). We can test for which values of 7 the system is MSS (or
equivalently SS and MES since 7 is finite, cf. Theorem 3), using the algebraic condition (B)
or the LMI condition (C) of the Theorem 3. Performing a binary search we conclude that
the maximum value of 7 for which the system is MSS is 7. = 1.391. Using the condition (A)
of the Theorem 3 and the Nyquist Theorem, we can illustrate this graphically in Fig. 2.1
by drawing the Nyquist plot of det(I —©(z)). In Figure 2.1 we see that for a value 7 = 1.35
less than 7, the number of anti-clockwise encirclements of the curve det(I — ©(jw)), when
w varies from oo to —oo is zero, while for a value 7 = 1.43 greater than 7., the number of
encirclements is one, which by the Nyquist Theorem implies that the stability condition
(A) does not hold.

To assess the closed-loop performance we consider
E[zp(t)Tzp(t) 4+ a(t)*dt], (2.16)

which is the function whose integral is minimized when designing the controller in the

absence of a network. Notice that, since 4(t) = e(t) + Koptzp(t), we can re-write (2.16) as
1

Ellp(t)T e()UTUp()T e(®)]Tdt], with U = [

opt
compute the Lyapunov exponent of this function for different values of 7. The results are

0
] . Using the Theorem 4 we can

summarized in Table 2.1, quantifying the performance degradation as the distribution of

times between consecutive transmissions assigns high probability to slow sampling.
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2. CONTROL SYSTEMS OVER A RENEWAL NETWORK

Table 2.1: Variation of the Lyapunov exponent of (2.16) with the support 7 of for the inter-

sampling distribution

T 0.1 0.3 0.6 0.9 1.2
Lyap. exponent | —2.152 | —2.111 | —1.904 | —1.836 | —0.709

2.5 Volterra Integral Equations with Positive Kernel

In this section we establish general results for Volterra Equations, which lie at the heart
of the proofs of the main results in Section 2.3, which are established in Section 2.6. In
Section 2.7, we discuss additional applications of these general results.

We start by showing that for the system (2.6),

Ela(t)Ta ()], (2.17)

can be obtained as the solution to a Volterra equation of the form (2.21). which motivates
the study of Volterra Equations. Using (2.12) and (2.14), we can write (2.17) as

Ela(t) Tx(t)] = E[(z(t)T @ 2(t)")v(I)] = () @ xj)w(t)

where

w(t) =E[(T)T@T(t)")vI)], (2.18)
and [ is the identity matrix. The next result shows that w(t) satisfies a Volterra equation.

Proposition 6. The function w(t) satisfies
w(t) = /Ot O(ds)w(t — s) + h(t), t > 0 (2.19)
where h(t) := e @ eATtw(I)r(t) and
0([0,1]) := /0 ") @ (JeA)T u(ds). (2.20)
U

Proof. See Section 2.8. U

The kernel © has a special property which we term of being positive with respect to a
cone, as defined below. Since our results hold for general Volterra equations with positive
kernel we consider throughout this chapter a general Volterra equation taking the general

form

y(t) = /Ot U(ds)y(t —s)+g(t), t>0 (2.21)
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where g : R>g — R™ and the kernel ¥ is a finite real measure on R>q (i.e., [;° ¥(ds)
converges absolutely). We assume that ¥ has no singular part with respect to the Lebesgue
measure other than a possible set of point masses {¢;,7 > 1}, which means that we can
decompose the integral of a measurable function a(t) with respect to ¥ into an absolutely

continuous part and a discrete part, i.e.,

t t
/ U(ds)a(s) = / K (s)a(s)ds + Z Kgia(e), (2.22)
0 0 N
1:¢;€[0,t]
where K.(s) is a real matrix valued measurable function that only needs to be defined a.e.,
i.e., up to a set of zero Lebesgue measure, and {Ky;,i > 1} are real matrices (cf. [39, p.79]).

We assume there are no point masses at zero, i.e., ¢; > 0.

2.5.1 Cones and Positive Linear Maps

Following [56, p. 6], a cone in K C R™ is a closed convex set such that if z,y € K then
a1z + agy € K, for ag > 0, ay > 0 and such that the set —K := {—x : € K} intersects K
only at the zero vector. A cone is said to be solid if the cone contains a ball of R, which in
finite-dimensional spaces is equivalent to being reproducing, i.e., any element v € R™ can
be written as v = vy —ve where vy,vy € K (cf. [56, p. 10]). A linear operator A : R™ — R™
is said to be positive with respect to (w.r.t.) a cone K if it maps elements in K into elements
in K. For a complex vector u = ur + iuy € C™, ug,u; € R™, define Au = Augr + 1Aug.
Let r,(A) be the spectral radius of A4, i.e.,

ro(A) := max{|\| : Au = \u, for some u € C"}. (2.23)
If A:R™ — R™ is positive w.r.t. the solid cone K then
Jpex : Az =r1,(A)x (2.24)

(cf. [56, Ch.8,9]). The following are examples of cones which will be useful in the sequel.
Examples 7.

1. The positive orthant RY consisting of all vectors with non-negative components is a

solid cone in R™;

2. The set SgO(R) of k x k real positive semi-definite matrices is a solid (and therefore
reproducing) cone when viewed as a subset of the linear space of symmetric k x k matrices
with dimension m := k(k + 1)/2, denoted by S*(R). Note however, that it is not a solid
cone if we view it as a subset of the linear space of k x k matrices with dimension m := k2.
To verify that this is the case, note that any symmetric matrix can be written as the
difference between two positive semidefinite matrices (which confirms the reproducing

property), but a non-symmetric matrix cannot be decomposed in this way.
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O

We can extend the above definition of positivity to the kernel of Volterra equations by
defining ¥ in (2.22) to be positive w.r.t. the cone K if K (s) is positive w.r.t. to K for s
a.e. in [0,00) and Ky; is positive for every 7 > 1. Since the kernel ¥ is not affected by the
values of K.(s) on sets of measure zero, we can arbitrate hereafter that K.(s) is positive
w.r.t. K for every value of s € [0, 00).

We introduce the Laplace transform of ¥,
~ oo
U(z):= / e *U(ds), (2.25)
0
which can be partitioned into ¥(z) = ¥y(z) + U.(2) where

W (2) ::/0 K.(s)e™**ds, Wy(z) := ZKdiefciZ. (2.26)
i>1

We state next that for a real a, \Tl(a) is a positive operator. The proof can be found in
Section 2.8.

Proposition 8. If U is positive w.r.t. a cone K then, for a given real a such that \il(a)

converges absolutely, \il(a) is a positive operator w.r.t. K. O

2.5.2 Main results for Volterra Integral Equations

We establish in this subsection two theorems that characterize the stability of the Volterra
equation (2.21) when W is positive w.r.t. a solid cone.

We recall that the stability condition for a Volterra equation (see [39, p.195] for the
definition) taking the form (2.21) is det(I — W(z)) # 0, R[z] > 0. The first of the two theo-
rems in the present section provides computationally efficient alternatives to this stability
condition when the kernel of (2.21) is positive. We denote by int(B) the interior of a set
B e R™.

Theorem 9. Suppose that W is positive w.r.t. a solid cone K. Then, the following

conditions are equivalent
(A) det(I —W(z)) #0, R[z] >0,
(B) ro(N) <1, where N ::/ U(ds),
0
(C) Fpcint(k) : ¢ — Nz € int(K) O
Note that (A) can be tested by using the Nyquist criterion, and (B) by computing the

eigenvalues of N. The condition (C) is a cone optimization problem for which numerical

efficient algorithms can be found in [74].
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As a preliminary to prove Theorem 9 we state two lemmas both proved in Section 2.8.
The first lemma establishes a monotone property for the spectral radius of the Laplace
transform of W. We recall that if W(a) converges absolutely for some real a then W(z)
converges absolutely in the set {z € C: R[z] > a}(cf. [39, Ch.3,Th.8.2]).

Lemma 10. Suppose that ¥ is positive w.r.t. a solid cone IC, and that \il(a) converges
absolutely for some a € R. Then for any z : R[z] > a, the following holds r4(¥(z)) <

A

ro(U(a)). O
The second Lemma characterizes the geometric placement of the zeros of det(I — ¥(z)).

Lemma 11. Suppose that ¥ is positive w.r.t. a solid cone I, and that \Tl(a) converges
absolutely for some a € R. Then, if 7,(¥(a)) > 1, there exists a; > a with the following

properties:

(i) a; is the unique real number such that 7,(¥(a;)) = 1,

A

(i) det(I — ¥(ay)) =0,
(iii) if 2 : det(I — ¥(z)) = 0 then R[2] < a;. O

Proof. (of Theorem 9)

(B)=(A) Note that N = ¥(0). From Lemma 10, r,(¥(2)) < 7,(¥(0)) = ro(N) for every
z: R[z] > 0. This implies that if (B) holds, all the eigenvalues of ¥(z) have a modulus
strictly less than one, and therefore det(I — ¥(z)) cannot be zero in R[z] > 0, which
implies (A).

(A)=(B) If 7, (N) = 7,(¥(0)) > 1, from Lemma 11 we have that there exists some a; > 0
such that det(I — ¥(a1)) = 0, and therefore condition (A) does not hold at z = a;.

(B)=(C) If r,(N) < 1 the system of equations
Nx —z=—v
has a unique solution given by
+oo
x = Z N* (),
k=0

which satisfies 2 € K if v € K due to the fact that N is a positive operator (since N = ¥(0)

and due to Proposition 8). If v € int(K) then since x = v + w, where
+o0o
w= Z NF(y) ek
k=1
and v € int(K), we have that x € int(K). In fact, since v € int(K) there exists an e such

that
Be:={z:||]z—v| <e} CK.
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Thus the set {w + z,z € B} is a ball of radius € centered at x which belongs to K since w
and z belong to I, and thus z € int(K).
(C)=(B) If (C) holds, then z — Nx = v for some v € int(KC), from which we conclude that,

for each k > 1,
k—1 '
T — ZNJU:N]%GIC.
j=0

This implies that || Z?:o Niv|| < cfjz|| (cf [56, p.37]). Letting k — oo we conclude that
Z?io NJv converges which implies that it converges absolutely, a general fact in Banach
spaces (as it is the case since K € R™), and this implies that N kv — 0 as k — oco. Given
any w € K, there exists a > 0 such that v — aw € K because v € int(K). Then

N*y — aN*w = N¥(v — aw) € K,

and hence N*w — 0 as k — 0o because N¥v — 0 as k — oo and ||[aNFw]|| < ¢[|N*v)|.
Finally, since K is reproducing, for every u € R™, there exists ui,uo € K such that
u = u; — ug, and therefore N¥u = N¥u; — NFuy — 0 as k — oo, which implies that
re(N) < 1. O

The Lyapunov exponent of the Volterra equation (2.21) is defined as follows.

Definition 12. Suppose that the solution to (2.21) satisfies ||y(t)|| # 0,Vt>p. Then the

second order Lyapunov exponent for (2.21) is defined as

.1
A= lim T log (1] (2.27)
when such limit exists. Moreover, if Jp~¢: [|y(t)|| = 0,V¢ > b then Ay :=—oc0. O

The next Theorem provides a method to determine the Lyapunov exponent Ay for (2.21).
Recall that a singularity z; of a complex function is said to be removable if the function is

bounded in a neighborhood of z;. Consider the following assumptions.
(V1) W(—e¢) converges absolutely for some € > 0.

(V2) infec(r,e){l det(I—W4(2))[}>0 for some e > 0, and
R >0, where C(R,€) := {2z : |z] > R, R[z] > —¢}.

(V3) ¢ is bounded and g(t) = 0,t € [b, c0) for some b > 0.
The same arguments utilized in the proof of Proposition 5 can be used to prove that

r4(¥4(0)) < 1 implies (V2), provided that (V1) holds.
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Theorem 13. Suppose that ¥ is positive w.r.t. a solid cone K and suppose that (V1),
(V2) and (V3) hold, ¥(a) converges absolutely for some real a and r,(¥(a)) > 1. Then

there is a unique

A

A>a:1,(V(N) =1 (2.28)

which is a singularity of [I—W¥(2)]71§(2), and, if it is not removable, the Lyapunov exponent

Ay is given by Ay = A. Moreover, if there does not exists a real a such that r,(V(a)) > 1,
then \y = —o0. O

A

Note that r,(¥(a)) is a non-increasing function of a (cf. Lemma 10), and therefore (2.28)
can be easily computed by performing a binary search.

To prove the Theorem 13 we need to derive two results. The first states how a special
perturbation of g(¢) and ¥ affects the solution of (2.21). We introduce the following Laplace

transforms
oo oo
9(z) = / y(s)e *°ds,  g(z) = / g(s)e *ds. (2.29)
0 0
The following proposition can be obtained by direct substitution.
Proposition 14. Let gs(t) := g(t)e®® and U5 be a measure such that,
t t
/ Us(ds)a(s) = / K.(s)e*a(s)ds + Z Kgie*iale), (2.30)
0 0 i:¢;€[0,t]

for a measurable function a(t), where K. and Ky; are specified by (2.22). Then the solution
to

ys(t) = /0 "Wy (ds)s(t — 5) + g5(8), £ > 0 (2.31)

satisfies y5(t) = y(t)e®. Moreover
95(2) = 9(z = ), 95(2) = §(= = 8), Ws(2) = ¥(z - 9), (2.32)
where s5(z), gs(z), and \il(g(z) are the Laplace transforms of ws and g5 and ¥4 defined as
in (2.25) and (2.29). O

The second is an instability result that takes into account the critical case, i.e, it allows
the characteristic equation (det(I — ¥(z)) = 0)) to have zeros on the imaginary axis. It is
important to emphasize that this result avoids the hard-to-test assumptions typically used
to handle the critical case (e.g. [39, Ch.7,Th.3.7]).

Lemma 15. Consider a general Volterra equation taking the form (2.21) and suppose that
(V1), (V2), (V3) hold. Then

(i) there exists at most a finite number of z; € C such that R[z;] > 0 and det(I —¥(z;)) =
0.
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2. CONTROL SYSTEMS OVER A RENEWAL NETWORK

(ii) The solution to (2.21) is given by

ny m;—1

y(t) =ws(t) + > Y site”’, t>0, (2.33)
i=1 j=0

T -1

and its Laplace transform is given by §(z) = [I — VU(2)]” " §(2), where ws(t) is a

bounded function that converges to zero and s;; are such that in a neighborhood

of z;,
m;—1 j'
9(z) = ui(z) + > T EvEEE (2.34)
j=0 i
where u;(z) are analytic vector functions. O

The proof of Lemma 15 is given in Section 2.8. Note that the second term on the right
hand side of (2.34) is the principal part of §(2) at z; and s; ; can be uniquely determined
by the characterization (2.34) (see [80, Ch.10, Th.10.21]).

Proof. (of Theorem 13)

If there exists a real number a such that r4(¥(a)) > 1, then there exists a unique A € R
such that 7,(¥(\)) = 1, which satisfies det(I — ¥()\)) = 0 (cf. Lemma 11), and therefore A
is a singularity of [I —¥(z)]~'§(z). Consider a perturbation to the Volterra equation (2.21)
as in Proposition (14) with § = —\. Since X is the zero of det(I — ¥(z)) with largest real
part (cf. Lemma 10), we have that z15 = 0 is the zero of det(I — Ws(z)) = det(I — ¥ (z —4))
with largest real part, where we used (2.32). Also, due to (2.32), the principal parts of §(z)
about z; and of g5(z) about 2 + 6 have the same coefficients s; ;. Thus, from Lemma 15,
the solution to the Volterra equation (2.31) becomes y;5(t) = vs(t) + us(t) + ws(t) where
vs(t) = Z;”:io_l s1,;t7 corresponds to the zero of det(I — ®(2)) labeled z;5 = 0, us is a sum
of exponent and polynomial functions such that us(t)e™“* — 0, as t — oo for every ¢ > 0
and wg(t) is a bounded function that converges to zero. Note that us may not tend to zero
since there may exist zeros of det(I — ®5(z)) on the imaginary axis other than zj5. Since
6t

the singularity z; = A is not removable, 3; : 51 ; # 0, we have that y(t) = ys(t)e™°" is such

that

= lim
t—o00

log(|ly (1)) log(lys()I)  5_q_s5_
t t

=
If there does not exists a real number a such that ra(@(a)) > 1, then using Lemma 10, we
have that r,(¥(z)) < 1 for every complex z and therefore det(I —®(z)) # 0 for all z. Using
the arguments above we can choose § arbitrarily large, and prove that y(t) = ys(t)e™%
where y;(t) is a bounded function that converges to zero. This implies that Ay, = —oco. Note
that, this latter case encompasses the case where, e.g., ¥([0,%]) = 0,0 and y(t) = g(t)
is such that y(¢) = 0,t > b for some b > 0. O
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2.6 Proofs of the Main Results

2.6 Proofs of the Main Results

As a preliminary, we rewrite (2.19) in two forms. Applying v~ ! to both sides of (2.19),
and using (2.14), we obtain

W(t)=KW)(t)+H(), t>0 (2.35)
where W (t) := v~ (w(t)), H(t):=eA"" XeAr(t) and
K(W)(t) == /0 t(JeAs)TW(t — s5)Je ¥ pu(ds).

Let KJ(W)(t) denote the composition operator obtained by applying j times K. The
unique solution to (2.35) is given by

W(t) = in(H)(t) + H(t), t>0, (2.36)

(cf. [39, Ch.4, Th.1.7]). Note that H(t) and K(H)(t) are symmetric and therefore W (t) is

symmetric. Let {C;, 1 < i < m}, with m := @, be an orthogonal basis for the space

of symmetric matrices S™(R) and let II(z) : R™ — S"(R) be the invertible map defined by
Then (2.35) (or equivalently (2.19)) can be written in terms of u(t) := II~1(W(t)) as

u(t) = /0 "o (ds)u(t — 5) + e(t) (2.37)

where e(t) = II"1(H(t)) and ®(ds) is such that

/0 B(ds)a(s) = /0 Fus)a(s)ds + > Fualc:)

i:¢;€[0,1]
where a(s) is a measurable function and

Fo(s) =TT w1 (Je)T @ (Je*)T f(s)v,

(2.38)
Fy = H_ll/_lwi(JeAbi)T ® (JeAbi)TyH.

The kernel @ is positive w.r.t. the cone in R corresponding to Sgo(R), ie., K :={v¢e
R™ : 37 0;C; > 0}. In fact, if 2 € K9, ie., X = TI(x) > 0 then using (2.38) and (2.15)

F.(s)z =T"Y(Y) € K%, where Y = (Je*)TX Jes f(s).

Similarly one can prove that all the F; are positive operators.
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2. CONTROL SYSTEMS OVER A RENEWAL NETWORK

Let ®(2) := [°e *®(ds). Since ® is a positive kernel w.r.t. the solid cone K¥

(cf. Example 7.2), from Theorem 9 we obtain that the following are equivalent:

(A) det(I — ®(2)) #0, R[z] >0,
(B') ro(®(0)) < 1,
(C") Tocint(kesy T — $(0)z € int(K).
We shall also need the following facts: Using (2.38), we have

d(z) =M1 1O(2)vIl. (2.39)

Since ® is positive w.r.t. a solid cone we have that @(a) for real a is a positive operator
(cf. Proposition 8), and therefore from (2.24),

Jpexes : Pla)z = 14 (D(a))z (2.40)
which, using (2.39), can be written as
Ix>00(a)v(X) = ro(P(a))v(X). (2.41)

Proof. (of Theorem 3)
Since, as discussed above, (A’)-(C’) are equivalent, to prove that (A)-(C) are equivalent

we can show that
(0) & (C) . (0) = (B), (B) > (A), (A) = (A).
(C)<>(C) Using (2.39) with z = 0 we write (C") as
Ipao : v(P) — Mu(P) € {1(Q) : Q > 0}. (2.42)

Applying v~ ! to (2.42), and using (2.15), we conclude that (2.42) is equivalent to (C).
(C) =(B) Let S%y(C) be the set of n x n complex positive semi-definite matrices and

consider the system
Upy1 =My, Upp1=L'(Uy), v(Uy)=uy, U€ SZ(C), (2.43)
where L'(Ug) := v=! o MT o v(Uy) is given by
T
L'(U) :/ JeA5 Uy (Je*)TF(ds),
0
and for any Y, Z € S (C) satisfies

tr(L(Z2)*Y) = te(Z°L'(Y)). (2.44)
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2.6 Proofs of the Main Results

Note that U > 0 for a given k implies that U1 = L'(Ux) > 0, and therefore, by induction,
we conclude that Uy > 0 for all k. We show that (C) implies that this system is stable by

considering a Lyapunov function
V(ug) = te(Pr~ (ug))

for (2.43), where P satisfies (C), that is P > 0 and L(P) — P < 0. In fact, this function V'
is radially unbounded and positive definite for Uy > 0, and satisfies V' (0) = 0. Using (C)
and (2.44) we have that for every Uy € S%((C) — {0},

V(ugs1) — V(ug) = tr(Pr= (MTu(Uy))) — tr(PUy)
= tr(PL'(Uy))—tr(PUy)
— t((L(P)= P)U})
= —tr(ZUy;) < 0,
where Z = —(L(P) — P) > 0. Therefore (2.6) is stable for any Uy € SZ(C), ie.,
(MT)kUy — 0. Since any complex matrix Z can be written as

7 = Zl —Zg—i—’i(Zg —Z4)7

where Z; € S%((C),1 < i < 4 (cf. [57, Rem. 2]) this implies that (M™kZ — 0, which
implies that
re(M)=1rs,(MT) <1

(B)=(A) For 2 : R[z] > 0 and X,Y € S%(C), we have

(Y, v 1 (OF(2)v(X))))|
.y / / r(Y* (AT, (JeAMYT X TeAM | JeAthe=m1 o= y(dhy) . p(dhy)]

S/o/o (e (Y* (AT (JeAMYTX (TeAM) . JeA |u(dhy) . .. p(dhs)
= (Vv (MFu(X))) (2.45)

where the last equality holds because tr(Y*(JeA")T.  (JeAhM)TX JeAM || JeAM) is a non-
negative function since it can be written as the inner product of two (complex) positive
semi-definite matrices. If (B) holds then r, (M) < 1, M*v(X) converges to zero as k tends
to infinity and by the inequality (2.45) this implies that |(Y,v~1(©%(2)r(X)))| converges
to zero for any matrices Y, X € SZ(C). Given ZY, 7% € C™"™ we can write Z7 = Z{ —
73 +i(Z} — 7)), where for 1 <l <4and 1< j <2, le € SZ(C) (cf. [57, Rem. 2]). Thus,

(Z' v Oz < Y eylZ v (O ) (Z])))]

1<I<4,1<5<2
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2. CONTROL SYSTEMS OVER A RENEWAL NETWORK

also converges to zero as k tends to infinity, where ¢;; are constants. This implies r(,((:)(z)) <
1in R[z] > 0 and thus det(I — ©(z)) cannot be zero in R[z] > 0, which is (A).

(A) = (A”) If (A4’) does not hold then there must exist a z; : R[z1] > 0 such that det(] —
®(21)) = 0 and this implies that

Jpeem : B(2)z = = (2.46)
Using (2.39) we conclude that (2.46) can be rewritten as
ElX:Y—}—iZ:Y,ZeS"(R) : @(21)V(X) = v(X)

and this implies that

A

det(I —©(z1)) =0,

which means that (A) does not hold.
Sufficiency of (A) and (2.8), (2.9), (2.10) for MSS, SS and MES

We start by noticing that (2.8) is equivalent to h(t) (or H(t)) converges to zero, and (2.9)
is equivalent to fOT h(t)dt (or fOT H(t)dt) converging absolutely. Moreover, since

Elz(t)Tz(t)] = 2 @ z{w(t) = 2l W (t)x0,

where W (t), given by (2.36), is non-zero and positive semi-definite, MSS is equivalent
to w(t) — 0 (or W(t) — 0), SS is equivalent to [;°w(t)dt (or [5° W (t)dt) converges
absolutely.

Sufficiency of conditions (A) and (2.8) for MSS and of conditions (A) and (2.9) for SS
follow then directly from [39, Ch.4,Th.4.9], which states that for a Volterra equation taking
the form (2.19) if

inf |det(l —© 0
%EZOI et( (2))] >

then, w(t) is bounded and converges to zero if h(t) is bounded and converges to zero,

JoZ w(t)dt converges absolutely if [ h(t)dt converges absolutely. It remains to prove that

inf |det(I — ©(z))| > 0 for z in R[z] > 0 is equivalent to det(I — O(z)) # 0 in the same

complex region. Necessity is trivial. To prove sufficiency note that, det(/ — é(z)) %0

in R[z] > 0 is equivalent to 7,(6©(0)) < 1, due to the equivalence between (A) and (B)
of the present theorem. If 7,(©(0)) < 1, then by Lemma 10, r,(6(z)) < 1 in the closed
right half plane and therefore inf(| det(I — ©(2))|) > 0 in R[z] > 0. To prove sufficiency of
the conditions (A) and (2.10) for MES, we use a perturbation as in Proposition 14. For
9 < min(e, 1) where € is such that (T1) holds and «; is such that (2.10) holds, we obtain

that hs(t) = h(t)e®, and Oy, satisfy the conditions (A) and (2.8) of the present theorem
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2.6 Proofs of the Main Results

—ot

for MSS and therefore ws(t) converges to zero, whereas w(t) = ws(t)e °" converges to zero

exponentially fast.
Necessity of (A) and (2.8), (2.9), (2.10) for MSS, SS and MES

From (2.36), W (t) > H(t). Hence, W(t) — 0 (MSS), [;° W(t)dt converges absolutely
(SS), and W (t) converges to zero exponentially fast (MES), imply that the respective
condition must hold for H(t) (or equivalently for h(¢)) and therefore that (2.8), (2.9),
and (2.10) must hold, respectively. Necessity of (A) for MSS, SS and MES, follows from
Lemma 15, which requires (V1) and (V2), implied by (T1) and (T2), and also (V3), which
is assumed for now to hold, i.e., h(t) = 0, V= for some b > 0, which holds for example if
has bounded support. If (A) does not hold, from Lemma 11 there exists a real a > 0 such
that det(I — ©(a)) = 0. Thus, from Lemma 15, w(t) converges to infinity exponentially
fast, since the zero z; = a is not a removable singularity (3; : s;; > 0 (cf. Proof of
Theorem 4). If (V3) does not hold, we can use a similar reasoning to prove that (A) is
necessary for MSS, SS, and MES. Let Ws(t) be the solution to (2.35) when H (t) is replaced
by Hy(t) := H(t) if t > b, H(t) := 0 otherwise for some b > 0. Then, Ws(t) < W (t) since

W(t) = Wa(t) = K(W — Wa)(t) + H(t) — Ha(t),

whose solution is positive semi-definite (cf. (2.36)). Thus, since (A) is necessary for Ws(t)
to be MSS, SS and MES, it is also for W (). O

Proof. (of Theorem 4) Note that

Elz(t)T2(t)] = (z] @ af)w(t) = a]W (t)zo =Y ui(t)a]Cizo.
i=1

Note also that |[W(t)|| = ||w(t)|| = ||u(t)]|. It is then clear that the limit
1
— 1 — T
Ar(eo) = Jim T log([r(t)T(1))

exists for every o if and only if the limit Ay = limy—,o0 1 log([|u(t)]|) exists, and Ay =
sup,, Ar(zo) = Ar. Note also that E[x(t)Tz(t)] = 0,V4,,t > b > 0 if and only if u(t) =
0,t > b > 0 in which case both A\, and Ay equal —oo according to our definitions. We use
Theorem 13 applied to the Volterra equation (2.37) to obtain that Ay is determined by
TJ(\TI()\V)) = 1, when such a Ay exists, and \yy = —oo otherwise. Note that Az, in (2.11)
equals Ay since we can obtain that ro(®(a)) = ro(©(a)), for real a such that ®(a) and O(a)
converge. In fact, similarly to the equivalence between (B’) and (B) established in the proof
of Theorem 4, we can prove that 7,(®(a)) < 1 is equivalent to 7,(6(a)) < 1, for every real
a such that ®(a) and ©(a) converge, which implies that 7,(0(a)) = r,(®(a)). To apply
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2. CONTROL SYSTEMS OVER A RENEWAL NETWORK

Theorem 13, we note that the the fact that x4 has bounded support implies conditions (T1)
and (T2), which in turn, imply (V1) and (V2). Moreover, the fact that p has bounded
support implies (V3). It suffices to prove that the real zero a of det(I — ®(a)) such that
ro(®(a)) = 1, is not a removable singularity of R(a)é(a) where R(a) := [I — ®(a)]~" and
é(z) :== [;° e(t)e”*'dt is the Laplace transform of e(t).

To this effect, we start by noticing that, using (2.40),

Jyexs : Pla)r = (2.47)
which, by using (2.39), can be written as
Ix>0La(X) = X, (2.48)

where

Lo(X) = /0 OO(JeAS)TX(JeAS)e’aS,u(ds).

Let

H(b) ::/ et (e dt
0

and note that there exists o such that aX < H(b). For b > a, ro(®(b)) < 1 due to the
characterization of a of Lemma 10 and due to the monotonicity property of Lemma 11.

Thus, we can expand R(b) as a von Neumann series and conclude that
R(b)e(b) = Y _(b)*e(b) = Y H[LF(H(b)] = D oII(L5(X)), (2.49)
k=0 k=0 k=0

where L denotes the composition of applying Ly, k times. Using (2.48), we have that
lim, , LF(X) = LE(X) = X. This implies, taking the limit as b — a in (2.49), that
limp_yq p>q R(b)é(z) cannot be finite and therefore a is not a removable singularity.

O

2.7 Additional Applications of Theorems 9 and 13

We can apply the results provided in Subsection 2.5.2 to other problems where Volterra
equations arise and have the special property of having a positive kernel, e.g., in physics,
engineering, biology (cf. [39, Ch.1]). As an example, consider the setup in Fig. 2.2. An
LTI system is defined by a convolution product v(t) = (H * e)(t) where e(t) € R™ is the
input, v(t) € R™ the output, H(t) = [hijlmxm is the impulse response, and * denotes
convolution. All signals are defined for ¢ > 0. The Laplace transform of H is given by
H(z) := JoT H(t)e *'dt, and the closed loop is defined by e(t) = v(t) + 7(t) for a reference

signal r(t), which leads to the following Volterra equation

v(t) = /Ot H(s)v(t — s)ds + /Ot H(s)r(t — s)ds. (2.50)
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v

T o+ H U

Figure 2.2: MIMO LTI closed loop

The transfer function H is not rational, e.g., when the impulsive response H(t) exhibits
delays. Following [39, Ch.1], we say that the closed-loop is stable if v(¢) belongs to LP (i.e.,
[y v(t)|Pdt < oo, if p < oo and v(t) is bounded a.e. if p = c0) whenever r(t) belongs to L.
Assume that [ H(t)dt converges absolutely which, in the case where H(z) is rational, is
equivalent to saying that the open-loop is stable. The stability of the closed-loop can be
tested by the condition

det(I — H(2)) # 0,¥-cnpps01 (2.51)

One can conclude this from the stability condition for the Volterra equation (2.50) or
from [39, Ch.4, Th.4.9]. However, when H (t), Vt is a positive operator w.r.t. a given cone
K eR™ (eg., RY,), we can use the following very simple algebraic test for stability.

Corollary 16. If h; j(t) > 0 for every t > 0 and 1 <4, j < m, then the closed-loop described
by (2.50) is stable if and only if

re(H(0)) < 1. (2.52)

O

Proof. Since H(t) is positive w.r.t the solid cone RZ;, Theorem 3 assures that (2.52)
and (2.51) are equivalent. O
2.8 Proofs of Auxiliary Results

Proof. (of Proposition 5) The condition (T1) assures that O4(y) converges absolutely for
y > —e and in this region, 7,(04(y)) is continuous (cf. [39, Ch. 3, Th.3.8]). Therefore,
4(04(0)) < 1 implies that 7,(O4(—e1)) < 1 for some e € (0,¢), and from Lemma 10
we have 74(04(z)) < 1 in R[z] > —e;, which encompasses C(e1, R), R > 0. This implies
inf | det(I — ©4(2))| > 0 in C(e1, R). O

Proof. (of Proposition 6) Conditioning (2.18) on the time of the first jump ¢, we obtain

w(t) = /0 TET()T © TO)T(I)|h = slu(ds). (2.53)
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The integrand has a different expression for s > ¢ and s <,

E[Tt)"@T(t)Tv(l)t; = s]= (2.54)
(et @ e (I, if s>t
E[(Ty(t — 5)Je™*)T@ (T1(t — s)Je*)Tw(1)], if s<t

where T7(t — s) is the transition matrix of (2.6) from s = ¢; to t, which depends on
{hi : k > 1}. Due to the i.i.d. assumption on the intervals between transitions E[T} ()T ®
T1(t)Tv(I)] = w(t). Thus, partitioning (2.53) using (2.54) we obtain (2.19):

wlt) =[BT~ )7e*)T6 (T3t = T uDlntas) [ Bl @ A uDutds)
= /0 ()T @ (JeM)Tut — s)pu(ds) + (X @ A (D),

where we used the fact that we can write the first term on the right hand side of (2.19) as

/t O(ds)w(t — 5) = /t(JeAS)T © (JeA*)Tw(t — s)u(ds),
0 0

which can be concluded by extending [80, Ch.1, Th.1.29] to real matrix-valued measures.
O

Proof. (of Proposition 8) From the fact that
R o0
U(a) = / Ke(s)e™*ds + Y Kgie ™, (2.55)
0 i>1

it suffices to prove that [;° K.(s)e~**ds is a positive operator since this implies that (2.55)
is a sum of positive operators and therefore a positive operator. It is clear that the fact
that W(a) converges absolutely implies that Jo° Kc(s)e **ds converges absolutely. Since
the space of continuous function with bounded support on R>, denoted by C,, is dense in
the space of measurable function whose Lebesgue integral on R>g is absolutely convergent,
denoted by Li, (cf. [80, Th.3.14]), there exists a sequence K, (s) € C. such that

] als) = el s < 5

where €, — 0. Since K, (s) is Riemann integrable, we can find a matrix step function

KE(s), and h,-spaced points s; such that

00 Nn
/ KE(s)e™9%ds = Z hn KB (s;)e™%.
0 i=1

The result of this integral is a positive operator since it is the sum of positive operators.

Moreover for each n we can choose N,, sufficiently large such that

| /0 (K () ~ Ko(s))e™ds] < 2.
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Thus,
o0 o0
|/Kf‘(s)6_“5ds—/ K(s)e *ds| < €, =0, as n — 00
0 0

and therefore [ K (s)e~**ds is a positive operator since it is the limit of positive operators,

and the space of positive operators w.r.t a given cone is closed (cf. [56, p.22]). O

Proof. (of the Lemma 10) By Proposition 8, \Tl(a) is positive w.r.t. K, and by induction
SO is \T/(a)k‘. Let v belong to the dual cone I* of K, i.e., the set v € R" such that
(x,v) > 0,Vzexc. Such v different from zero always exists if I does not coincide with the

k

whole space [56, p.22]. For every v € K* and for real a, (¥(a)*z,v) is a positive number

by definition of K*. For z : R[z] > a and for every v € K*, w € K and k > 1, one can show
that

(B () w,0)] < (F(0)Fw, 0), (2.56)
For example, for k = 2, let

a(r,s) = (K (r)K.(s)w,v), b;(s) := (K.(s)Kgw,v)
dZ(T) = <KdiKc(7“)’w,U>, hij = <Kdinj’w,U>

which are positive functions due to the fact that the kernel W is positive and by definition
of IC*. Then

(20| = | [ [Carsje e = drds + [ T3 bys)e e st
j=1

oo X 00 0o
/ Z dz (T)e—zcie—zrdr + E E hije_zcje_zci’
0 =1

i=1j=1

S/ / ‘a(ﬁ 3)‘e*ar67“5drd8+/ Z‘bj(s)‘efacjefasds_i_
0o Jo 0 o

0o O 00 0
/ Z |di(7“)|6*aci67a7"dr + Z Z |hij |e*ac¢efacj
0 =1

j=1i=1
— (¥(a)*w,v)

where we used the fact that a(r,s), b;(s), di(r), hj; are positive functions.

If 7,(¥(a)) < 1, then W(a)* converges to zero as k tends to infinity, and so does
(\Tl(a)kw,w for every v € K*,w € K. Since K is solid, and therefore reproducing, so is
IC*(cf. [56, Th. 4.5] and use the fact that a cone in (R™, ||.||) is normal [56, p. 37]). Thus,
for any u,y € R™ we can write u = u; —ug and y = y; — yo, for u; € K, y; € K*, i € {1,2}
and obtain that

R < Y 1 ) (257

1<i,j<2
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2. CONTROL SYSTEMS OVER A RENEWAL NETWORK

Each of the terms on the right hand side of (2.57) tend to zero as k — oo due to (2.56)
and the fact that r,(¥(a)) < 1. This implies that (¥ (z2)*u,y) — 0 for every u,y € R™ and
therefore that W(z)* —0 as k— oo, which in turn implies that r,(¥(z))<1.

To conclude the proof we note that for a > 0, if ro(¥(a)) < « then ra(é\i/(a)) < 1.
Using the above arguments this implies that r(,(é@(z)) < 1, for z : R[z] > a, or equivalently

that 7,(V(z)) < a. Since « is arbitrary, r,(¥(2)) < rs(¥(a)). O

A

Proof. (of Lemma (11)) To prove (i), note first that, r,(¥(y)) is continuous along y > a

A

and converges to zero as y — +oo. By the intermediate value theorem, if r,(¥(a)) >

1 then 34,54 : 7o(¥(a)) = 1. To see that a; is the unique real number that satis-
fies ro(¥(a1)) = 1, suppose that ro(¥(az)) = 1 for another real number as. Due to
Lemma 10, we must have 7,(¥(y)) = 1 in y € [min{a1,as}, max{a;,as}]. Since, by the

property (2.24), 7,(¥(a1)) = 1 is an eigenvalue, this implies that det(I — ¥(y)) = 0, in
y € [min{ay, ag}, max{a1,as}]. But det(I — ¥(z)) = 0 is analytic and the zeros of analytic
functions (other than the identically zero function) are isolated (cf. [80, Th.10.18]), which
leads to a contradiction.Since \il(a) is a positive operator due to Proposition 8, by the prop-
erty (2.24) of positive operators w.r.t. solid cones, 74(¥(a;)) = 1 is an eigenvalue and this
implies that det(I —¥(a;)) = 0 (part (ii)). Finally, we argue by contradiction to prove (ii).
If there exists w satisfying R[w] > a; and det(I — ¥(w)) = 0 then ¥(w) has an eigenvalue
at 1 and therefore r, (¥(w)) > 1. From Lemma 10, ro (¥ (w)) < 74 (¥ (R[w])) which implies
that r, (¥ (R[w])) > 1. Now, 7,(¥(R[w])) cannot be equal to one since a; is the unique
real number that satisfies this property and R[w] > a1. This leads to a contradiction since,
again by Lemma 10, 7, (¥ (R[w])) < ro(¥(ay)) = 1. O
Proof. (of the Lemma 15)

Theorems [39, Ch.7,Th.2.4,2.5] and the argument in [39, p.192] would allow us to

conclude that (i) and (ii) hold if:

inf I-0 2.
L | det( (2))| >0, (2.58)
lim  inf|det(I — ¥(z))| >0, (2.59)

|z| =00, R[2]>0

g(t) is bounded and converges to zero. (2.60)

Note that (2.58) is restrictive since det(I — ¥(z)) would not be allowed to have zeros or
the imaginary axis (critical case). It is clear that (V3) implies (2.60). Note also that (V2)
implies (2.59) and, since we assume (V2), the condition (2.58) can be simply stated as the
characteristic equation det(] — ¥(z)) = 0 has no zeros on the imaginary axis (non-critical
case).

The proof of (i) under assumptions (V1), (V2) is a direct consequence of the arguments

in [39, p.192] and [39, p.195] are is therefore omitted. To prove (ii) under assumptions (V1),
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(V2) and (V3) we argue as follows. Let gs(t) and ¥s be as in Proposition 14. Due to (2.32)
the zeros of det(I — Ws(z)) are given by z; 4 0, where z; are the zeros of det(I — ¥(z)). If
det(I — W(2)) has zeros on the imaginary axis (critical case), i.e., (2.58) does not hold, we
can always choose (due to part (i) of the present theorem) a § : 0 < d < €, where € is the
constant in (V1), and such that the characteristic equation of the Volterra equation (2.31)
does not have zeros on the imaginary axis. Thus, the Volterra equation (2.31) satisfies the
conditions (2.58), (2.59), (2.60) required by Theorems [39, Ch.7,Th.2.4,2.5] to assure (i)
and (ii). Thus from Theorems [39, Ch.7,Th.2.4,2.5] one can conclude that

nym;—1 NN —1
ys(t) =yss(t) +Z Zsth]e(Z"H)t—i—ZZqMﬁ evit, (2.61)
i=15=0 i=1j=0

where v; are the zeros of det(I —Ws(2)) in 0 < Rfw;] < § and we used the fact, due to (2.32),
that the principal parts of §(z) about z; and of g5(z) about z; +J have the same coefficients
si.j. Thus (2.33) follows from (2.61) due to y(t) = ys(t)e %

U

2.9 Further Comments and References

Impulsive renewal systems are a special class of the piecewise deterministic processes con-
sidered in [25]. In this chapter, we restricted ourselves to linear dynamic and reset maps.
Impulsive renewal systems with general non-linear dynamic and reset maps are considered
in [44]. The paper [44] considers a more general class of impulsive systems in which the sys-
tem evolves according to a stochastic differential equation between jumps (as opposed to a
deterministic vector field). For this class of impulsive renewal systems, sufficient conditions
for a form of exponential stability are provided.

Early work on systems with i.i.d. distributed parameters can be found in [4], [6], [59].
The stability problems considered in these early references are typically cast into a discrete-
time setting, even if the motivating stability problem is in a continuous-time setting, as
it is the case for randomly sampled systems [59]. Sufficient conditions for continuous-
time mean square stability are provided in [69] for impulsive renewal systems that arise
in model-based networked control systems with stochastically spaced transmissions. The
approach followed in [4], [6], [59], [69] involves a stability test in terms of a matrix eigen-
value computation. An alternative approach that can be found in the literature to inves-
tigate the stability of such systems resorts to stochastic Lyapunov functions, leading to
stability conditions formulated in terms of the existence of a Lyapunov function satisfying
appropriate inequalities [32, 66]. We believe that the stability results (Theorems 3 and 4)
that we obtain with our novel aproach cannot be obtained through any of the previous
approaches [44], [4], [6], [69], [32], [66]. Our stability result (Theorem 3 ) obviates the
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2. CONTROL SYSTEMS OVER A RENEWAL NETWORK

conservativeness of the results in [44], [69] where only sufficient stability conditions are
presented to the case where the probability distributions of the intervals between reset can
have unbounded support. The stability tests in terms of an eigenvalue or an LMI com-
putation resemble tests available for Markov linear systems [21], but, to the best of our
knowledge, a Nyquist test has not appeared previously for this type of systems.

Volterra integral equations arise in many problems in physics, engineering and biology.
The excellent textbook [39] discusses an extensive number of results for these equations.
The Volterra equation considered here has the special property that its kernel is a positive
operator in a sense to be defined below. It is important to note that the notion of positive-
ness needed in this chapter differs from the well-known notions of monotonicity (see [39,
Ch.5]) and positiveness (see [39, Ch.16]).

The networked control setup is considered, e.g., in [44] and [87].
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Network Features Modeled by
Finite State Machines

In this chapter, we introduce Stochastic Hybrid Systems (SHSs) with renewal transitions,
which are a generalization of impulsive renewal systems that allows one to considerably
augment the number of networked control scenarios that one can model. In fact, with
SHS with renewal transitions one can consider any scenario in which the network protocol,
or more generally network features such as delays and packet drops, can be modeled by
a finite state machine. In this chapter, we start by showing how one can model network
features such as packet drops, round-robin protocols or delays, using finite state machines.

After presenting these networked control motivations, we formally define stochastic
hybrid systems with renewal transitions. Stated briefly, stochastic hybrid systems with
renewal transitions are systems with both continuous dynamics and discrete logic whose
execution is specified by the dynamic equations of the continuous state, a set of rules
governing the transitions between discrete modes, and reset maps determining jumps of
the state at transition times.

Besides defining this class of systems, which is an important generalization of impul-
sive renewal systems, we provide results concerning the analyses of the transitory and
asymptotic behavior of the statistical moments of a SHS with renewal transitions. First,
we provide expressions for any moment of the SHS at a given time ¢ in terms of a set of
Volterra equations. Note that in Chapter 2 we considered only a special second degree
moment for the special case of impulsive renewal systems. We discuss how by computing
the moments one can provide information about the probability density function of the
state of the SHS. For this latter problem, we highlight the advantages of our method when
compared to other general methods in the literature. The second main result provides a
method to obtain the Lyapunov exponents of even degree m, which are defined, in accor-

dance to [66, p. 41], as the exponential decrease or increase rate at which the mth power
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3. NETWORK FEATURES MODELED BY FINITE STATE MACHINES

of the norm of the state of the SHS, converges to zero or to infinity, respectively. We show
that when m is even, the Lyapunov exponents can be efficiently determined by finding the
zero of a monotonic function. As a corollary, we provide necessary and sufficient conditions
for mean exponential stability, which is defined in terms of the exponential convergence to
zero of the squared norm of the state of the SHS.

The remainder of the chapter is organized as follows. Examples of networked control
scenarios that can be modeled by finite state machines are given in Section 3.1. Stochastic
Hybrid Systems are formally defined in Section 3.2, and our main results are provided in
Section 3.3. A numerical example is provided in Section 3.4. The proofs of the main results

are given in Section 3.5. Section 3.6 provides further comments and references.

3.1 Modeling Several Network Features by Finite State Ma-

chines

We present next five networked control scenarios, where finite state machines are used
to model (i) static and round-robin protocols; (ii) delays; (iii) packet drops; (iv) nodes
independently accessing the same shared network; (v) nodes transmitting through more
than one renewal network. We will present a detailed study of scenarios (i) and (ii) and
provide numerical examples in Section 3.4. For the scenarios (iii), (iv), and (v), we only
briefly sketch how they can be modeled by finite state machines. The finite state machines
modeling NCS are loosely defined in this section by specifying the number and meaning of
discrete modes and specifying transitions in terms of events that trigger these transitions.
In the next section, we formally introduce stochastic hybrid systems, which allow to rigor-
ously model these descriptions. The ideas provided here can be used to model combinations

of these features (delays, packet drops, etc), when they occur simultaneously.

3.1.1 Round-Robin Protocols

Consider a networked control system for which a set of nodes consisting on sensors, actua-
tors, and a controller, are connected through a communication network possibly shared by

other users. The plant and controller are described by:

Plant: ip = Apxp+ Bpi, y=Cpxp (3.1)
Controller: tc=Acxc + Bei, u= Cocxc + Dcy. (3.2)

where @ is the input to the plant, ¢ is the input to the controller, y is the output of the
plant, and u is the output of the controller. As explained in Section 2.1, it is typically the
case that one assumes that the controller has been designed to stabilize the closed-loop,

A

when the process and the controller are directly connected, i.e., when 4(t) = u(t), §(t) =
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3.1 Modeling Several Network Features by Finite State Machines

y(t), and one is interested in analyzing the effect of the network characteristics on the
stability and performance of the closed loop. We can partition y as ¥ = (y1,¥2,.--,¥n,)s
where y; € R%,1 < 7 < ny is associated to one of n, sensors, and we can partition u as
u = (u1,us,...,un,), where u; € R"7,1 < j < n, is associated to one of n,, actuators. We
assume that the network is exclusive, i.e., only one node can transmit at a given time. The
data generated by a given sensor is received by the controller shortly after it is sampled and
transmitted by the sensor, and likewise a given actuator receives its data shortly after it is
sent by the controller. We denote the times at which (at least) one of the nodes transmits
by {tx,k € N}. The time intervals {tx41 — tx,k € N} are assumed to be independent
and identically distributed following a given distribution us, which characterizes the times
nodes have to wait to access the network. The transmission delays are assumed to be
negligible when compared to the time constants of the system dynamics. We consider here
that there are no packet drops.

Between sampling times, @ and ¢ are held constant, i.e.,

a(t) = alte), 9(t) =9(tk),t € [tr, tkr1), k € Zxo.

Let

e(t) := (eu(t), ey(t)) = ((t) — u(t), §(t) — y(t)),
which can be partitioned according to e = (eq, . .. 7enﬁny) e; € R% s, =r;,1 <i<n,and
Si = Qi—ny,Mu+1 < i < ny+ny is the error associated with node i € M = {1,...,ny+n,}.

We assume that a static protocol is used by the nodes, which is defined as follows.

Static Protocol: The nodes transmit in a Ts-periodic sequence determined by a pe-
riodic function with period T, denoted by s : N — M. In this case, the error e is updated
at time t; according to

e(tr) = (I = Mg Je(ty,)- (3.3)
where

A;j := diag([0 i1 I, OZ:;]'-H Si]), je M.

i=1 "%
That is, only the components of §j or 4 associated with the node that transmits are updated
by the corresponding components of y(t, ) or u(t, ). We assume that s is onto, i.e., each

node transmits at least once in a period.

When T = n, +n,, we call the static protocol a round-robin protocol, which by proper

labeling the nodes can be defined as follows.

Round Robin Protocol: Static protocol where each node transmits exactly once in a
period, i.e., s(k) =k if 1 <k <n, +n, and s(k) =s(k — (ny, +ny)) if k£ > ny +n, + 1.
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3. NETWORK FEATURES MODELED BY FINITE STATE MACHINES

Defining x := (x4, €), where x4 := (zp,z.), the following system describes (3.1),(3.2),

and (3.3),
1‘,4(75) _ I xA(t)
le(t)] - M [ A”M <t>] oy
A AR | 1
e(tr) 0 (I—Agp)] [elty) |’
where
A= Ap+ BpDcCp BpCc
rxr — BCCP AC )
Ae:l 0 —Ccl’ A = lBP BPD(;}'
—Cp 0 0 BC

This networked control scenario with static protocols can be modeled by a finite state

machine, specified as follows for the special case of a round-robin protocol.

Discrete modes. To model a NCS with a round-robin protocol as described above,
we require n, + n, discrete modes, where each of these modes corresponds to the
node 1 < i < ny + n, having the transmission token, i.e., 7 is the node assigned
to transmit when the network becomes available. At each discrete mode, x flows

according to (3.4).

Transitions. The times between transitions equal the network access time, dis-
tributed according to us. When a transition, corresponding to a transmission by node
i is triggered, the discrete mode changes from i to 741 for every 1 <1 < n, +mn, —1,
and if ¢ = n, + n, the next state equals ¢ = 1. At each transition, x is updated

according to (3.5).

3.1.2 Delays

We start by modeling delays which may occur due to the times that users may have to
wait to access the network, and we continue to assume as in Section 3.1.1 that transmission
delays are negligible. Another model for delays, more suitable to model transmission delays,
is presented in Section 5.1.1. For simplicity, we consider only a single renewal network,
where only one node transmits, as in Section 2.1, but the same ideas carry through to the
case where several nodes transmit through the network, as in Section 3.1.1.

Suppose that we wish to control a linear plant

.i'P(t) = Apxp(t) + Bpﬁ(t). (3.6)
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A state feedback controller taking the form Kcaxp(t) is implemented digitally and the
actuation is held constant 4(t) = 4(sx),t € [sk,Sk+1) between actuation update times
denoted by {s,.,x > 0}.

The controller has direct access to the state measurements, but communicates with the
plant actuators through a network possibly shared by other users. The controller attempts
to do periodic transmissions of data, at a desired sampling period T but these regular
transmissions may be perturbed by the medium access protocol. For example, users using
CSMA for medium access, may be forced to back-off for a typically random amount of
time until the network becomes available. We assume these random back-off times to be
i.i.d. and denote by us the associated probability measure.

We consider two different cases:

Case I: After waiting to obtain network access, the controller (re)samples the sensor,
computes the control law and transmits this most recent data. This case is the most
reasonable when transmitting dynamic data. Assuming that the transmission delays are

negligible, and defining z := (zp, @), we have

i = Au, A:lAP BP], (3.7)
0 0
_ I 0
z(sy) = Jx(sy), J:ch 0]. (3.8)

Since the intervals {sip4+1 — sk, K > 0} result from the controller waiting a fixed time T
plus a random amount of time with a measure u4(s), these intervals are independent and

identically distributed according to

ws(T —Ts), if 7> Ty

u([0,7)) = 0. te L) (3.9)

This case is captured by the following simple finite state machine.

Discrete modes. A single discrete mode is required to model this scenario, in which

x flows according to (3.7).

Transitions. The times between transitions equal the network access times, dis-
tributed according to (3.9). When a transition, corresponding to a transmission by
node i is triggered, the discrete mode remains unchanged and x is updated according
to (3.8).

Case II: After waiting to obtain access to the network, the controller transmits the
data collected at the time it initially tried to transmit data. This case is more realistic

than Case I since the controller typically sends the sensor data to the network adapter and
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does not have the option to update this data at the transmission times. Let rp = sp + Tk,
x := (zp,l,v) where v(t) := uy,t € [ry,rs+1) is a variable that holds the last computed

control value. We model this case by a finite state machine specified as follows
Discrete modes. Two modes are required to model this case.

— Mode 1- The controller waits for a fixed time Ty;
— Mode 2- The controller waits a random time to gain access to the network.
Transitions. When in mode 1 the system transits to mode 2 at times r,. The
corresponding state jump models the update of the variable v(r,) = w, that holds
the last computed control value and is described by
I
x(ry) =Jigz(ry), Jii=1|0

S ~ O
o o O

K¢

When in mode 2 the SHS transits to mode 1 at actuation update times s,. The state

jump models the actuation update @(s,) = v(s,, ) and is described by

.%'(S,.g) = ngl.%'(s,;), J271 =

S O M~
o o O
~N N O

The times spent in each mode can be modeled by reset-time measures given by

— Time spent in the discrete mode 1 follows a distribution py (1) = 6(7 — Ty),
where 0(7 —Ty) is the dirac measure, i.e., a discrete measure that places all mass

w; = 1 at time T%.

— Time spent in the discrete mode 2 follows a distribution g 1(7) = ps(7).

In both discrete modes, the continuous-time dynamics are described by & = A;x,
ie{l,2}, Aj = Ay = A where

Ap Bp 0
A=10 0 0
0 0 0

3.1.3 Other Networked Control Features

In the networked control scenarios that we have presented so far, we can see a trend when
modeling networked control systems using an emulation approach. The model includes dif-

ferential equations modeling plant and controller dynamics, and reset maps are introduced
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to model resets of auxiliary modeling variables. For brevity, in the next networked control
scenarios we address only how these auxiliary variables are reset. The full model for these
networked control scenarios can be obtained by combining these ideas with the frameworks

presented in Section 2.1, and Subsections 3.1 and 3.1.2.

3.1.3.1 Packet Drops

Consider, for simplicity a single renewal link and a single node transmitting over the
network, which to fix ideas is considered to be the controller transmitting to the plant.
The associated error variables are e(t) = u(t) — u(t), where wu(t) is the actual value of
the actuation and a(t) is the perceived value of u(t) by the plant, which is typically the
last transmitted value, since this value is typically held constant at the plants’ input. At
transmission times {t;, k > 0} at which the actuation is successfully transmitted over the
network, the error variables are set to zero e(t) = 0.

We consider two models for packet drops. In a first approximation we may assume
that packet drops are statistically independent and that at each transmission times they
occur with the same probability pgrop. This can be modeled by the following finite state

machine.

Discrete modes. A single discrete mode is required to model independent and

identically distributed packet drops.

Transitions. There are two possible transitions each time a transmission occurs. A
transition may correspond to a successful transmission in which case the auxiliary
variables are updated, i.e., e(tx) = 0, or it may correspond to a packet drop in which
case the auxiliary variables remain unchanged e(ty) = e(t,). The times between
transitions equal the network access times. When a transition corresponding to a

transmission occurs, the discrete mode remains unchanged.

To take into account possible correlation between packet drops we can model packet
drops occurences by a Markov chain. This is more appropriate when errors are likely to

occur in bursts. A simple model to achieve this is the following.

Discrete modes. Two modes are required with the following meaning

— Mode 1. The last packet was successfully transmitted.

— Mode 2. The last packet was dropped.

Transitions. There are two possible transitions each time a transmission occurs for

each of the two modes and this may me modeled by a Markov chain

Prob[s<k+1>=z'|5<k>=j]=[Pijhgi,jgz=[ e ]

1—p1 1-p2
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where £(k) € {1,2} denotes the mode of the finite state machine and k indexes trans-
missions. If in mode 1, when a successful transmission occurs the discrete mode
remains 1 and the auxiliary variables are updated, i.e., e(tx) = 0, and when a trans-
mission is dropped the discrete mode is reset to 2 and the auxiliary variables remain
unchanged e(ty) = e(t; ). Typically, when the last packet was successfully transmit-
ted, one associates a high probability of a successful transmission occurring next, i.e.,
p1 is typically close to one. If in mode 2, when a successful transmission occurs the
discrete mode is reset to 2 and the auxiliary variables are updated, i.e., e(tx) = 0.,
and when a transmission is dropped the discrete mode is reset to 2 and the the aux-
iliary variables remain unchanged e(t;) = e(t; ). Typically, when the last packet was
dropped, one associates a high probability of a packet drop occurring next, since er-
rors are likely to occur in bursts, i.e., po is typically close to zero. The times between

transitions equal the network access times.

3.1.3.2 Nodes Independently Accessing the Same Network

Consider a networked control system in which a remote controller communicates with a
plant through a single shared communication network. Instead of assuming that plant
and controller implement a high-level protocol as a round-robin protocol introduced in
Subsection (3.1.1), suppose that plant and controller operate independently. Therefore
they compete for the network in general with other network users. We assume that a
carrier sense multiple access protocol for medium access is fair, in the sense that the
probabilities of the plant transmitting to the controller and of the controller transmitting
to the plant are the same. The associated auxiliary error variables are e, (t) = 4(t) — u(t),
where u(t) is the actual value of the actuation and u(t) is the perceived value of u(t) by
the plant, and ey(t) = 9(t) — y(t), where y(t) is the actual value of the measurements
and 4(t) is the perceived value of y(t) by the controller. Transmission times are denoted
by {tx,k > 0} and the error variables are set to zero e,(tr) = 0, ey(tx) = ey(t; ) if the
controller gains the access to the network at ¢ and e, (tr) = 0, ey (t) = ey(t; ) if the plant
gains the access to the network at ;. We can model this scenario by a finite state machine

with stochastic transitions.

Discrete modes. A single discrete mode is required to model the case where plant

and controller aim independently to transmit over the same network.

Transitions. There are two possible transitions each time a transmission occurs at
tr. and both have the same probabilities of occurring. Whether the plant gain access
to the controller and transmits to the plant, in which case e, (tx) = 0, ey(tr) = ey (t; ),

or the controller gains access to the network and transmits to the plant, in which
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case ey(ty) = 0, ey(tx) = ey(t; ). The times between transitions equal the network

access times.

3.1.3.3 Several Renewal Networks

Consider now a networked control system in which a remote controller communicates with a
plant through two communication links; e.g., the actuation data is sent from the controller
to the plant through a shared wired network and the sensor data is sent from the plant to
the controller through a shared wireless network. The key point here is that these networks
have in general access times with different distributions. Let e,, e, and t; have the same
meaning as in Subsection 3.1.3.2. If we assume that controller implement a (high-level)
protocol with the plant, upon which they decide to transmit in a round-robin fashion, we

can model this scenario by the following finite state machine.

Discrete modes. Two modes are required with the following meaning.

— -Mode 1. The plant has the transmission token.

— -Mode 2. The controller has the transmission token.

Transitions. When in mode 1, a transition occurs to mode 2. The time spent in
mode 1 corresponds to the time the plant takes to access the network from which it
transmits to the controller. When in mode 2, a transition occurs to mode 1. The time
spent in mode 2 corresponds to the time the controller takes to access the network
from which it transmits to the plant, which is generally differently distributed from

the access times of the network from which the plant transmits to the controller.

We can generalize these ideas to the case where several sensors and actuators transmit
through different, possibly many, networks. We shall consider the case where controller
and plant transmit independently and asynchronously in Chapter 4, in which case it does

not appear to be possible to capture this scenario by a finite state machine.

3.2 Stochastic Hybrid Systems with Renewal Transitions
A SHS with renewal transitions, is defined by (i) a linear differential equation
.%'(t) = Aq(t)x(t), .%'(0) = 2o, q(O) = qo, t() = 0, (3.10)

where z(t) € R" and ¢(t) € Q := {1,...,n4}; (ii) a family of n, discrete transition/reset

maps
(a(ta), #(01)) = Eealti), Ty 200D, L€ L= {1 om}, (311)
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where &y is amap & : Q — Q and the matrix Jq(t;),z belongs to a given set {JM eRW™N ¢

Q,¢ € L}; and (iii) a family of reset-time measures
i e, 1€ 0, LeL. (3.12)

Between transition times t;, the discrete mode ¢ remains constant whereas the continuous
state = flows according to (3.10). At transition times, the continuous state and discrete
mode of the SHS are reset according to (3.11). The intervals between transition times are
independent random variables determined by the reset-time measures (3.12) as follows. A
reset-time measure can be either a probability measure or identically zero. In the former
case, ji;¢ is the probability measure of the random time that transition ¢ € L takes to
trigger in the state ¢(t) = ¢ € Q. The next transition time is determined by the minimum
of the triggering times of the transitions associated with state ¢(t) = i € Q. When
i e([0,8)) = 0,0, the transition ¢ does not trigger in the state ¢ € Q, which allows for
some reset maps not to be active in some states.

We assume that a transition probability measure p;, can be decomposed as p;, =
Wie+ ,ugl’g, with pf,([0,%)) = f(f fie(s)ds, for some density function f;,(s) > 0, and ng
is a discrete measure that captures possible point masses {b;e > 0,7 > 1} such that

Mze({b;e}) = wy ;. The integral with respect to the measure y; is defined as

/0 "W (s)pa(ds) /0 W (s) fa(s)ds + ST Wl WD) (3.13)

r:b; ,€[0,1]

When the discrete measures ,ugl , are different from the zero measure, different transitions
may trigger at the same time with probability different from zero, leading to an ambiguity
in choosing the next state. Thus, to guarantee that with probability one this does not

occur, we assume the following.
Assumptions 17.

(i) For every i € Q, the reset-time measures y; ¢, £ € £ for mode ¢ have a finite number

of point masses;

(ii) For every ¢ € Q, no two measures for mode i have common point masses, i.e., bg L7
i, for by #lolh € L, 1 € L, Vj>1,5>15
The construction of a sample path of the SHS with renewal transitions can be described
as follows.
1. Set k=0, to =0, (q(tk), z(tk)) = (g0, 7o)

2. For every j € L, obtain B{; as a realization of a random variable distributed according

0 fg(ty),5» i Hg(ty),; 18 not identically zero, and set h? = 0o otherwise.

58



3.2 Stochastic Hybrid Systems with Renewal Transitions

3. Take
hi = min{hl,j € £} (3.14)

and set the next transition time to ¢; = tx + hi. The state of the SHS in the
interval t € [t,tr+1) is given by

(q(t), 2(£)) = (q(ty), e et ) (1)).

4. In the case where t;41 < 00, let I, denote the index of the transition that achieves
the minimum in step 3, ie., I = 7 : hy = Bi and update the state according to
(@) 2(tr1)) = (G (a(tip))s Iy, )2, 2 (Eir))- Set k = k + 1 and repeat the
construction from the step 2.

Due to the Assumption 17.(ii), there is zero probability that the minimum in step 3 is

achieved by two or more indexes j.

3.2.1 Generalizations

Stochastic Hybrid Systems with renewal transitions are a special case of the stochastic
hybrid systems model presented in [45]. Two of the three generalizations discussed in [45]
still apply to SHS with renewal transitions. We cannot model the case where discrete
transitions are triggered by deterministic conditions on the state, e.g., guards being crossed,
but we can generalize SHS with renewal transitions to the case where the dynamics are
driven by a Wiener process and the next state is chosen according to a given distribution,
where the last generalization further requiring the transition distributions to be absolutely
continuous. This latter generalization is especially useful to model the networked control
scenarios described in Sections 3.1.3.1 and 3.1.3.2, and therefore it is described next with
more detail.

Consider a dynamic system, which flows according to
z(t) = Ajz(t), (3.15)

between transition times {ty, k > 0} at which the state is updated according to

z(ty) = Jopz(ty ), (3.16)
where {0y, k > 0} are i.i.d. random variables with Prob[o}, = 1] = p and Prob[oy, = 2] =
1 — p. The intervals between transmissions {ty11 — tx, k > 0} are i.i.d. and are described
by a probability density function f, i.e., Probla < ¢4 —tp < b] = f; f(s)ds, for b > a > 0.
An alternative characterization to f is given in terms of the survivor function of f, defined

as

Sta)i= [ f(s)ds,
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or in terms of the hazard rate of f, defined as

f(z)
S(x)

One can confirm that this system indeed allows to model the scenarios described in Sec-

Ahaz () 1=

(3.17)

tions 3.1.3.1 and 3.1.3.2, where the state transitions are stochastic whether due to packet
drops or due to the uncertainty on which node gains access to the network.
The system (3.18), (3.18) can be modeled by a SHS with a single discrete mode, the

following dynamic equations associated with this discrete mode
z(t) = Ajz(t) (3.18)

and two reset maps x(ty) = Ji1(t, ), where Jy; = Ji, and z(ty) = Ji2x(t) ), where
Jig = Jo. The transition distributions associated with these two reset maps are set to
p11([0,2]) =[5 fi(ds) and p1,1([0,2])) = [y f2(ds), where fi(s) and fa(s) are probability
density functions, completely characterized by the respective hazard rates Apaz1(x) and
Ahaz,2(2), defined as in (3.17). If we let f; and fo be uniquely characterized by Apaz1(x) =
PAhaz () and Apaz2(z) = (1 — p)Apaz(x), then standard computation can show that the
intervals between transitions, determined by (3.14), follow the distribution f and when
these transitions are triggered the exists a probability p of transition 1 being triggered and
a probability 1 — p of transition 2 being triggered.

Besides, the generalization just mentioned, exogenous inputs described by linear sys-
tems can be easily incorporated in both dynamic equations and reset maps of the SHS. For
example, if the dynamic equations for a given mode i are described by @4(t) = D;xzs(t) +
Bjr(t), where the exogenous input r(t) is described by z,(t) = A,z (t), r(t) = Crx,(t), for
some initial condition z,(0), then we can consider z = (zsx,), and write these dynamic

equations in the standard form (3.10), where

4 [P0 BOT
0 A

3.3 Main Results

Consider a general m—th degree uncentered moment of the state of the SHS with renewal

transitions, i.e.,

Elzy(t)"2o(t)2 ... 2, ()], zn:z‘j =m, i; > 0. (3.19)
j=1

We provide a method to compute (3.19) in subsection 3.3.1, we obtain the Lyapunov expo-
nents of special moments of the SHS in Subsection 3.3.2, and we discuss how by computing
the moments one can reconstruct probability density functions in Subsection 3.3.3. The

proofs of the main results are deferred to Subsection 3.5.
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3.3.1 Moment Computation

It is easy to see that there are
(m+n-—1)!
m!(n —1)!

different monomials of degree m, and hence p different moments (3.19) of degree m. Let

{p(r) = [i1(K), .. in(K)],1 < & < p} (3.21)

pi= (3.20)

be an enumeration of the indexes 4 ...,%, uniquely characterizing such monomials, e.g.,
for m = n = 2, one such enumeration is p(1) = [1 1], p(2) =[2 0], p(3) = [0 2]. Then, we

use the notation,
o= 2t i for kit p(k) = [in,. .. in), 1<k <p,
and define the map I'"" : R™*" — RP*P ag
I'"(A) = B, (3.22)

where B = [Bjj] is uniquely determined by
}:wa 1 <id,5<p. (3.23)

The following theorem provides a method to compute any moment of the state of the SHS.
Let

m! =
Vi 1= IR for k: p(k) = [i1,...,in Z (3.24)

denote by e; the canonical vector, i.e., the component j of e; equals 1 if j = ¢ and 0

otherwise, and define the following operator

O (uk(t)) := (O™ (u" (1)), ..., 0™ (u"(1))),

where u”(t) := (u™1(t),...,u™"(t)) and each O™ is a convolution operator defined by
Q™ (u(t)) ==
. | (3.25)
Fm S T ,5@(@) t — TZ(S) o(d
53/“ TS0 1 = 5) T (),

where i € Q, ri(s) :=II;2 7 o(s), 5.0(8) :== pie((s,00]).

Theorem 18. A moment of degree m (3.19) of the SHS (3.10)- (3.12), indexed by & :

p(k) = [i1...1,], can be computed as

Efe(0)] = 3 el 1), (3.26)

=1

61
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where u® = (u™!,... u®") is uniquely determined by the Volterra equation
t
ur () = / O™ (ur (1)) + h¥(t), t >0, (3.27)
0
where h*(t):= (h5L(t), ..., A" (),

RY(E) =T (e41t)e, ”—(t), ie Q.

K

U
An explicit solution to (3.27) takes the form
ut(t) => 15 (5 (1)) (3.28)
k=0

where Igm (R (t)) = [¢ ©™(h"(s))ds and I,.(h"(t)) denotes composition, i.e., e.g.,
Lm (R5(1)) = Tom (Ieom (h"(t))).

However, in practice a numerical method is used solve the Volterra equation (3.27). One
such numerical method consists in choosing a set of integration nodes {a; € [0, ]}, and ob-
taining u”(a;) by iteratively replacing the integrals in (3.27) by quadrature formulas at the
nodes {a; : aj € [0,4]}. Note that in this procedure, we only need to compute T (e % JJE)
and I (e41% ), where I'"™ is specified by (3.23), and this can be done numerically efficiently
by symbolically manipulating monomials.

In [66, Ch. 2], it is shown that the moments of a Markov Jump linear systems, which
can be seen as a special case of a SHS with renewal transitions for which the duration
of the times the system stays in each discrete mode are exponentially distributed, can be
obtained by solving a linear differential equation. Theorem 18 shows that in the general
case where these times can be arbitrarily distributed, one can still compute the moments
by solving a Volterra equation instead of a differential equation.

A similar result to Theorem 18 was given in [AHS10b]. However, there exists redun-
dancy both in the state of the Volterra equation proposed in [AHS10b] and in the state of
the differential equation proposed in [66], that is eliminated by Theorem 18. This has a
great impact on the achievable moments that one can compute. In fact, given a SHS with
dimension n in [AHS10b] one needs to solve a Volterra equation with n, x n™ unknown
variables, to obtain a moment of degree m. This is also the number of unknown variables
in the linear differential equation presented in [66]. The Volterra equation (3.27) has only

(m+”_(17):'1'5lx(m+1) unknowns, i.e., the number of variables in (3.27) grows

Ng X p = ng X

polynomially with m, instead of exponentially.
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3.3.2 Lyapunov Exponents

The following definition of Lyapunov exponent of a positive polynomial of degree m is

adapted from [66, p. 41]!. Recall the definition of L, norm of a vector x(t)
lz () =D lwa(t)I-
i=1

Definition 19. Suppose that E[||z(t)||/:] # 0,Vt>o and that for every z¢ # 0 the following
limit exists

m : 1 m
N (o) = Jim < log E[l2()]32] (3.29)

Then the Lyapunov exponent A7* of degree m for the SHS (3.10)- (3.12) is defined as

T = sup AP(xo).
zoER™

Moreover, if p~o:E[||z(t)]|]=0,Vt > b then \}":=—oc0.
U

We assume in the next Theorem that all the distributions p; ¢ have bounded support.
Let

om 1(z) ... e (2)
where
ém (Z) o il:/oo Fm(eATSJT )e—zs N Ti(s) . (dS)
2,J . ] 0 i,0 Xf@(z):j ri,[(s) :U’Z,f )

and yzeca equals 1 if x € A and 0 otherwise.

Theorem 20. Suppose that all the distributions f; ¢ have finite support and let b := inf{a :
©™(a) converges absolutely}. Then, if m is even, the spectral radius r,(0™(a)) of ©™(a)
is a monotone non-increasing function of a for a > b and the Lyapunov exponent for the
SHS (3.10)-(3.12) is given by

(3.30)

— oo otherwise

\ { a €R:rye(0™(a)) = 1, if such a exists
L= .

(]

'The definition in [66, p. 41] does not specify which norm to take for ||2(t)|| (we choose to take || (t)||m)-

Note that we can in fact choose any norm due to the equivalence of norms in finite-dimensional vector spaces.
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As we show next, Theorem 20 allows to establish necessary and sufficient stability
conditions for the SHS with renewal transitions, which is defined in terms of a sum of
second moments. We say the SHS with renewal transitions is mean exponentially stable if

there exists constants ¢ > 0 and « > 0 such that for every (zg, qo),
E[z(t)Tz(t)] < ce”*alzo, Vis0,

Corollary 21. Suppose that all the distributions p; » have bounded support. Then the SHS

with renewal transitions is mean exponentially stable if and only if
rs(0%(0)) < 1. (3.31)
O

Using the results in Chapter (2), once can show that mean exponential stability can
also be tested by asserting the feasibility of a set of linear matrix inequalities and by a test

in terms of the Nyquist Criterion.

3.3.3 Probability Density Function

Let p be the probability density function of the state of the SHS at time ¢, i.e., [ pu(ds) ==
Prob[z(t) € E C R™]. In this subsection we address the problem of obtaining information
on p, based on its moments (3.19). It is well known that in the case where all the moments
are known, the measure p can be uniquely determined [54], while in the case where only
a finite number of moments are known, this reconstruction is naturally not unique. In
this latter case, an elegant procedure to obtain an explicit expression for an approximating
distribution to p, is the following (cf. [54]). Assume, for simplicity, that p has bounded
support, which without loss of generality (by proper scaling) can be assumed to be con-
tained in the interval D := [0,1]" = [0,1] x --- x [0, 1] (see [54] for the case of unbounded
support). Given a continuous function f : D +— R define the higher dimensional Bernstein

polynomials as:

B.(f)@)= ) f( )m()

k:0<k;<r; n
where r = (rq,...,7y,) is a vector of integers, and P, (x) := II}_, (;’Z)xfl(l ) L (T
shown in [54] that B,(f)(z) converges uniformly to f(z) as r; — 00, Vi<i<n. Thus, if we
let 1., := [ Pr(z)p(ds), we have that
> f G n)rk (3.32)
0<k;<r; n
is an approximation to E[f(z)] = [ f(s)u(ds) that converges to E[f(z)] as 1, — 00, Vi<r,<n,
and it is shown in [54] that a measure pu, defined by

Z Irk6 7_])

0<k;<r;
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is a discrete measure approximating p in the sense that [, f(s)ur(ds) — [p f(s)p(ds), for
every continuous function f : D — R, as r; — 00, Vi<i<p,where §(x) denotes the Dirac
measure located on x.

It is important to mention that the problem of recovering a probability density function
from its moments is regarded as a numerically ill-conditioned problem, meaning that small
errors in the knowledge of the moments can produce large errors in the approximation
for the probability density function. In the procedure just described, one can see that
I,.,, may have large errors for small error in the knowledge of the moments because of
the large coefficients that arise from writing P, ,(x) as a sum of monomials. Thus, it is
especially important to have a computationally efficient method to compute the moments,
as provided by Theorem 18, so that one can obtain a good numerical precision in this
procedure of obtaining an approximating distribution.

One way to interpret the procedure just described is that each integral I,.,, approximates
kr

’T'n

the probability that z lies in a small neighborhood of (%, ..., =), Instead of obtaining an
approximation one can use similar ideas to obtain an upper bound on the probability that
x belongs to a given region. That is, suppose, for example, that we wish to determine a
bound on the probability that a random variable y = g(z) is greater than a given value.
Assume that y takes values in a compact set, which, without loss of generality, is assumed
to be [0,1]. Then we can choose a polinomial p, : [0,1] — Rxq such that p,(z) > X[a,1),

a < 1, and obtain the following bound

Probly > a] < E[pn(z)] (3.33)
where the right-hand side of (3.33) can be computed using Theorem 18. Note that when
pn(z) = 7 and p,(z) = 2—;, (3.33) correspond to the Markov and Chebychev inequalities,
respectively.

Alternative approaches to estimate the probability density function of the state of the
SHS include those based on the Focker-Plank equation and Dynkin’s formula. The Focker-
Plank equation to the SHS with renewal transitions can be obtained by specializing the
expressions provided in [45], [41, Sec. 5.3], to this class of systems, and can be shown to
be a integro-partial differential equation. Besides the numerical difficulty and computation
burden associated with solving this equation, the derivation of these Focker-Plank equations
requires the map Jz to be invertible. The approach based on the Dynkin’s formula can be
found in [25, Ch.3, Sec. 32.2] where a numerical method is provided to compute the expected
value of a given function E[f(z)], and a fortiori estimating the probability density function
from the relation E[xg(z)] = Prob[z € E]. Note that the approximation (3.32), which
can be obtained with the methods derived in the present chapter, provides an alternative
to the method in [25, Ch.3, Sec. 32.2] to approximate the expected value of continuous

functions of the state. Although we omit the derivations here, it is possible to prove
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that when specialized to SHSs with renewal transitions and to the case where f is a
monomial, the recursive method provided in [25, Ch.3, Sec. 32.2] is equivalent to providing

an approximation to (3.26) at each iteration ¢ of the recursive algorithm, taking the form,

p
> gl ), (3.34)
=1

with .
V() = IEm (b5 (). (3.35)
k=0

This last equation converges to (3.28), and hence (3.34) converges to (3.26), but this it is
clearly an inefficient method to obtain the solution to the Volterra equation (3.27), when
compared to the method described in Subsection 3.3.1 (cf. [64]). Thus, by exploiting linear-
ity and the special structure of the SHS with renewal transitions, our approach provides
an insight that allows to compute moments more efficiently, than when seeing the SHS
with renewal transitions as a piecewise deterministic process and specializing the approach
proposed in [25, Ch.3, Sec. 32.2].

3.4 Numerical Examples

3.4.1 Round-robin protocols and packet drops - Batch Reactor

We consider here a numerical example of the round-robin scenario, considered in Subsec-
tion 3.1.1. This example considers a linearized model of an open loop unstable batch

reactor, described by (3.1), where

1.38 —-0.2077  6.715 —5.676
—0.5814  —4.29 0 0.675

Ap = :
1.067  4.273 —6.654 5.893
0.048 4273  1.343 —2.104
(3.36)
0 0
5679 0 101 -1
Bp: s P = .
1.136 —3.146 010 0
1.136 0

We assume that only the outputs are sent through the network, using a round-robin
protocol. The system is controller by a PI controller, described by (3.2), where

0 0 0 1 —2 0 0 —2
Ao = ,Bc = ,Co = D¢ = . 3.37

This example appeared in [44]. To compare our results with the ones in [44] we consider

uniformly and exponentially (1([0,2)) = 1 — exp(—Aexpz)) distributed time intervals hy,.
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This scenario can be modeled by a stochastic hybrid system with two discrete modes
nq = 2, and using the description given in Subsection 3.1.1, where transitions are defined
in an obvious way. The results are summarized in Table 3.1, where one can see that
our stability conditions eliminate the conservativeness of the stability conditions provided
in [44].

Table 3.1: Stability conditions for the Batch Reactor Example

Nec. & Suf. Cond. | Results taken from [44]
no drops | p =0.5 | no drops p=0.5

Maximum support 7
0.112 0.0385 0.0517 0.0199
of Uniform Distribution

Max. expected value 1/Xexp
0.0417 0.0188 0.0217 0.00924

of Exponential Distribution

3.4.2 Delays - Inverted Pendulum

We consider here a numerical example for the scenario considered in Subsection 3.1.2
where we illustrate the applicability of the results we present for stochastic hybrid systems.
Suppose that the plant (3.6) is described by

0 1 0
Ap = . Bp=|_|,

which by properly scaling the state and input can be viewed as a linearized model of a damp-
free inverted pendulum. Moreover, suppose that the measure g is uniform with support
on the interval [0,7], and fix Ts = 0.1s. A continuous-time state feedback controller is
synthesized using LQR and is given by 4(t) = Kox(t), Ko = — [1 +v2 1+ \/5} , which
is the solution to the problem mingy [o° [z p(t)Txp(t)+a(t)?]dt, yielding \i(Ap+BpKc) =
{—1,—+/2}. We wish to investigate the stability and performance of the closed-loop when
instead of the ideal networked-free case we consider the scenarios of Cases I and II. To this

effect we define the quantity
e(t) = xp(t)Txp(t) + a(t)?,

which can be written as e(t) = 2TPz, where in the network-free case P = I, + KL K¢,
and x = xp; in case I, P = I3 and * = (zp,u); and in case II, P = diag(/2,1,0), and
x = (zp,U,v). Note that, in the network-free case, e(t) is the quantity whose integral is
minimized by LQR control synthesis and e(t) decreases exponentially fast at a rate o = 2,
since the dominant closed-loop eigenvalue equals \;(Ap + BpK¢) = —1. Note also that in
cases I and II, Ele(t)] converging to zero is equivalent to MSS, which is equivalent to SS and

MES since the reset-time measures have finite support (7 and 7, are finite). Corollary 21
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can be used to determine whether or not the closed-loop in cases I and II is MSS. Moreover,
when the closed-loop is MSS, we can determine the exponential decay constant of E[e(t)]
from the Theorem 20. The results are summarized in Table 3.2, for different values of the

support 7 of the uniform measure ps of the back-off time.

Table 3.2: Exponential decay rates E[e(t)] < ce™**

0.4 0.6 0.8 1.0 1.2 > 1.211
a | 2.000 | 2.000 | 1.969 | 0.477 | 7.63 x 107° | NOT MSS

(a) Case 1

T 0.1 0.2 0.3 0.4 0.5 > 0.521
2.000 | 2.000 | 2.000 | 0.849 | 0.118 | NOT MSS

(b) Case 11

The fact that closed-loop stability in preserved for larger values of 7 in Case I, con-
firms what one would expect intuitively, i.e, Case I is more appropriate when transmitting
dynamic data, since the most recent sampling information is sent through the network.

Using the state moment expressions provided by Theorems 18, we can perform a more
detailed analysis by plotting the moments of e(t), which can be expressed in terms of the

moments of the state. For example, the two first moments take the form

Ele(t)] = E[e(t)T Pa(t)] = E[(x() )] (P),
Ele(t)]=E[(¢(t)T P2(t))?] = E[(z())®)(v(P) ® v(P)).

In Figure 3.1, we plot E[e(t)] and E[e(t)] £ 2E[(e(t) — E[e(t)])?]"/? for a network measure
support 7 = 0.4. Note that, from the Chebyshev inequality, we conclude that

Problle(t) — Ele(t)]] > a(t)] < Z1e® — El@D]

and therefore one can guarantee that for a fixed ¢, e(t) lies between the curves Ele(t)] +
a(t), a(t) = 2E[(e(t) — Ele(t)])?]"/? with a probability greater than 2. The numerical
method used to compute the solution of the Volterra-equation is based on a trapezoidal
integration method. In case I, the expected value of the quadratic state function e(t) tends
to zero much faster, and with a much smaller variance than in case II , confirming once

again that case I is more appropriate when transmitting dynamic data.

3.5 Proofs

We start by establishing some preliminary facts.
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—— Ele)]
= =~ Ele®l+2E[(e()-Ele)]"
— — max(Ele(V]-2El(e()-Ele()*]">0)

(a) Case I (b) Case IT

Figure 3.1: Plot of Ele(t)], where e(t) is quadratically state dependent. For a fixed ¢, Ele(t)]
lies between the dashed curves with probability > %.

First, let A m > 0, denote the m-th fold Kronecker product of a matrix or a vector
A with itself, i.e.,
Alm) =AQA---® A,
—_————

and recall that
(A® B)(C @ D) = (AC) ® (BD) (3.38)
(cf. [46]). Using (3.38), we can write (3.19) as
Elz1(£) 2o(t)2 . .. 2 (t)™] = E[(x()T) ™ ey, (3.39)
where
e = e @ @eln) for p(k) = [i1, ..., in]- (3.40)

Second, let 7T(m,n) be the set of symmetric tensors, i.e., multilinear functions R on
the m-fold R™ x --- x ... R"™ (cf. [85, Ch. 4]) such that

R(-Tla Zo, ... azﬂm) = R(xa(l)’xa(2)’ s axa(m))

for every o : {1,2,...,m} — {1,2,...,m}, which is an one-to-one function, i.e., defines a
permutation of indexes. We note that there is a natural identification between monomials
of degree m in R™ and T (m,n). In fact, to every m—degree monomial zlsl = xlf x? co.ming
indexed by k, as in (3.21), we can associate an element b" of the following orthogonal basis

of symmetric tensors

b= (el)@(l)®... @] ), 1<k<p (3.41)
J€Tx

where j belongs a set of v, permutations of indexes defined as follows

T ={j = (G1s-- - jm) : 27272 277 = 2l Vocpn} (3.42)
where k : p(k) = [i1,...,in]. Then one can obtain that
(&)™) Tex = (2(t)™)Td, (3.43)
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where d,; := (b;)T. and we can write z(t)™ in terms of the dual basis of b*, i.e.,
P
z(t)™ =3 2T (3.44)
k=1

where p is given by (3.20). Let T;(¢) denote the transition matrix of the SHS starting at
the discrete mode g = i, i.e., z(t) = Ty, (t)xo where

T;(t) = eAaw (t=tr) ngo(i)JleAglo(i) Ji,zoeAit’
r =max{k € Z>q : t; <t}, and let
W (t) == E[(T;(t))™d,], i€ Q. (3.45)

We can express (3.19), or equivalently (3.39), in terms of w™i(t), i € Q. In fact, us-
ing (3.38), (3.39), and (3.43) we have that
E[(z(t))™e.] = E[(x(t)T) ™ d,]
= () E[(Ty (1)) ™ ] (3.46)
= ()™ wrn (t).
Third, note that for a matrix A € R™*" the map T4 : RP — RP,y — v = T4 (y) defined
by

p p
37 v, (07)T = AN g (02T, (3.47)
ko=1 ro=1

can be simply described by
v=T"(A)y (3.48)

where I'" is given by (3.22). In fact, if A = [A;] = [(a")T(a®)T ... (@™)7]T, then us-
ing (3.38), the definition (3.42), and (3.44), we have that, for k1 : p(k1) = [i1 @2, ... in),

(Ax)[“ﬂ = (al)(“) ® (a2)(i2) ®...® (a”)(i”)x(m)

- Y viedre.. @an™

Tk JE€Tw,
1 . . R
= — Z ' ®@a?®...@a™ Z (b2 Tl
’Yﬂl jejnl 52:1
P
- Z Bm@x[m}
Ko=1
where )
Blil/ig = ’y_ Z Z AjlilAjziQ ce A]nln (349)
K1

jejml ile»cg

Applying the tensors b1, 1 < k1 < p on both sides of (3.47) one also obtains that the linear

map (3.47) is described by (3.49) in the basis (¥/)7,1 < j < p.
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Proof. (of Theorem 18) We start by showing that
w(t) == (W™ (t),..., w>"(t)), (3.50)

where the w" are defined in (3.45), satisfies a Volterra equation.

Consider an initial condition gy = 4,7 € Q and a given time ¢ and partition the
probability space into the events [t; < t| U [t; > t]. We can further partition [t; < {]
into [t1 < ¢] = UyL, Be(t) U By(t), where By(t) is the event of two transitions triggering
at the same time in the interval [0, ¢], which has probability zero due to Assumption 17,
and By(t) is the event of the transition ¢ being the first to trigger in the interval [0,¢], i.e.,
By(t) = [min{hj,j € L} = h§ = t; < 1] A [i_% > hi, ¢ # j]. Notice that, since the initial
state is qo = 1, l_lé is distributed according to p; j, for a given j € £ for which p; ; is the
zero measure. When transition j does not trigger in state go = 7, the event B;(t) is empty

in which case p; ; is the zero measure. Using this partition we can write
E[(T;()") "™ d.] = E(T(0)T) "™ dixpp, >4

e 3.51
+ BTN ™ X, o) o
(=

where we denote by y.ca the indicator function of a set A, i.e., xzca equals 1 if x € A and
0 otherwise. The first term on the right hand side of (3.51) is given by

E[(T:()T) ™ dixisg] = (€M) ™dy Elxp, ]

T m
= (eAit)( )dnri(t), (3.52)
K\T

b
_ (eA;rt)(m)( ) Tl'(t)
Tk
where we used the fact that E[x(;, ~,] = Prob([t; > t]) = H?ilProb[hé > 1] =12 g () =
ri(t). To obtain an expression for the second term on the right hand side of (3.51), notice

first that for a function of the first jump time G(¢1),
E[G(tl)XBg(t / E X[hJ >s,57#0) |h€ = S]Mi,f(ds)

/G j= IJ#TZJ( 5) i e(ds) /G - Z((i))ﬂi,ﬁ(ds)-

Notice also that T;(t) = Té[(i) (t—t1)(E;(t1)) when the transition £ is first triggered, where
ng(z‘) (t—t1) is the transition matrix of the SHS from ¢; to ¢ starting the process at q; = &(7).

Each of the terms of the summation on the right hand side of (3.51) can then be expressed

E[(T; (t)T)(m)danl( )]
ri(s) (3.53)

= [ BB — )7 )
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where E; 4(s) := J; 4. By construction of the process E[(T&( )(t —5)T)M)] = E[(Te, ) (t—
$)T)] = wree)(t — ). Replacing (3.52) and (3.53) in (3.51) and noticing that gy = i € Q

is arbitrary we obtain that

W) = T (w"(t)) + (eAIt)W)((i:—)T ri(t), ieQ. (3.54)
where e
I ) = 3 [ B w02 2 )
An explicit solution to the set of equations (3.54) takes the form
Z If (AT (T)T ri(t)) (3.55)

where IF, denotes composition, and from (3.55) it is possible to conclude that w"(t)
belongs to the dual vector space of the symmetric tensors for every i € 9, and therefore
can be written as »
W) =Y u () ()T (3.56)
j=1
Replacing (3.56) in (3.54) we get

1

uP ) ()T = (M) ()T —ry(t)
j=1 Yk
= [ ) g ri(T) (3.57)
+;/o welT Z“ ~ )Ty aedn),

1€ Q.

Applying the tensors b%,i € {1,...,n,} in (3.57), and using the fact that the maps (3.47)
and (3.48) are equivalent, we obtain the set of equations (3.27).
]

Proof. (of Theorem 20)

Similarly to (3.39) we can write

ES (2 (0)™] = 3 E[(a()T) el (3.58)

j=1 j=1

Each term of the summation E[(m(t)T)(m)eg-m)] can be obtained from Theorem 18, where
the index & in (3.26), (3.27), (18), should be taken as x;, given by

/ﬁj:p(nj):{j jo... j},lgjgn.
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Due to the linearity of the Volterra equation we can obtain

S Elz()F] = Yl w0 (), (3.59)
j=1 =1

where u™ = (u™!,... u™") is uniquely determined by the Volterra equation

W (t) = /Ot O™ (W™ () + K™ (t), >0, (3.60)

where ™ (t):= (R (1), ..., h™"a (1)),
B () =T (AT S ey, 7"7“) ieo.
j=1

It is then clear that the limit A (20) = limy—oo + log(E[||z(2)[|]) exists for every xg if and
only if the limit
.1 m
A = lim T log(u (1)) (3.61)

exists, and Ay = sup,, Ar(xo) = Ar. Note also that E[[|z(¢)[;:] = 0,Vs,,t > b > 0 if and
only if u™(t) = 0,t > b > 0 in which case both Az and Ay equal —co according to our
definitions.

Consider the sets
U:{T e T(m,n): Tz"™ >0}
and ,
K:{zeRP: inbi euy,

i=1
where b’ is a basis for T (m,n) described by (3.41). The set K is a cone, i.e., K is a closed
convex set such that if y,z € K then aqy + asz € K, for a; > 0, as > 0 and is such
that the set —K := {—y : y € K} intersects K only at the zero vector. Moreover K is a
solid cone, which in finite-dimensional spaces is equivalent to being reproducing, i.e., any
element y € RP can be written as y = y; — y2 where yp,y2 € K (cf. [56, p. 10]). In fact,
let z € K be defined as >-F_; B;b%, where 8; = 6 if i : p(i) = [i ... i] and 3; = 0 otherwise.
Then, from (3.41), z = 52?:1(ej)(j). Given any y € R™, then y = y; —yo, for y1 = 2 +y
and yo = z, which belong to I for sufficiently large §. Likewise one can also prove that
Kra :=Kx--xKCRP xR x--- xRP, y = (y1,...,Yn,) € K" if and only if y; € K,
Vi<i<n, is a solid cone. We prove that the Volterra equation (3.60) has a positive kernel
with respect to the solid cone K™, in the sense of Section 2.5, and therefore we can directly
apply Theorem 13 to conclude that, ro(©™(a)) is non-decreasing and that the root with
largest real part of det(I — ©™(z)) is real and coincide with the unique value a such that
s(©(a)™) = 1. As stated in Theorem 13, the zero a equals Ay, given by (3.61), which in

turn equal the Lyapunov exponent Ay, provided this zero is not a removable singularity of
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3. NETWORK FEATURES MODELED BY FINITE STATE MACHINES

a given complex function. The proof of this latter statement follows similar steps to the
ones provided in Theorem 4 and is therefore omitted.

To prove that the kernel of the Volterra equation (3.60) is a positive operator, we need
to prove (cf. Section 2.5) that if y = (y1,...,¥yn,) € K™ then M(s)y € K", for every s > 0,

where

Mia(s) ... Mign,(s)
M(s) = : .. : )
My, 1(s) .. Mpyn,(s)
and )
ri(s
Zrm AT )X Fria(s)”
Note that if (z1,22,...,2n,) = M(s)y then for a given s, each z;,1 < ¢ < n, can be written

as a sum of terms taking the form Fm(eATSJiT »)y; multiplied by positive scalars. Thus
to prove that z; € K and hence z € K", it suffices to prove that w = I'"(B)y € K for
an arbitrary 1 < j < ng, y € K, and B € R"*". To this effect, using the fact that the
maps (3.47) and (3.48) are equivalent, we have that

P
w w7 = B Y g (b7
i=1 '
belongs to K because >7_; w;(b*) belongs to U since
P P
Z Z 2(m)
i=1
P
Z )(BTz)™ >0

where in the last equality we used the fact that >°7_; v;(b") € U. O

3.6 Further Comments and References

As surveyed in [76], various models of SHSs [47], [38], [25] have been proposed differing on
which of these features randomness come into play. See also [45], [41], [44], [66].

The class of SHS with renewal transitions can be viewed as a special case of the SHS
model in [45], which in turn is a special case of a piecewise deterministic process [25], and
also a special case of a State-Dependent Jump-Diffusion [41, Sec. 5.3]. Stochastic Hybrid
systems with renewal transitions can also be viewed as a generalization of a Markov Jump
Linear System [66], in which the lengths of times that the system stays in each mode
follow an exponential distribution, or as a generalization of an Impulsive Renewal System,

in which there is only one discrete mode and one reset map.
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4

Asynchronous Renewal Networks

In this chapter we consider networked control systems in which sensors, actuators, and
controller transmit through asynchronous communication links, each introducing indepen-
dent and identically distributed intervals between transmissions. We model these scenarios
through impulsive systems with several reset maps triggered by independent renewal pro-
cesses, i.e., the intervals between jumps associated with a given reset map are identically
distributed and independent of the other jump intervals.

We provide stability results for impulsive systems triggered by superposed renewal
processes, from which one can directly infer stability properties for the networked control
systems just described. Our main result establishes that when the dynamic map a and the
reset maps jy are linear, mean exponential stability is equivalent to the spectral radius of an
integral operator being less than one, which can be efficiently tested numerically. To prove
this result, we first derive conditions for mean exponential stability for impulsive systems
with general non-linear dynamic and reset maps. When specialized to linear dynamic
and reset maps, these stability conditions can be expressed in terms of the existence of
a solution to an integro-differential equation, which, in turn, is related to the spectral
radius of an integral operator. For the general nonlinear case, we show that the origin
of the impulsive system is (locally) stable with probability one if the linearization of the
impulsive system about zero equilibrium is mean exponentially stable, which justifies the
importance of studying the linear case.

To illustrate the applicability of our results, we consider the linearized model of a batch-
reactor that we considered in the previous chapter, where we assumed that the sensors
transmit in a round-robin fashion through a single shared link. We can now test mean
exponential stability in the case where the sensors transmit through two asynchronous links
both introducing independent and identically distributed intervals between transmissions.

The remainder of the chapter is organized as follows. The connection between impulsive

systems triggered by superposed renewal processes and networked control systems is given
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4. ASYNCHRONOUS RENEWAL NETWORKS

in Section 4.1. In Section 4.2 we formally defined an impulsive systems triggered by super-
posed renewal processes. In Section 4.3 we state and discuss our main results. An example
is given in Section 4.4. Our main result concerning stability of linear impulsive systems,
is proved in Section 4.5, whereas the proofs of auxiliary results are given in Section 4.6.

Further comments and references are provided in Section 4.7.

4.1 Modeling Networked Control Systems with Impulsive

Systems
Consider a continuous-time plant and a controller described by

Plant: tp = fp(xp,0), y=g(zp) (4.1)
Controller: ¢ = fo(zc,y), u=h(zc,7). (4.2)

The controller is assumed to yield the closed-loop stable when the plant and the controller
are directly connected, i.e., u(t) = u(t), §(t) = y(t). However, sensors, actuators, and con-
troller may be spatially distributed and linked via communication networks, in which case
this ideal assumption is not valid. Suppose that there are 7, sensors, among which, n, are
linked to the controller via n, communication networks, i.e., each sensor transmits through
a different network. Then we can partition y as y = (yp,yp) = (gp(zp), 9p(xp)) = g(xp)
where

Yp = (yla cee ayny)a

comprises the measurement signals y; € R%,1 < i < n, of the n, sensors linked to the
controller via a network, and yp comprises the measurement signals of the sensors whose
connection to the controller is ideal. Therefore, partitioning § as § = (J1,...,¥n,,Jp);
7; € R%, we have yp(t) = §p(t). Likewise, assuming that there are 7, actuators, among
which, n,, communicate to the plant via a communication network, we can partition u as

u= (up,up) = (hp(zc), hp(zc)) = h(zc), where
up = (U1, ..., up,),

comprises the actuation signals u; € R'7,1 < j < n, of the n, actuators linked to the
controller via a network, and up comprises the actuation signals of the actuators whose
connection to the controller is ideal. Also here, partitioning @ as @ = (U1, ..., Un,,Up),
4 € R, we have up(t) = ap(t). Let ny :== ny + n,, and for a given ¢ € {1,...,n,},
let {t{,k > 0} denote the transmission times of the sensor y, and for a given ¢ € {n, +
1,...,ng}, let {t',k > 0} denote the transmission times of the actuator Up_p,. Between

transmission times we assume that ¢; and 4; remain constant

ﬁg(t) = gﬂ(ti)v le [tgvtiJrl)v 1< ¢ < Ny, (4'3)
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and
Wy (t) = Qpn, (te), t € [thrther), 1< €—my <y, (4.4)

while at transmission times we have the following update equations
e(t) = ye(ty), 1< €<y, (4.5)

and
G, (1) = g, (ty ), 1< L —ny < ny. (4.6)

We assume that in each of the n, networks that connect sensors and actuators to the
controller, the intervals between transmissions are independent and identically distributed,
ie., {hf =t} —t;} are independent and identically distributed random variables, and

also independent of the transmission intervals in the remaining networks. Defining,

e = (ey, eu) == (p — yp,Up — up), (4.7)

and using the fact that we can write § = (ey,+gp(zp), g5 (2p)), we can model the networked

control system (4.1)-(4.7) as an impulsive system taking the form

i(t) = a(z(t)), t>0, t#th, z(0) =z,
a(th) = jo(x(ty)), k>1, L€ L:={1,...,n},

where x = (zp,zc,e) is the state;

_ fr(zp, (ew+hp(zc.9), hp(zc,d)))

a(x) ’ (4.8)
fe(ze, (ey +gp(xp),9p(zp)) )
models the plant, controller, and error dynamics; and
je(x) = (wp. w0, jo(er), - . jolen,)), (4.9)

models the transmissions at which the error associated with the transmitting sensor /actuator
is reset to zero, i.e., jo(e;) = 0, if i = £, and jy(e;) = e;, if i # £. The model (4.8) is termed

in the next section an impulsive system triggered by superposed renewal processes.

4.2 Impulsive Systems Triggered by Superposed Renewal

Processes

Impulsive systems triggered by superposed renewal processes are defined as follows

i(t) = a(z(t)), t>0, t#th, z(0) =z,

)
:C(ti) - jg(x(tif))’ k>1, el := {1, . ,ng}, (410)
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where the duration of the intervals {hf; = ti 11— tf;,k > 0} between jumps times
associated with a given reset map j;, are independent and identically distributed and also
independent of the jump intervals {hl,j # ¢,j € £}. In (4.10), the notation x(tif)
indicates the limit from the left of x at the point tf;.

The maps a and jy,£ € L are assumed to be differentiable and globally Lipschitz and
the origin is an equilibrium point, i.e., a(0) = 0 and j,(0) = 0, Vyer. We denote by n
the dimension of the state x € R™. We assume that the intervals between jump times
{n, =t 41— tt, ¢ € L}, are described by a probability density function f(t) > 0, with
finite support in the interval [0,7,], 72 > 0. We assume that the f,(¢) are differentiable!

on (0,7¢) and we denote the survivor function by
Ve
7¢(s) := Prob[hf, > s] = / fe(r)dr,k > 1,5 € [0,7],
S

and the hazard rates by

fe(re)
Me(T¢) i = ———=, 19 € By. 4.11
() = 228 (a.11)
The system (4.10) is initialized at ¢ = 0, where it is subsumed that a time 7, := —t§

has elapsed since the last jump associated with map ¢. In other words, we consider that

for each reset map ¢ € £, the first jump times ¢{, satisfy

ro(Te + 8
Prob([t] > s]) = M,s € 0,7 — 7], (4.12)
re(7e)
which is the probability that the next jump after ¢ = 0 occurs after time s, given that at
t =0 a time 7 has elapsed since the map j was triggered.

We need to define the following auxiliary process
v(t) = (01(F), .- on, (1)), ve(t) ==t —t},,0(0) =T, (4.13)

where k; := max{k > 0 : t{ < t}. The process v(t) keeps track of the time elapsed
since the last jump associated with each of the reset maps, and therefore at time ¢t = 0,
v(0)=7=(71,...,T,) = —(t,...,t3"). Note that v(t) € B, where

B:= By X --- X By,. (4.14)
and By :=[0,v], ¢ € L. We also define
x(t) := (x(t),v(t)), x(0):=x= (zo,7), (4.15)

which, as we shall see, is a Markov process, although, in general, () is not. In fact, (4.15)
can be constructed as a piecewise deterministic process (cf. Theorem 35 in Section 4.6).
We consider the following definition of stability for (4.10).

We assume differentiability on most functions of interest in the chapter to avoid complicating the

proofs of our main results.

78



4.3 Main Results

Definition 22. We say that (4.10) is mean exponentially stable (MES) if there exists

constants ¢ > 0, > 0 such that for any initial condition z(, the following holds
E[z(t)2(t)] < ce”*alzq, Yi>o- (4.16)

O

4.3 Main Results

We start by providing in Subsection 4.3.1 a stability result for (4.10) with general non-
linear dynamic and reset maps. Building upon this result, we are able to establish our
main result, presented in Subsection 4.3.2, which provides necessary and sufficient stability
conditions when the dynamic and reset maps in (4.10) are linear. In Subsection 4.3.3 we

relate the stability of the non-linear impulsive system with that of its linearization.

4.3.1 Non-linear Dynamic and Reset Maps

We start by providing an important auxiliary results, which results from that fact that (4.15)

can be constructed as a piecewise deterministic process (cf. Theorem 35 in Section 4.6).

Theorem 23. If V is a differentiable function, such that

E[{Z V(x(t}) = V(x(t )] < 00, Vnen (4.17)
where ¢ € L, then
E[V (x(t))]=V (x)+E /0 "2V (x(s))ds, Viso, (4.18)
where
AV (x) = 2V (x)+
(4.19)

XaV (%) + D Xe(m) [V ((Ge (@), 7 (7)) = V(x)],
(=1
for x = (x,7) € R" x B, and X,V (x) ::Z?ﬂ%’:)ai(a@).
U

The following result establishes general conditions for (4.10) to be MES, providing
a stochastic analog of a well-known result for deterministic non-linear systems (cf. [53,
Th.4.10]). The proof can be found in the Section 4.6.
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Theorem 24. The system (4.10) is MES if and only if there exists a differentiable positive
function V(x) which equals zero at zero, and positive constants ¢y, ca, 7 such that for every
x = (z,7) € R" x B,

allz|? < V(x) < |z (4.20)
AV (x) < —r|z|? (4.21)
0

4.3.2 Linear Dynamic and Reset Maps
In this subsection, we consider the following linear version of (4.10)

i(t) = Az(t), t>0, t#t,, (0) =z,

. ' (4.22)
x(ty) = Jex(t, ), k>1, L€ L,

where {hf =t{ , —t{,k > 1} and t{) are as described for (4.10).
Define a variable 7 = (7,...,7,,) € B where 7; € B;. Furthermore, let B; =
By x...Bj_1 x Bj;1 X --- X By, and define the two following maps: 7, that removes
the component ¢ from the vector 7, i.e., mp : B — By, To(T) = (T1, o Te—1, Te41, - - 5 Ty )

and ﬂ? that sets the component ¢ of the vector 7 to zero, i.e.,

70 B B,md(1) = (11, ..., T0-1,0, Tp41, . .. s Ty )- (4.23)

Let P, be the Cartesian product space of ny real symmetric matrix functions, each
defined in By, i.e., if P = (Py(1),. .., Py, (%n,)) € Pa, then Py(7)T = Py(#),V#, € By. Sum
and multiplication by scalar in P, are defined in a natural way and we consider the usual
inner product (@, R) = >4, By Qu(7¢)TRy(7¢)d7y for Q, R € P. Then we define the space
P C P, as the space of elements P C P, such that (P, P) < co, which can be shown to be
a Hilbert space. Let £ : P — P be the following integral operator

(Ql,...,QW):£(P1,...,PW) (4.24)
where Qu(me(7)) := R(T(?(T)),
R(7) :=
7o(7,5) fo(me + 5)

[ AT Py (p(T) + 5 eAs
D (e Pl st e S

ds,
(4.25)

Po(r,8) = T0L) o yri(Ty + 8), 7o(7) o= T0L, S yri(7y), 7 o= min{y, — 7¢,¢ € L} and 1,1
is a vector with ny — 1 components set to one.
For example for ny = 1, (4.24), (4.25) take the form

Ql = /O’Yl(JleAs)TpljleAsfl(s)dS, (4.26)
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where P; and ()1 are symmetric matrices, and in this special case P is a finite dimensional
space since its elements are matrices and not matrix-valued functions. For n, = 2, we have
n As\T As TQ(TQ + S)
Ql(Tg) = (J1€ ) Pl(T2+S)J1€ 7]’11(8)(18

0 r2(72)
fa(m2 +5)

T2 (Tg)
T2 € [Oa ’}/2]a

ri(m +s) S\ds
T fa(s)d

72 As\T s GAST' Sf1(7_1+5)
+ [Cery R net @ I

Y1
+/ (J2e)T Py(s) Jae*r(s) ds,
0
% (4.27)
Q2(T1) =/ (JoeA)T Py(1y + 5)Joe®
0

ds.

1 € [0,m],
where 7, = min(y1,72 — 72), and ¥ = min(y1 — 71,72).

Since £ operates in a real space P, to define its spectral radius we consider the com-
plexification of P (cf. [56, p. 77]), i.e., the space P := {Q = P+ iR : P,R € P}. For
Q = P +iR € P, one defines £(Q) := £(P) 4+ i£(R). The spectral radius is defined as
follows:

ro(£) := max{|\| : A € o(£)}, (4.28)

where o(£) := {\ : £ — M is not invertible in P} denotes the spectrum and | the identity.
Note that, defining P as a real space, and defining the spectral radius of £ acting on P as
in (4.28) is generally different from considering P to be a complex space, where the matrix
components P of P = (P,...,P,,) € P are self-adjoint matrices, and defining the spectral
radius of £ as usual. We shall use the first construction since this will allow us to readily
use the results for positive operators given in [56] to prove our results in Section 4.5.

The following is the main result of the chapter.
Theorem 25. The system (4.22) is MES if and only if r,(£) < 1.
U

The theorem is proved in Section 4.5. We discuss next how one can numerical compute
r+(£), and some special cases of the impulsive system, for which one can provide alternative

stability conditions to Theorem (25).

Computation of the Spectral Radius of £

One can show that £ is a compact operator (using, e.g., [14, p. 165, Th. 4.1]) and therefore
its spectrum consists either of a finite set of eigenvalues \ : £P = AP for some P € P or
a countable set of eigenvalues with no accumulation point other than zero (cf., e.g., [14,
p. 117, Th. 2.34]). For simplicity, consider first the case ny = 2, where £ is described
by (4.27). A numerical method to compute 7,(£) is the following. Take a grid of points in
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the interval 71; € [0,m], 1 < j < ng, and 725 € [0,72], 1 < j < ngy and consider the map
obtained by replacing P(71), P(72) in (4.27) by interpolating piecewise polynomials at the
points {P1(7Tor), P2(T1x)}, and evaluating the integrals (4.27) at the grid points to obtain
{Q1(T2r), Q2(T1x) }. This yields a finite rank operator, from the chosen space of piecewise
polynomials in P, to itself, and assuming ng, = ng, = ng, its matrix representation has
dimension 2n2n(n + 1)/2, since P;, Q;,i € {2} are symmetric. Denote by Ly, the finite
rank operator obtained. The method just described is known as the collocation method, a
special case of the projection method (cf. [14, p. 177]), and one can conclude from the results
in [14] that r,(Ly,) = 7+ (£) as ng — oo, for typical piecewise polynomial approximations,
such as the trapezoidal approximation.! For general ng, this method involves computing
the spectral radius of a n);*nyn(n + 1)/2 matrix, which means that computing r,(£) may

require significant computational effort when the number of reset maps is large.

Special Cases

A first special case is when there is only one reset map, i.e., ny, = 1. In this case P is
simply the finite dimensional space of symmetric matrices and L is the linear map P; — Q1
between two finite dimensional space defined in (4.26). In this case 7,(£) < 1 reduces to
testing if the spectral radius of a matrix is less than one. This condition can be shown
to be equivalent to the stability condition given in [AHS11d], where the case ny, = 1 is
analyzed using a different approach, based on Volterra equations, which does not appear
to generalize to the problem considered in this chapter.

A second special case is when the maps A, Jy commute, i.e., AJ, = J/A, and J;J, =
Jrdo, Vi rec. Inthis case, the following result, proved in the Section 4.6, provides alternative

stability conditions to Theorem 25.

Theorem 26. When the maps A and J;, ¢ € £ commute, the system (4.22) is MES if

Ty
20+ ay <0, (4.29)
/=1

where A is the maximum real part of the eigenvalues of A and the ay are given by
—o0,if re(Jf ®@J]) =0

= v (4.30)
acR :/ e “fo(s)ds
0

, otherwise

1
REEY)

O

1 In fact, from the spectral characterization of compact operators described above, one can conclude
from [14, p.232, Th. 5.5 and p.250, Example 5.14]), that the eigenvalues of the compact operators Ly,

converge to the eigenvalues of the compact operator £ which allows us to conclude that 7o (Ln,) — 7o (£).
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It is important to emphasize, that even for the commuting case , the condition (4.29)

is sufficient but not necessary, as shown in the following example.
a; 0 0 0
Ezample 27. Suppose that A = [0]axo, ng = 1, J; = o ol and Jo = 0 , where
a2

a; > 1,as > 1. Then, A\ = 0 and, from (4.30), we can conclude that oy > 0 and ay > 0.
Thus (4.29) does not hold. However, since the state remains constant between jump times
tﬁ, ¢ € {1,2}, and component i is reset to zero when the reset map i is triggered, i € {1, 2},
we conclude that E[z(t)Tz(t)] = 0, ¢t > max(y1,72) and therefore (4.22) is MES.

O

A third special case is when the probability densities f; correspond to exponential
distributions, i.e., ry(y) = e P Since the support of the probability density functions is

not bounded we assume the following
20 <> By, (4.31)
(=1

where X is the maximum real part of the eigenvalues of A. This assumption can be shown
to assure that the expected value of a quadratic function of the state of the system does
not go unbounded between jump times. This assertion can be obtained using a similar
reasoning to [AHS11d, Th. 3]. The next theorem states that, in this case, we can provide
stability conditions in the form of LMIs. The result is proved in Section 4.6.

Theorem 28. Suppose that r(y) = e %% and that (4.31) holds. Then the system (4.22)
is MES if and only if

g
3pso: ATP+ PA+ > By(JIPJ,— P) <0 (4.32)
(=1

O

4.3.3 Stability with Probability One

The following definition is adapted from [60].

Definition 29. We say that the origin of the system (4.10) is (locally) stable with probability
one if for every p > 0 and € > 0 there is a d(p, €) > 0 such that, if ||zg| < d(p,€) then

Prob{ sup |z(t)| > €} <p. (4.33)
co>t>0

The following result shows that one can assert stability with probability one of the
origin of (4.10), by establishing mean exponential stability for its linearization, which can

be tested by Theorem 25. The proof is provided in Section 4.6.
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Theorem 30. If (4.22) is MES with A = a%a(x)k
and j; are the non-linear maps in (4.10), then the origin of (4.10) is stable with probability

_, and Jp = %jg(x)‘xzo, ¢ € L where a

one.

O

This theorem allow us to conclude a property analogous to the one proved in [62]
stating that a standard periodic sampled-data connection of a non-linear plant and a non-
linear controller is locally stable if the sampled-data connection of the linearization of the
plant and of the linearization of the controller is stable. In fact, from Theorem 30, we can
conclude that in the setup of Section 4.1, the non-linear networked control system described
by (4.8), (4.9) is stable with probability one, if the networked control system obtained by
replacing fp, g, fo, and h, by their local linearizations about the zero equilibrium is mean

exponentially stable, which can be tested by Theorem 25.

4.4 Example - Batch Reactor

This example considers the control of a linearized model of an open loop unstable two-
input two-output batch reactor, controlled by a PI controller. The plant and controller
take the form (4.1), and (4.2), with fp(xp,4) = Apxp + Bpi, g(xp) = Cpxp , and
folze,9) = Acxe + By, h(ze,)) = Coxe + Dey. The expressions for (Ap, Bp,Cp)
and (Ac, Beo,Ce, D¢) are given in (3.36) and (3.37). The actuator is directly connect
4(t) = u(t). However, the sensors are linked to the plant through communications networks.

In Section 3.4.1, it is assumed that the outputs are sent in a round-robin fashion through
a single shared communication network. When the distribution of the intervals between
consecutive transmissions is assumed to be, e.g., uniform with a support -, we can use the
results in Chapter 3 to study the stability of this system.

Suppose now that, instead of transmitting the two measurements in a round robin fash-
ion through the same communication network, the two sensors transmit data through two
independent communication links. We assume that both links are shared with other users
and that the intervals between consecutive transmissions can be modeled by independent
processes with support in the interval [0,7,] for the link associated with the output y,
[ € {1,2}. We can cast this system in the framework os Section 4.1, and use the techniques
developed here to study the stability in this latter case.

When two links are used to transmit the measurements of the two sensors, we can use
Theorem 25 to investigate the stability of the system as a function of the distributions
for the intersampling times on each network. The results obtained are summarized in

Figure 4.1 for the case of uniform distributions with different supports.
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o-MES .—Not MES

000000000000 - -
000000000000
000000000000
000000000000 - -
000000000000 - -
000000000000
000000000000
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000000000
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0
00.02 0.06 0.1 0.14 0.18 0.22 0.26
2

Figure 4.1: MES for various values of the support of a uniform distributions of the transmis-

sion intervals of two independent links.

For the case of two independent links we take a grid of values of v; and ~», i.e., the
support of the distributions between transmissions, and test mean exponential stability of
the closed-loop using the numerical method described in Section 4.3 to compute the spectral
radius of the operator defined in the Theorem 25. The results obtained are summarized in
the Figure 4.1. If the distributions of the two links have the same support then stability
is preserved for every 1,72 € [0,7], with 7 = 0.18. It is interesting to compare this with
the case of a round-robin single-link protocol where it was shown in Section 3.4.1 that
the maximum support of a uniform distribution for which stability could be guaranteed
was v = 0.11. With a round-robin protocol, this would lead to a distribution between
consecutive samples for the same sensor that is triangular with support 0.22. However,
note that in this case the duration of the intervals between transmissions of the two outputs
are not independent, and a different approach must be used to assert stability. If the
two links have different supports one can conclude from the Figure 4.1 that the mean
exponential stability of the closed-loop is lost for a lower value of the support of the
distributions associated with the output o than the value of the support associated with

the output y;.

4.5 Proof of Theorem 25

We prove the Theorem 25 through three steps: (i) we show that specializing the stability
conditions of Theorem 24 to the system (4.22), yields mean square stability conditions
for (4.22) in terms of the existence of a solution to an integro-differential equation; (ii) we
establish that these conditions are equivalent to the existence of a solution to a Fredholm
equation; (iii) we prove that (ii) is equivalent to the spectral radius of the integral operator

of the Fredholm equation being less than one.

85



4. ASYNCHRONOUS RENEWAL NETWORKS

(i) MES for Linear Impulsive Systems

The Theorem 24 can be specialized to (4.22) as follows.

Theorem 31. The system (4.22) is MES if and only if for every differentiable functions
Y (7) and Z(7) such that a1/ < Y(7) < aol, Vrep and byl < Z(7) < bol, vrep there exists
a differentiable function X (7), such that ¢1] < X(7) < cal, V+¢p, and for every 7 € B,

Z o X (1) + ATX(7) + X(7) A+
' (4.34)
Z M(m)[J] X (xp (7)) Je = X(7) + Z(1)] + Y (1) = 0,

where 7{) is defined by (4.23), and a;, b;, ¢;,i € {1,2} are positive constants.
J

Proof. To prove sufficiency we use Theorem 24 and consider the function V(x(t)) =
xT(t) X (v(t))z(t) where x = (z(t),v(t)) and X(7), T € B satisfies (4.34) and the remaining
conditions of the theorem. Then from (4.19) we have that

A(zTX (v)z) = 27] Z 7 X )+ ATX (v) + X (v) A+
’ (4.35)
+ Z Ae(vo) I X (g (v)) e — X (v)]]

/=1

Using (4.34) we obtain
A(zTX (v)z)=—2T[( Z)\z v)Z Y ()] <—ar ]

and since ¢;] < X(v) < col, we have that ¢;||z|> < V(x) < ca||z||?. Using Theorem 24,
applied to (4.22), we conclude that (4.22) is MES.

Necessity follows by using the same arguments as in the proof of Theorem 24 and
noticing that the function (4.69) takes the form V(x) = z§ X (7)o, for x = (z9,7) € R" x B,

X(r) = X1(7) + Xo(7), (4.36)
where
+o00o
X = [ EOY @) (4.37)
Xo(r) = > B [@(tp)TZ(o(ty)®(t7),
k>04eLl
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®(t) is the transition matrix of the system (4.22), i.e.,
T £ 4
B(t) = AT g, L Tyttt g, etho’ (4.38)

where {{; € L,j > 0} is the triggered sequence of reset maps, r = max{k : t;, <t} and
E, emphasizes that expectation subsumes that the process ®(¢) depends on the initial
conditions 7 of the process v(t). Since from Theorem 24, ci||zol|? < V(x) < callzol|? it
follows that ¢ < X(7) < col. From [25, p.92, Th.(32.2)]) it follows that

A(x] X1 (T)xo) = —2]Y (1)z0

and from [25, p.90,91] we have that

Ela} Xa(r)ao] = B[ Ar(o(®)a ()7 Z(o(0)a(0),

where
i

Ar(7) = Z i(T5), (4.39)

Jj=1

from which one can conclude again from [25, p.92, Th. (32.2)] that
A(x] Xo(1T)x0) = —Ap(T)2d Z(7) 0.
Thus, for every (xg,7), we have
Az X (1)x0) = =2 (Y (7) + Ar(7) Z (7)) 20 (4.40)

Computing A(zT7X (v)x) from (4.19) we obtain (4.35) which must be equal to (4.40) when

x = (zp, ) is replaced by x = (z,v), from which we conclude (4.34).

(ii) Fredholm Equation (25)

Let U be the space of elements (U;(71), ..., Uy, (7s,)) € P for which Uy(7¢) > 0,Viee, V3,eB,-
The space V C U is defined similarly but requiring U,(7¢) > 0,Viece, V4,cB,-

Theorem 32. The system (4.10) is MES if and only if for every differentiable functions
Y (7) and Z(7) such that a1 < Y(7) < agl, V.ep and b1l < Z(7) < bal, vrep, there exists
a solution P € V to the Fredholm equation

P=g(P)+U, (4.41)

where U= (Uy,...,U,,),
Ug(ﬂg(T))ZZW(W?(T)), (4.42)
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and

. . 7A"':s T As f@(’l’, 3) fZ(TZ + S)
W(r) .—Z:Ae Z(t + sly,)e ) ) ds+
ro(Te + )

ds
7o(Te)

7
/ AV (1 4 s1,,) eI,
0
U

Proof. Suppose that (4.10) is MES and therefore there exists a solution X to (4.34) given
by (4.36). Let
P(my(1)) == X(7((7)),  m(r) € By. (4.43)

We prove next that X (7) satisfies

X(r)=W(r)+
o[ As\T 0 As fg(’i', S)fZ(TZ + S) (444)
ZA(Jge VT X (7y (T+51,,))Jee () (o) ds.

Then sufficiency follows by directly using (4.44) in (4.43), and noticing that the fact that
X(7), given by (4.36), satisfies X (7) > ¢11, V;¢cp, implies that P € V.

To this effect, we start by conditioning the integrand in (4.37) on the time of the first
jump t; := min{t{,¢ € L},

E-[@)TY (v(t)2(t)] = E-[(2(1)TY (0()) () 111, >4]
g (4.45)
+ Y E(@()TY (0(t) (1)) 1c, (1)
(=1
where Cy(t) = [min{t!,j € L} =t§ = t; <t]A[t] > t1, j # £, is the event that jump  is
the first to trigger, given that a trigger has occurred at time ¢. Using (4.12) the first term
on the right hand side of (4.45) is given by eA™Y (1 + tlne)eAtH?il%. Note that for
a function G(t1),

Je(Te +5)

ds
ro(T0)

t
- [G(t1)100) =[BIG(5) st = o
t

- 7o(7,5) fo(To + 5)
_/0 G(s) ds

To(T)  Te(Te)

and that ®(t) = $y(t — t1)(Jee ') when the transition ¢ € L is first triggered, where
(i’g(t —t1) is the transition matrix from ¢; to ¢ starting the process at (7 + s1,,,) where
7} is defined by (4.23). Thus

t

Er[@(6)TY (v(t)®(t)1c, ()] = /O(JEGAS)T a (4.46)

EWE(T+51ne)[<f>(t—s)TY(v(t — 5))D(t—s)]Jpe by (T, 5)ds,
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7(7,8) fo(Te+s)

F ) ) By construction of the process

where ay(T,s) :=

E 0 (a1, [(Be(t=8)TY (0(t = 8)) D (t—5)] =

(4.47)
E o1, JO(E—3)TY (v(t — 5)B(t ).
Replacing (4.47) in (4.46) and (4.46) and (4.45) we obtain
Ny ,7
X1(m)=>_X{(r) + / Y (1 + tlw)e/‘tﬂgilwdt (4.48)
— 0 7o(7e)

where ot
Xi(r) =/0 /()Eﬂg(ﬂrslne)[(JgeAS)T@(t—S)TY(v(t —5))...
B(t—s)(Jee*) (T, s)|dsdt
Changing the order of integration in this last expression we have that (4.48) can be written

as
re(Te + 1)

re(7e)

ey N
Z/O(JgeAS)TXl(ﬂ?(T—i—San))JgeASr_Z(T?S) fe(Te+35)
(=1

dt+

Y
Xi(1) = /0 eATtY(T + slw)eAtH?fl

ds

Te(7e)  7e(Te)

With similar computations one can conclude that

_ - 7A"'s - As fg(’i', S) fl(TZ + S)
Xo(7) —gz:;/oe Z(T+ slp,)e () (o) ds+
Aste(Ty) fe(Te+8)dS

/(. ANTX, (70 (7+s e
ZE/O(JW JXa(mi (74 51n,)) e To(T)  7e(Te)

Since X (7) = X1(7) + Xo(7) adding X;(7) and Xa(7) we obtain (4.44).
Conversely, suppose that there exists a solution P € V to (4.41). Then one can verify
that

X(r)=W(r)+
SNV N AsTe(T,8) folre + 5) (4.49)
;A(Jge VP (74 (T) 4515 ,1 W€ ) el ds

satisfies all the assumptions of the function X (7) of Theorem 31, and therefore (4.10) is
MES. In fact, if there exists a solution P € V to (4.41) one can obtain an explicit expression
for the solution to (4.41) (cf. Theorem 33), which is given by

[e.e]
P=> g, (4.50)
i=0
where £/ denotes the composite operator obtained by applying i times £, e.g., £2(P) =

£(£(P)) and £°(P) := P. From (4.50) we can conclude that P is bounded and differen-

tiable with respect to 7, since we assume that the f, are differentiable. Then, it is clear
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that X (7) is bounded, X (1) > W(7r) > ¢11,V,¢ep, for some ¢; > 0 and (4.34) can be

obtained by direct computation.

(iii) Positive Solution of the Fredholm Equation

As a prelude to the next result, we note that I is a cone in the Hilbert space (and hence
Banach space, with the usual norm inherit by the inner product) P, in the sense of [56]
since (i) it is closed; (ii) if U, W € U then a1U + aeW € U for oy > 0 and e > 0; and
(iii) the set! —U := {—P : P € U} intersects U only at the zero vector. Moreover, this
cone is reproducing in P, i.e., if Z € P, then there exists U, W € U such that Z =U — W
(take for example, U;(1) = Z;(7) + €I and W;(7) = el for sufficiently large ¢ > 0 such that
Pi(r)+el >0 foralli € {l,...,ng},7 € B). The operator £ is a positive operator with
respect to U, i.e., LU) eU if U € U.

Theorem 33. The equation (4.41) has a solution P € V if and only if r,(£) < 1.

Note that the main result, Theorem 25, can be concluded from Theorems 32, 33.

Proof. Sufficiency follows from the fact that if r,(£) < 1 then P = $°3°, £/(U) exists which
is the solution to P = £(P) + U. Since £ is a positive operator with respect to U, P is a
summation of U € V plus elements in Y. Thus, taking into account the definitions of U
and V, we conclude that P belongs to V.

To prove necessity, we start by noticing that it is possible to prove that the dual
cone (cf. [11, Sec. 2.6]?) of U can be identified with itself, i.e., using the nomenclature
of [11, Sec. 2.6], U is self-dual. The proof follows similar arguments used to prove that
the cone of positive semi-definite matrices is self-dual (cf. [11, p.52]), and is therefore
omitted. From [56, p.22, Th. 2.5], we conclude that the adjoint operator £* is also a
positive operator with respect to U, and using [56, Th. 9.2] which states that a completely
continuous positive operator with respect to a reproducing cone has an eigenvalue that
equals the spectral radius and an eigenvector that belongs to the solid cone, we conclude
that there exists W € U (other than the zero element) such that

W) = 1y (L)W (4.51)

'Recall that addition and multiplications by scalar are defined in a natural way in P, e.g. if P =
(Pr,... ’Pnz) € P then —P := (—PFi,..., 7Pn£)}
2The nomenclature used in [56, Ch. 2] is adjoint cone instead of dual cone
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In fact, £* is a compact operator, since £ is a compact operator (cf. [2, p.178]), which
can be concluded from [14, p. 165, Th. 4.1], and a compact operator in a Banach space is
completely continuous (cf. [2, p.177]). Suppose that r,(£) > 1 and (4.41) has a solution
P € V. Then r,(£*) = r,(£) > 1. Taking the inner product on both sides of (4.41) with
W € U, such that (4.51) holds, yields

(W, P) = (W, £(P)) + (W.U) &

(W, P) = (L"(W),P)+ (W, U) &

(W, P)(1=rs(£%)) = (W,U) (4.52)
Now (W, P) > 0, since W, P € U. Moreover, one can conclude that (W,U) > 0, since W is

different from the zero element in ¢/ and one can conclude from (4.42) that U € V. Thus,
from (4.52) we conclude that r,(£*) = r,(£) > 1 leads to a contradiction.

4.6 Proofs of Auxiliary Results

Proof of Theorems 23) and 24

We start by describing a construction for the process x, described by (4.15), which mim-
ics the construction of a piecewise deterministic process, as described in [25, p. 59]. Let
Q := {u},u},k > 0} where {u}} and {u?} are mutually independent and identically dis-
tributed random variables uniformly distributed in the interval [0, 1]. Let also ¢(s, z(tx)),
ou(s,v(tx)) be the flows at time s of the systems described by @(t) = a(z(t)) and v(t) =1
with initial condition z(¢x) and v(ty), respectively. Note that ¢, (s, v(t;)) = v(tg) + sl,,.
Set k=0 and ¢ty = 0, x(to) = (w0, 7), and consider the process x(t) = (x(t),v(t)) obtained
by iteratively repeating:

(I) Obtain hy from
by = inf{t : e~ Jo M@ eutNds <1y (4.53)
where Ap is described by (4.39). Set txy1 = tr + hy, and for ¢ € [ty,t;11) make
x(t) = (dalt — te, 2(tk)), do(t — tr, v(tk))) (4.54)
(IT) Make x(ty41) = ¥(uz, x(t;,,)), where

U(w, (x,7)) = (je(x), 7 (7))x (4.55)

o1 A7)t A7) s
wWEQ i) 3 g1 )
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and yzca denotes the characteristic function, i.e.,

lifweA (4.56)
XweA = . .
© 0, if we A

Remark 34. Note that (4.53) simply states that

Problhy > s[x(ty)] = L2 75(s + vj(tr)), Veo

and (4.55) simply states that

A(7;(ty))
Ar(T(ty))

We choose to use the description (I) and (II) to mimic the piecewise deterministic process

Prob[x(t) = (je(x(ty,), 7} (v(t;))x(t;, )] =

construction in [25, p. 59], which allows us to use the results from [25].
U

The next Theorem establishes the connection between (4.10), (4.13), and piecewise

deterministic processes.

Theorem 35. The stochastic process (z(t),v(t)), described by (4.10) and (4.13), can be
realized in the probability space 2 and constructed as the piecewise deterministic process
defined by the steps (I) and (II).

(]

Proof. For the process (x(t),v(t)), described by (4.10), (4.13), define {t; > 0} with ¢; <
trk+1,VE>0 as a set containing the union of all the jump times in (4.10), i.e., {t;x > 0} =
U?il{tfie, re > 0}, let {hy := tx41 —tx, k > 0}, h_y := 0, and consider the following discrete-

time process
2 = (hkfl, .%'(tk), U(tk)). (4.57)

There exist a one to one relation between z;, and x(t), described by (4.10), and (4.13). In
fact, given a sample path (z(t),v(t)) one can identify the jump times ¢; by the times at
which vy(tx) = 0 for some ¢, and from these construct h; and hence z;. Conversely, from

2, we can obtain hj and hence ¢y, and construct (z(t),7(t)) from (z(tx), (v(tr)) as

(z(t),v(t) = (¢pu(t — tr, z(ty)), Dot — tr, v(tr))),

tp <t <tpqr.

(4.58)
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Moreover, z; is a discrete-time Markov process. To see this, it suffices to prove that
Prob(zi41 € Dkr,0 < 17 < k)=Prob(z41 € D|2), V>0, (4.59)

where D is a measurable set. Since at i, a time 74(t;) has elapsed since the last jump

associated with the reset map ¢ € £, the time t;41 equals t; 11 = t; + hy, where

hr ;= min wt
k Ee{l,...,ng}{ s

and wj, are random variables such that Prob(w} > s) = % Thus,

re(ve(ty) + 5)

Prob(h > slz, 0<r <k)=1I"
( k+1 | ) /=1 W(W(tk;))

(4.60)
Let £,4+1 denote which reset map triggers at {541, i.e.,

. 0
Sky1 = argmlnﬁe{l,...,ng}{wk}'

Then,
Prob[§11 =L|hy € [s,5 +€) N2, 0 <17 < k] =
Problhy € [s,s +€) A&gr1 =)z, 0 <7 < k] - (4.61)
>7L, Problhy € [s,5 +€) A1 = jlzr, 0 <7 < K]
Now,

Problhy € [s,s +€) A &gy1 = {|2,,0 < 17 < k]
— Prob[w}, € [s,54 €) A wé > wh, V02,0 < 7 < K] (4.62)
_ /3“ e Tiit) +q) fe(ve(ty) +q)
s TP roi(te) re(ve(t)
Replacing (4.62) in (4.61), taking the limit as € — 0, and dividing the numerator and
denominator of the right hand side of (4.61) by II7%,7;(v;(t) + s)), we obtain

Prob[égi1 = lhy = s A 2z, 0 <71 < k]
_ Ae(ve(t) + ) _ )\E('Ué(tl;-f—l))
Ar(u(te) +s1n,)  Ar(v(teq))
where Ar(v(ty 1)) == Yyt Ae(ve(t,1)). Thus, we conclude that
Prob[(z(te)v(te))= (Je(x(t ) 70 @) hwAzr, 0 <r<k]
_ Aelve(ty)) (4.63)

Ar(v(ty))
From (4.63), and (4.60), we conclude that

PrOb[hk G[Ca d]a $(tk+1) € Ey, U(tk-f—l) GEU|ZT5 OSTSI’C]

ny d
= Z[/ Xjé(¢x(5=x(tk)))GEOC/\@’(Sax(tk))eEU co (464)
=1"¢

e i (v;(tr) + ) fe(ve(ty) + 5)
I=LIEE i (v(t)) 7o(ve(ty))

|ds,

93



4. ASYNCHRONOUS RENEWAL NETWORKS

where x( ) denotes the characteristic function (4.56). Note that (4.64) depends only on

2k = (hg—1,z(tg),v(tx)) and thus the Markov property (4.59) holds.

Consider now the piecewise deterministic process defined by steps (I) and (II) and let

U = (he—1, 2(tr), v(tx))

where h_; = 0, and hy_1, tg, x(ty), v(t;) are now the variables defined in steps (I) and (II).
Then, by construction of the process and Remark 45, we immediately obtain that (4.60),
and (4.63), also hold for this process, and this implies that (4.64) also holds for this
process. Thus y; is a Markov process with the same transition probability function, i.e., an
alternative realization to zj. Since there is a one-to-one relation between zj, and the process
defined by (4.10), (4.13), and there is a one-to-one relation between yj and the process
defined by the piecewise deterministic process construction described by steps (I) and (II),
and both processes are completed in the same way between jump times (see (4.54), (4.58)),
we conclude that the process (4.10), (4.13) can be constructed as the piecewise deterministic

process specified by steps (I) and (II).
[

O

Proof. (of Theorem 23) Theorem 35 allows us to apply the results available in [25]. In
particular, Theorem 23 follows directly from [25, p.33, (14.17)], [25, p.66, Th. (26.14)]
and [25, p. 70, Rem. (26.16)]), provided that we can prove that the assumption in [25,
p.60, (24.4)] that the expected value of the number of jumps up to a given time ¢ is
bounded, which when specialized to the stochastic process (z(t),v(t)), described by (4.10),
is equivalent to saying that E[Y",“, N(t)] < oo, where

Ny(t) := max{k € N : t§ <t}. (4.65)

This is in fact true, since each Ny(t) is a renewal process [79] with intervals between

renewal times following a probability density function f, with no atom points, and therefore
E[Ny(t)] < oo (cf. [79, p. 186]).

O

Proof. (of Theorem 24) To prove sufficiency, we use Theorem 23 applied to the function
W(x(t),t) := "'V (x)
where V(x) satisfies (4.20) and (4.21), 71 is a positive constant such that ri > =, and it is

implicit that the process (x(t),t) is a piecewise deterministic process if x(t) is a piecewise
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deterministic process (cf. [25, p.84]). We need to show that W satisfies (4.17). Since we
assume that a and j, are globally Lipschitz, we have ||a(x)| < Li1||z||, Vizer» and for every

¢ e L, we have ||jo(z)|| < La||z||, Vzern. Thus, between jump times,
@I < 2200 a(t) |2, 8 € [t than),

(cf. [53, p.107, Exercise 3.17]) and at jump times, ||z(t{)|*> < (Lg)sz(tﬁ)HQ. Thus,
Elllz(t)[%] < B[ 1L, (L2)*MO) 2o (4.66)

where Ny(t) is the number of jumps associated with the reset map ¢ up to the time ¢,
described by (4.65). We also have

E[Y " [W(x(t) = W (x())]
<E[Y o™ ||z (th)]|°]
< 62L1n67“1n‘|x0”2 zl: i 03(L2)2kE[Xt£§n] (4.67)
j=1k=0

where we used (4.20), and (4.66), and x ...y denotes the characteristic function (4.56). Note

that E[Xtﬁ <n] = Prob[Ny(n) > k]. The fact that the right-hand side of (4.67) is bounded
is a direct application of [79, p.186, Th. 3.3.1], and therefore W satisfies (4.17).
From Theorem 23

E(W (x(t), 1)) = W(x,0) + E| /0 AW (x(s), 5)ds]
for an initial condition x = (zo, 7). From [25, p. 84], we can conclude that
AW (x(s), s) = W (x(s), 5) + AV (x(s))
and using (4.21) we obtain
E(W(x(t),1)) < W(x,0)+
B[ W x(s),8) = e a(s)lds]

Using (4.20) and interchanging expectation with integral operations, we obtain

E(W (x(t),t)) < W(x,0) + (r — é) OtE[W(x(s), s)]ds.

which implies, from the integral form of the Gronwall’s inequality [3, Lemma 1], that

E[V(x(t))e"!] = E[W (x(t),1)]
<E[W(x,0)]e™ %) = v(x)e" @),

(4.68)
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Note that we can apply the Gronwall’s inequality since r; — é > 0, and this is the reason

to work with W, instead of directly using V. From (4.68), we conclude that
E[V (x(1))] < V(x)e %'

and using (4.20), we conclude that:

Ella()lf] < S EV (&) < Ve &

Necessity is obtained by proving that
V(x) := Vi(x) + Va(x) (4.69)

satisfies (4.20) and (4.21) where
+oo
Vi(x) = /0 Ex[z(s)TY (v(s))z(s)]ds

ng
Va(x) = D3 Exla(ty)TZ(o(t;))a(t;)]ds,
{=1k>0
E, emphasizes that expectation subsumes that the process starts at an initial condition
x = (xo,7), and a1l < Y (1) < aol, V7T € B, and il < Z(1) < bol, VYT € B, are
differentiable functions.

To see that V(x) > c¢1]|xo]|? denote by #; the time of the first jump, which can be from
any of the n, reset maps, and note that V(x) > ay fy* Ex[2(s)Ta(s)]ds + b1 Ex [z (t]) Tz (t7)]
for any t; > 0. Let L; be a Lipchitz constant for a, ||a(x)|| < Li||z||, which exists since
we assume a is differentiable. Then we have x(t)Tz(t) > xlzoe 21t Vo (cf. [53, p.107,
Exercise 3.17]). Thus V(x) > ciz{zo where ¢; = a3 fotl e 2Lt 4 bre= 21 > 0, Wy, 5.

To see that V(x) < caf|7o|?, note that since (4.10) is MES, we have that E,[x(¢)Tz(t)] <
agce”* xfxo for some constant ¢ > 0. Thus Vi(x) < ag<xfzg, and Va(x) < kaxfzg where
ko i= >t S0 E[boce k], Note that E[e=®%] = nor*~L, where etag = E[e=%"], n =
E[eiahil] < 1, for some 1 < k1 < k, and therefore ky < oo. Thus, V(x) < caf|xol|? where
c2 = agg + ko.

It follows from [25, p. 92, Cor. (32.6)]) that Vi(x) is differentiable since, as required
in [25, p. 92, Cor. (32.6)]) Ar(7), is continuous. From [25, p.92, Th. (32.2)]

AVy (x) = —a]Y (7)o

and from [25, p.90,91] we have that

EVR00] =B | Ar(o(t)o(0) Z(o(®)a(t)t,
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from which one can conclude again from [25, p.92, Th. (32.2)] that
AVa(x) = =Ap(T)2d Z (7) 0.

and that V(x) is differentiable (again by [25, Cor.(32.6)]). Thus V(x) is differentiable and
AV (x) < —rafzg for r = a;.

Proof of Theorems 26 and 28

Proof. (of the Theorem 26) From the explicit solution to (4.22), described by (4.38), and

the commuting property, we obtain that
Elz(t)T2(t)] = afed e MIre BI(JT)Ne® g N D)5, (4.70)

where Ny(t) is described by (4.65). From [AHS11d, Th. 4], we can conclude for some
symmetric matrix C and for o described by (4.30), we have that E[(J])V¢(®) Jé\[‘(t)] < Cet,
if ro(J] @ JJ) # 0. If ro(J] ® J]) = 0, the state is reset to zero after a finite number of

jumps, from which the result follows.
]

O

Proof. (of the Theorem 28) Due to the memoryless property of the exponential distribution
it is ready to establish that in this special case, the stochastic process defined by (4.22)
can be constructed as a stochastic hybrid system with renewal transitions in the sense
of [AHS09b] with one discrete mode and n, reset maps characterized by matrices Jp and
probability density functions f,. In [AHS09b] we provided necessary and sufficient stability
conditions for the stability of stochastic hybrid systems with renewal transitions. Although
we restricted ourselves to the case where the transition probability density functions have
bounded support, the results provided in [AHS09b] can be generalized to the case of un-
bounded support using the same arguments provided in [AHS09b] for the special case where
the stochastic hybrid system has only one discrete mode and only one reset map. Then,
under the assumption (4.31), mean exponential stability can be shown to be equivalent to
(special case of [AHS09b, Th.9.DJ)

e
Vrs03ps0: Y Qu(P)—P=—R (4.71)
=1
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where the solution P > 0 is unique,
o0
Qu(P) = / (JTeA5)T PITeA%e P yds,
0

and fr := 374, ;. Note that Q,(P) is guaranteed to converge due to (4.31). Tt suffices
then to prove that (4.32) is equivalent to (4.71). To this effect, we start by noticing that

Br Br
2

(A= DTQuP) + Qu(P)(A = 1) = =feJ[ Py (4.72)

from which we conclude

2y ZQ@ )+ (S QuP)A- 2
= (4.73)
== BeJ[PJp.

Due to (4.31), A— BTTI has all its eigenvalues in the left-half plane from which we conclude
that for every N > 0 there exists a unique M > 0 such that

Br Br
2

(A= S-DTM + M(A = S11) = =N (4.74)

To prove that (4.71) implies (4.32), choose R = M in (4.71), where M satisfies (4.74),
and replace Y, Q¢(P) = P — M in (4.73). This yields

Ty
ATP+ PA+Y By(J[PJ,— P)=—-N
/=1

which implies (4.32).
To prove that (4.32) implies (4.71), note that (4.32) can be written as

A A o
Tpao: (AT — 7T)P + P(A- TT) = BJIPJ,—H (4.75)
for some matrix H > 0. Substracting (4.75) and (4.73) one obtains
(AT — —I Z Qe(P
AT
(P—ZQe(P) (A——-1)=—H.

From (4.74) with N replaced by H, we obtain that P — Y, Q;(P) = M > 0 from which
we conclude (4.71).
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Proof of the Main Result

Proof. (of the Theorem 30) We rewrite the dynamic and reset maps in (4.10) as
a(x) = Az + fe(z),  Ju(z) = Jpx + geo(), (4.76)

where fe(x) := a(z) — Az, and ges(z) := je(z) — Jpx are differentiable functions such that

[1fe ()l
]
(cf. [53, p.138]). Let V(x(t)) = x(t)TX (v(t))x(t), where x(t) is described by (4.15) and
X(7),7 € B satisfies (4.34) and 1] < X(7) < ¢2I, Y7 € B. Then, there exists v > 0 such
that

and W9 o a0 (&77)

— 0
’ [zl

AV (x) = —r(x) < —dil|z]*, Vo jy<o (4.78)
for some dy > 0, where 2V (x) is given by (4.19). This expression (4.78) can be obtained
by directly replacing (4.76) in (4.19), and using (4.77) in a similar fashion to the proof of
an analogous result for deterministic non-linear systems (cf. [53, p.139, Th. 4.7]).

Using similar arguments to [60, Th. 1,Ch. 2], we consider the stopped process xg(t) :=
xX(t A Tp), where ¢t A 7y, := min(t, 7,,); 7, = inf{t : x(¢) ¢ By, } is the first exit time from
the set By, = {x : V(x) < m}; and m < ’;—f is such that B, C {(z,7) : ||z]| < v}] and
thus, from (4.78). It is easy to see that x(¢ A 7,,,) is a piecewise deterministic process and
from (4.19) and (4.78),

AV (x(t A Tm)) = (4.79)

0 otherwise.

{ —r(x)if x € By,

Considering (4.18) for the process xg and using (4.79), we obtain that Ex[V (x(t A 1p,))] <
V(x), i.e., V(x(tATpm)) is a super-martingale. From this latter fact, and using the fact that
limy—,0 Ex[V (x(t))] = V(x), (cf. [25, p.77, Th. (27.6)]), we can apply the super-martingale
theorem [60, p.26, Eq. 7.4], and conclude that

Proby[ sup V(x(t ATp)) >m| < Vo
co>t>0 m

(4.80)

where Prob, denotes probability with respect to the Markov process x started at initial

condition x = (xg,7). Given €,p, choose m = %’;’5)2, and 6 = /&% Then, for any
zoll <9,
Proby[ sup [x(tATm))|| > €] <
co>t>0 (4 81)
%4 2 )
Proby[ sup V(x(t A7p)) > m]< ) < caflzo] <p
co>t>0 m m
i.e., the origin of (4.10) is stable with probability one.
]
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4.7 Further Comments and References

Several references to related work on networked control systems can be found in [43],
including systems with asynchronous data transmissions, e.g., [97], and systems with
independent and identically distributed intervals between transmission, e.g, [69]. See
also [44], [89], [AHS11d], [27]. However, the networked control problem we consider here,
and the associated class of impulsive systems, seem to have not been studied in the litera-
ture. Stability results for deterministic impulsive systems can be found in [77], [62]. The
proof of our results builds upon results for piecewise deterministic systems [25] and the

stochastic Lyapunov approach [60].
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Dynamic Protocols

In this chapter we address the problem of designing a protocol for network access in a
networked control system so that: (i) the range of parameters characterizing the networked
control system that yield the networked control system stable is enhanced; (ii) optimal
performance is achieved with respect to a cost function which is quadratic with respect to
the states of the plant. As in the previous chapters, the network is assumed to introduce
stochastic intervals between transmissions, delays and packet drops. However, the way we

model delays in this chapter differs from previous chapters.

We consider two frameworks for the problem: (i) an emulation framework, in which
only the protocol is to be designed; and (ii) a direct design framework, in which both the
protocol and the controller are to be designed. In the emulation framework, we propose a
dynamic protocol specified as follows. Associated to each node there is a set of quadratic
state functions, which are evaluated at a given transmission time. The node allotted to
transmit is the one corresponding to the least value of these quadratic state functions.
These protocols are shown to be more general than quadratic protocols and Maximum
Error First-Try Once Discard protocols, considered in the literature. We establish two
stability results for the networked control system, both providing conditions in terms of
linear matrix inequalities (LMIs) for investigating the stability in a mean exponential sense
of given protocols, and conditions in terms of BMIs to design quadratic state functions,
specifying the dynamic protocol, that yield the networked closed loop stable. The first
stability result allows to prove that if the networked closed loop is stable for a static
protocol then we can provide a dynamic protocol for which the networked closed loop is
also stable. This is the main result obtained in this framework and gives an analytical
justification on why one should utilize dynamic protocols rather than static. The second
stability result allows for obtaining an observer-protocol pair that reconstructs the state
of an LTI plant in a mean exponential sense to the case where transmission intervals are

stochastic. We illustrate through benchmark examples, that the conditions in this chapter
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are significantly less conservative than other conditions that previously appeared in the

literature.

A drawback of the emulation framework is that full state knowledge is assumed for
protocol implementation, which restricts the range of applicability of these protocols. Con-
sidering a direct design framework, we tackle the problem of simultaneously designing the
scheduling sequence of transmissions and the control law so as to optimize a quadratic
objective. The plant is assumed to be disturbed by Gaussian noise, and for simplicity we
restrict here the intervals between transmissions to be constant and consider no delays
and no packet drops. Using the framework of dynamic programming, we propose a rollout
strategy by which the scheduling and control decisions are determined at each transmission
time as the ones that lead to optimal performance over a given horizon assuming that from
then on controller and sensors transmit in a periodic order and the control law is a standard
optimal law for periodic systems. We show that this rollout strategy results in a protocol
where scheduling decisions are based on the state estimate and error covariance matrix
of a Kalman estimator, and must be determined on-line. The resulting protocol obtained
from the rollout algorithm can be implemented in a distributed way both in wireless and
wired networks, based on previous data sent from sensors and actuators, as opposed to
the requirements of the protocol obtained with the emulation framework where full-state
is generally required. It follows by construction of rollout algorithms that our proposed
scheduling method can outperform any periodic scheduling of transmissions. We illustrate

this fact with an example.

The remainder of the Chapter is organized as follows. In Section 5.1 we address the
emulation problem. We address the problem formulation in Subsection 5.1.1, establish
our main results in Subsection 5.1.2, and provide an illustrative example in 5.1.3. In Sec-
tion 5.2 we address the direct design problem. In Subsection 5.2.1 we address the problem
formulation, in Subsection 5.2.2 we establish our main results, and in Subsection 5.2.3 we
give an illustrative example. We provide the proof of the main results in Section 5.3 and

we give further comments and references in Section 5.4.

5.1 Emulation

5.1.1 Problem Formulation

We start by introducing the networked control stability problem and then we show that it

can be casted into analyzing the stability of an impulsive system.
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5.1.1.1 Networked Control Set-up

We consider a networked control system in which sensors, actuators, and a controller, are
connected through a communication network, possibly shared with other users. The plant

and controller are described by the following state-space model:

Plant: ip = Apxp+ Bpi, y=Cpxp (5.1)
Controller: tc=Acxc + Bei, u= Coxc + Dcg. (5.2)

Following an emulation approach, we assume that the controller has been designed to
stabilize the closed loop, when the process and the controller are directly connected, i.e.,
a(t) = u(t), g(t) = y(t), and we are interested in analyzing the effects of the network on
the stability of the closed loop. We denote the times at which a node transmits a message
by {tx,k € N}, and assume that, @ and § are held constant, between transmission times,
ie.,

a(t) = aty), 9(t) = g(tr),t € [ty tega), k= 0. (5:3)

We denote by e the error signal between process output and controller input (§ — y) and

between controller output and process input (4 — u). In particular,

e(t) := (eu(t), ey (1)) := (a(t) — u(t), §(t) — y(t)). (5.4)

We assume that while m nodes compete for the network, only one of them is allowed to
transmit at each given transmission time. However, in our terminology a single transmitting
node could be associated with several entries of the process output y or with several
entries of the controller output u. For simplicity, we assume that the sensors and actuators
have been ordered in such a way that we can partition the error vectors e, and e, as
ew = (euls .., €un, ), where each e,;(t) € R% is the error associated with an actuator node
i € {1,...,ny}, and ey = (ey1,...,€yn,), where each e,;(t) € R% is the error associated
with a sensor node j € {1,...,n,}. We let M := {1,...,m}, where m = n, + n, is the
number of nodes and we use the same index i € M to label both actuator (for which
1 <i < n,) and sensor nodes (for wish n, +1 <i < n, +n,). The state of the networked
control system is thus defined by the vector z := (zp,z¢,e), where zp € R"? zo € R"C,
e € R% and x € R™. We are interested in scenarios for which the following assumptions
hold:

i) The time intervals {hy := tx11 — tx} are i.i.d. described by a probability measure
+
p with support on [0,7],7 € R>og U {400}, i.e., Prob(a < hy < b) = f;u(dr) for
a, b e€0,7].

(ii) Corresponding to a transmission at time ¢, there is a transmission delay dj no greater

than hy = tp41 — tx; A joint stationary probability density x describes (hy,dy), in
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the sense that P
Prob(a < hy <b,c <dp <d) = / / x(dr,ds) (5.5)

where a,b € [0,7] and Prob(a < hy < b,c < di <d)=0if ¢ > b. In view of (i) and
(if), we have that p([a, b]) = x([a, 8], [0, b]).

At each transmission time there is a probability pgrop that a packet may not arrive

at its destination or that it may arrive corrupted (packet drop).

The nodes implement one of the two protocols:
Dynamic protocol (DP): This protocol is specified by mp symmetric matrices { R;, i €
Mp}, Mp = {1,...mp}, mp > m. A subset of these matrices {R;,i € I;} is
associated with node j € M where I; := {zjl,zjz, e ,i{;j} is an index subset of Mp.
These subsets are assumed to be nonempty, i.e., r; > 1, disjoint, and the r; are such
that Z;n:1 rj = mp. The node j allotted to transmit at ¢, is determined by the map
d:R"™ — M,

d(2(t7)) = dy o dala(t}). (5.6)

where dg : R"* — Mp is given by
do(z(ty)) := argminge v, 2 (t), )T Riz(t),), (5.7)
and d; : Mp — M is given by
di(i) :={j:i € I;}. (5.8)

In case the minimum in (5.7) is achieved simultaneously for several value of the index
1, stability of the networked control system should be guaranteed regardless of the
specific choice for the argmin. In view of (5.6), the error e is updated at time tj

according to

e(ty) = (In, — Ad(x(t;)))e(tl;)a (5.9)
where
AﬂZ&%q% Db,ieﬂh
diag(0ay s - -5 0a;_15 Loy Oa;ys - - 5 Oapy, )
Q; = if 1<i<ny (5.10)
0, if ny + 1< < ny+ny,
and

0,if 1 <i<ny
Fi = diag(Obl,...,Obi_l,Ibi,ObiH,...,Obnu), (5.11)

if n, +1 <1< ny +ny,.
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That is, only the components of § or 4 associated with the node that transmits are
updated by the corresponding components of y(t, ) or u(t; ).
Static Protocol (SP): The nodes transmit in a mg-periodic sequence determined by

a periodic function

s: N M (5.12)

with period mg. In this case, the error e is updated at time ¢; according to

e(tk) = (Ine — As(k))e(t,;) (5.13)

We assume that s is onto, i.e., each node transmits at least once in a period. When

mg = m, each node transmits exactly once in a period.

The class of dynamic protocols that we describe in (iv) allow a node to transmit if the
state of the networked control system lies on a given region of the state space, partitioned
according to quadratic restrictions. This class of protocols boils down to the quadratic pro-
tocols introduced in [27] when mp = m. Thus, our definition allows for ampler partitions
of the state-space than quadratic protocols, and as we shall see it also allows to obtain that
dynamic protocols are in a sense better than static ones. If we make mp = m and chose
P > 0 such that R; = P — diag([0y,p4ne Ai]) > 0, then (5.6) becomes the usual MEF-TOD
protocol, where the node that transmits is the one with the maximum norm of the error

ei(t) between its current value and its last transmitted value.

5.1.1.2 Impulsive systems

Suppose that there are no delays, i.e. dj, = 0, and no packet drops, i.e., parop = 0. Then
we can write the networked control system (5.36), (5.2), (5.3), (5.4), in the form of the

following impulsive system

z(t) = Ax(t), x(0) ==
x(ty) = Jp(m(t;)yk)x(t,;), (5.14)

where x € R™ and {1 — t are i.i.d. random variables characterized by the probability

density p, and the map p takes the following form for dynamic and static protocols

DP: p(a(t), k) = d(a(ty) (5.15)
SP: platp), k) = s(k). (5.16)

For example, the following expressions for A and {.J;, i € M}, correspond to the case in

which the controller and plant are directly connected and only the outputs are transmitted
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through the network, i.e., 4(t) = u(t), x = (zp,xc,§ — y).

(A A
A - 11 12]
|21 Aao
A [Ap + BpDcCp BpCo
H | BeCp Ac
[BpD
4, - |B? c}
| Be
Ay = - [CP 0} An (5.17)
Ay = — [CP 0} Aro

J, = diag([InPJrnc Ine —Ai]), i e M.

This case will be considered in Section 5.1.3. Expressions for the general case considered

in Section 5.1.1 can be easily obtained.

To take into account delays and packet drops modeled as described in Section 5.1.1, we

consider the following impulsive system

#(t) = Ax(t), x(0)= xo.

x(t/ﬁ) = Kgfx(t;%k)x(t,;),
z(sy) = La(sy), tx < sp < tlpy1, (5.18)

where p(zy, k) is defined as in (5.15) for dynamic protocols and as in (5.16) for static
protocols. The random variables ¢, and s; are completely defined by the inter-sampling
times hy := trp41 — tr and by the delays dy := sp — tx. The (hg,dy) are ii.d., and are
as described by (5.5). The ¢ € {1,...,n4} are i.i.d., and such that Problg, = j| = w;
Vi e {1,...,n4},k > 0. We provide below expressions for A, L, w; and Kij, e M,
j € {1,...,ny} which model the case where the controller and the plant are directly
connected and only the plant outputs are transmitted through the network, i.e., 4(t) = u(t).
The state is now considered to be z = (zp,z¢, §,v) € R™ where v € R" is an auxiliary
vector (vq,...v,,) that is updated with the sampled value v; = y;(t;) at each sampling
time 5 at which node j is allowed to transmit. However, the update only takes place if a

packet sent at ¢, is not dropped and the sampled value v; is only used to update the value
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of §; after a transmission delay dj, at the time s, = ¢ + dj.

A A O
A=10 0 O
| 0 0 O
[Ap BpC,
A = v
|0 Ac
'BpD
4, | B c]
L BC
ng = 2, w1 =1 — Pdrop; W2 = Pdrop (5.19)
Iy 0 0 0
gi=| 0 e 000
0 0 I, 0

AiCP 0 0 Ine - Al

2 .
Ki :InP+nC+2TLe’ S M

Inping 0 0
L=] 0 0 I,
0 0 I,

Again, the expressions for the general case considered in Section 5.1.1 can be easily obtained.
It is also important to mention that there are other ways to model the setup with delays
and packet drops described in Section 5.1.1. For example one can find a similar model
to (5.18) but introduce the dependency on the variable g modeling the packet drops in
the matrix L.

We say that (5.14) is mean exponentially stable (MES) if there exists constants ¢ > 0

and 0 < a < 1 such that for any initial condition x(, we have that
Elx(ty) Tz (t)] < cofafao, Viso. (5.20)

The same definition of MES is used for the system (5.18). We assume that the following
condition holds
Mt (1) <ce™ 1 for some ¢>0, ay > 0. (5.21)

where A\(A) is the real part of the eigenvalues of A with largest real part and 7(t) := u((¢,7])
denotes the survivor function. Assuming (5.21), we were able to prove in Chapters 2, 3,
considering only static protocols, that (5.20) is equivalent to the more usual notion of
mean exponential stability in continuous-time where one requires E[x(¢)Tz(t)] to decrease
exponentially. In the present chapter we make no such assertion, although assuming (5.21)
is still useful (e.g., (5.21) guarantees that (5.23) is bounded).
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5.1.2 Main Results

For simplicity, we assume in Subsection 5.1.2.1 and 5.1.2.2, that there are no delays, i.e.,
di, = 0,V%, and no packet drops, i.e., parop = 0, and in Subsection 5.1.2.3 we consider the

general case.
5.1.2.1 Stability Result I and dynamic vs. static protocols

The following is our first stability result for (5.14).

Theorem 36. The system (5.14) with dynamic protocol (5.15) is MES if there exist scalars
{0 < pji <1,4,1 € Mp}, with Z;":Dl pji = 1,Yiemp, and ny X n, symmetric matrices
{R; > 0,i € Mp} such that

mp
JdTl(z)(Z pjiE(Rj))‘]dl(i) —R; < OaviGMD’ (522)
j=1
where .
E(R;) = / AThR AR (dh). (5.23)
0
O

This result can be used to analyze if a given protocol yields the networked control
system stable or to synthesize a protocol that achieves this.
Analysis: Note first that a given dynamic protocol specified by R; > 0,7 € Mp, is equiva-

lent to a dynamic protocol specified by
Ri=P+R;>0,ic Mp, (5.24)

where P can be any symmetric matrix such that P + R; > 0. If we replace in (5.22) the
matrices R; by R;, given by (5.24), we obtain that (5.22), (5.24) are LMIs in the variables
P and pj; (using the fact that 377" pji = 1, Viemp)-
Synthesis: If we allow R; to be variables in (5.22), then (5.22) are in general BMIs. In fact,
if we chose a basis B; for the linear space of symmetric matrices, we have R; =3 b; B
and (5.22) depends on the products pj;b;. In this case the dynamic protocol, determined
by the matrices R; comes out from the solution to (5.22).

To state the next theorem, we need the following result which can be found in [AHS09b].
Let [i] :=difi e {l,...,mg— 1} and [i] =1 if i = mg. Let Mg :={1,... ,mg}.

Theorem 37. The system (5.14), with static protocol (5.16) is MES if and only if there
exists n, X n, symmetric matrices {R; > 0,7 € Mg} such that
JS.I’(i)E(R[i—f—l])Js(i) — R; <0,Viemy (5.25)

where E(Rj;;q)) is given as in (5.23).
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From Theorems 36 and 37 we can conclude the following result.

Theorem 38. If the networked control system is MES for a static protocol with period
mg then there exists a dynamic protocol taking the form (5.6), with mp = mg, that yields
the networked control system MES.

Proof. Since the stability conditions of Theorem 37 are necessary and sufficient, there
exists a static protocol with period mg that yields the networked control system MES
if and only if there exists {R;,i € Mg} such that (5.25) holds for (5.14) with matrices
defined by (5.17). This implies that if we consider a dynamic protocol with mp = mg,
Ij ={k e Mg :s(k) =j},j € M, then dy(i) = s(i), for i € Mg and (5.22) holds with

1, if i <mp and j =i+ 1,
pji=14 1, ifi=mpandj=1,

0 otherwise

and with {R;,i € Mg = Mp} taken to be the solution to (5.25). O

From the proof of Theorem 38 we see that the matrices {R;,7 € Mp} that characterize
the dynamic protocol mentioned in its statement can be taken to be the solution to (5.25).
Note that in the special case where mp = m = mg, the Theorem 38 states that if there
exists a round-robin protocol with period mg = m, i.e., each node only transmits exactly
once in a period, that yields the networked control system MES, then one can find a
quadratic protocols as introduced in [27] that also yields the networked control system
MES.

Remark 39. The fact that the stability conditions of Theorem 37 are necessary and sufficient
is key to obtain Theorem 38. In the work [28] a similar reasoning to Theorem 38 can be
used to prove that if the stability conditions provided there for quadratic protocols (cf. [28,
Th. 3]) hold then so do the stability conditions for a static protocol in the special case
where each node transmits only once in a period (cf. [27, Th. 3]). However, since the
conditions provided in [28] are only sufficient for the RR protocol, it does not allow to
conclude that if a stabilizing static protocol exists then so does a dynamic protocol, as
stated in Theorem 38. Although [27] does not explicitly presents stability conditions for a
static protocol, the same remarks should apply, since convex over-approximations introduce

conservativeness.

5.1.2.2 Stability Result II and observer-protocol design

The following is our second stability result for (5.14).
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Theorem 40. The system (5.14) with dynamic protocol (5.15) is MES if there exists an
ng X ng symmetric matrix W > 0, scalars {¢;; > 0, 4,5 € Mp,i # j} and n, X n, matrices
R;, 1 € Mp such that
mp
Taiy EW) Jaay + D cij(Rj — Ri) =W < 0,¥iem,, (5.26)
J=1j#i

where E(W) := [ (eA")TWeARp(dh).
U

Given a quadratic protocol, i.e., specific values for the matrices R;, testing if (5.26)
holds is an LMI feasibility problem. To design a protocol for which mean exponential
stability of the networked control system is guaranteed, we can take the {R;, i € Mp} as
additional unknowns and (5.26) should now be viewed as a BMI feasibility problem.

We show next that Theorem 40 allows to extend the observer-protocol design proposed

in [24] to the case where the time intervals between transmissions are stochastic.
Observer Design

Suppose that we wish to estimate the state of the following plant
ip(t) = Apzp(t), y(t) = Cpzp(t), zp(0)=2zpo

where the m outputs y(t) = (y1,...,Ym), ¥i € R* are sent through a network that imposes
ii.d. intervals between transmissions to a remote observer. As in Section 5.1.1, we denote
by p the measure that defines the inter-transmissions times hy = tx11 — t;. Let M :=
{1...,m} and V¥; := diag([0s;,...,Is;,...,0s,]), for j € M. A natural linear remote

observer for this system is defined by
B(1) = Api(t) + LW, () (Crity) — (i), (5.27)

where the observer gains L to be designed are allowed to depend on the index k and the
map
c(we(ty ) == argmin; e\ (ty, ) TORS;Cpae(ty,) (5.28)

determines which node transmits at ¢, based on the estimation error z.(t, ) := Zp(t, ) —
xp(t, ), where {S;,j € M} is a set of m matrices. As argued in [24], the sensors should
run a replica of the remote observer to access Z(t), which allows each node to encode in the
message arbitration field z. (¢, )TCLS;Cpxe(t, ), where Cpz.(t; ) = Cpa(t) —y;(t), j € M.

The resulting estimation error z. := & — zp evolves according to

i‘e(t) = Apxe(t) + Lk\pc(xe(t;))CPxe(tk)' (5.29)
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We can cast this problem into the framework of (5.14) with dynamic protocol (5.15) by
adding an auxiliary variable v that holds the value of x.(t;) between transmission times,

considering x = (z,, v) and

Onp Onp
I, O, 0
Ji:[ e et wiCp 0] (5.30)
Onp Onp| | Lk
n_|CFsiCP 0
‘ 0 Onp

In the following theorem, we propose a method to obtain observer gains Ly that yield

the networked control system MES. To state the result we need the following assumption:
S

H(s):= /eAP’"dr is invertible for every s€ [0, ] (5.31)
0

While this assumption holds generically, it is possible to construct examples where it does
0

1
not, as in the case where v > s =27 and Ap = l 0], in which case H(s) = 0.
Theorem 41. Suppose that (5.31) hold. If there exists a np X np symmetric matrix
P >0, am xmmatrix Y, a np x m matrix M, m x m matrices {S;,7 € M}, and scalars
{cij > 0,1,j € M}, such that

Z Cij(C}-’SjCP - C})SZCP) — P <0, Viem
J=1j#i
P M
>0, (5.33)
MT Y

where F(P) := [ eAP" PeAP" y(dr) and D := [ e*P"u(dr), then we have that the observer
gain Ly = H(hy) 'P71M yields (5.14) with matrices (5.30) MES.

(]

Note that our proposed observer gain L; depends on the length hj of the time interval
{tk+1 — tx}, which is not known at time t; < ¢ < t;41 (5.27). In practice this results in a
delay in constructing the state estimate that never needs to exceed hy since the state of
the remote observer (5.27) can only be updated with the measurement y(t;) at the time
tr+1 at which hy can be computed.

Similarly to the Theorem 40, the conditions of the Theorem 41 can be used to investigate

the stability of a given protocol determined by matrices R;, in which case the problem
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reduces to an LMI feasibility problem, or they can be used to design a protocol, in which

case one needs to solve a BMI feasibility problem.

Remark 42. When the intervals between transmission are constant, one can show that the
stability conditions (5.32) and (5.33) are equivalent to the ones given in [24], where such an
assumption is made. In this case, the matrices L, do not depend on k, and can therefore

be computed off-line.

5.1.2.3 Extensions to handle delays and packet drops

Theorems 40 and 36 can be extended to the case where the network introduces packet

drops and delays modeled by (5.18) with matrices (5.19). We state these extensions next.
Theorem 43. The system (5.18) with dynamic protocol (5.15) is MES if there exist scalars

{0 < pji <1,4,1 € Mp}, with Z;”:Dl pji = 1,Yiemp, and ny X n, symmetric matrices
{R; > 0,7 € Mp} such that

q mp
=1 J=1

where

yrh
E(R;):= / / (e LeA) TR, €M LeA*y (dh, ds). (5.34)
0/0o
U
Theorem 44. The system (5.18) with dynamic protocol (5.15) is MES if there exists an

ng X ng symmetric matrix W > 0, scalars {¢;; > 0, 4,5 € Mp,i # j} and n, X n, matrices
R;, 1 € Mp such that

ng m
Zwl(Kél(i))TE(W)Ké1(i) + Z Cl'j(Rj - Rl) - W <0,
=1 Jj=1,g#1

Viemp, where E(W) is defined as in (5.34).

5.1.3 Illustrative Example

In this section we show that Theorems 40 and 44 reduce the conservatism of the results
in [44], [87] and [27]. These three works use the same benchmark problem for the control

of a batch reactor, where the plant (5.36) and controller (5.2) matrices are given by
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1.38 -0.2077  6.715 —5.676
—0.5814  —4.29 0 0.675

Ap = ,
1.067 4.273 —6.654  5.893
0.048 4.273 1.343 —2.104
0 0
5.679 0 1 0 1 -1
BP = ’ P = .
1.136 —3.146 01 0 0
1.136 0

0 0 0 1 -2 0 0 -2
oo afees oo [3 ooy )

Only the two outputs are sent through the network, i.e., u(t) = 4(t). The network
imposes i.i.d. intervals between transmissions, possibly packet drops and no delays. The
networked control closed loop can be written as in (5.14), (5.17) in the absence of drops and
as in (5.18)- (5.19) when drops occur. Thus, the stability of the networked control system
can be tested by Theorems 36, 40, and 43, 44. The results are shown in the Table 5.1,

considering two distributions p for the inter-transmissions intervals hi: uniform in the

interval [0,7], and exponential with expected value 1/Aexp.

Table 5.1: Stability results for the batch reactor example-MEF-TOD and Round Robin
protocol. NA stands for Not Available

Dynamic Protocol Static Protocol
no drops | p=0.5 | nodrops | p=0.5
Max. 7 : hy ~ Uni.(y)
Results from [88] NA NA NA NA
Results from [44] 0.0372 0.0170 0.0517 0.0199
Results from [27] 0.11 NA NA NA
Ths. 40 and 44 0.0550 0.024 NA NA
Ths. 36 0.111 NA NA NA
Th. 37 NA NA 0.112 0.0385
Max. 1/Aexp :
hy ~ EXP-()\exp)
Results from [88] 0.0095 0.0046 NA NA
Results from [44] 0.0158 0.00795 0.0217 0.00924
Results from [27] NA NA NA NA
Ths. 40 and 44 0.0226 0.01124 NA NA
Ths. 36 0.0357 NA NA NA
Th. 37 NA NA 0.0417 0.0188

From Table 5.1 we can conclude that our results allow to significantly reduce the con-
servatism of the conditions in [44] and [88] for the same benchmark examples. The results
in [27] are very close to the ones obtained with Theorem 36 and both outperform the results
obtained with Theorem 40.

In Table 5.2, we show the results obtained by allowing R; in Theorem 36 to be additional
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variables, i.e., the protocol is to be designed. Note that Theorem 38 assures that the
values obtained with Theorem 36 for the maximum support of a uniform distribution that
preserves stability when a dynamic protocol (obtained from solving (5.22)) is utilized, are
larger than the ones obtained with the necessary and sufficient conditions provided by

Theorem 37 for the static protocol, which matches well with the results in Table 5.2.

Table 5.2: Stability results for the batch reactor example-Protocol design, no packet drops

Dynamic Prot. Design (Th.36) | Static Prot. (Th.37)
Max.v : hy~Uni.(y) 0.140 0.112

5.2 Direct Design

5.2.1 Problem Formulation

For the direct design problem ! we assume, for simplicity, evenly spaced times between
transmission, i.e., tx41 — tx = Ts, Vi>0, for some sampling period 7,, and we assume that

there are no packet drops and no delays. We introduce the scheduling sequence
o(k) e M, for k € K, (5.35)

which indicates that at the time ¢, o (k) is the node that transmits, where K := {0, ..., kr},
with kr € NU {oo}, denotes the set of the time instants of interest. In this case, if we let

xzlk] = xp(t; ), the discretization of the model for the plant 5.36 at times ¢ is given by
(5.36)

where A = eAP™ B = [*eAP%dsBp and C = Cp, and jlk] = y(t;,), ak] = a(t;).
However, to directly take into account the communication constraints imposed by the

network, and to consider external disturbances acting on the plant we consider

r[k + 1] = Az[k] + BQoyulk] +welk], k>0

(5.37)
y[k] = Loy Ca[k] + wy K]

where Q; and I';, j € M are given in (5.11) and (5.11). The vectors wy[k] and v,[k]
are zero mean independent Gaussian processes characterized by the covariance matrices
Elwg[klwz[k]T] = @, and Efw,[k|lwy[k]T] = ®,. The initial state x[0] is assumed to be
a Gaussian variable, with E[z][0]] = Zo, and E[z][0]z[0]T] = ®¢. Note that (5.37) indeed
captures the fact that o(k) selects at each time step k which components of the input

vector ulk| can influence the plant model, and which components of the output vector y[k]

'This Section was revised taking into account a follow-up work to the thesis [AHHS11a] and [AHHS11b]
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are available for feedback. Moreover, we assume that when the actuation associated with
actuator 1 < j < n, is not available it is set to zero throughout the interval [tx,tx+1),
which is already captured in the model (5.37). Note that this model differs from the model
considered for there emulation approach, where we considered the input of the plant to be
held constant.

We are interested in the problem

kp—1
Uf%lri E[ Z z[k]TQz[k] + ulk]T Ru[k] + z[kr]TQz[kF]] (5.38)
R k=0

where the matrices () and R are assumed to be positive definite. The set of admissible
control laws u[k] is the set of functions of the information available to the controller from

listening the network up to time ty, i.e., {yg, ug, ¢ < k}.

Remark 45. Note that we do not need to impose the restrictions that w;[k] = 0 at times
at which the actuator j does not receive an update, since its value at these times does
not affect (5.37). In fact, since u;[k| is always weighted in the performance cost it is
automatically set to zero at these times by the optimal and suboptimal controllers that
we propose in the sequel (cf. Remark 42). Likewise, we do not need to assume that the
controller does not know y;[k] at times at which sensor ¢ does not send data to the controller.
In fact, y;[k] is purely noise at these times, and it is automatically not taken into account

by the optimal and suboptimal controllers that we propose in the sequel (cf. Remark 42).

5.2.2 Main Results

In this section, we start by showing how to compute the cost (5.38) for a periodic base
policy and then we present the scheduling protocol that a rollout policy with this periodic
base policy leads to.

5.2.2.1 Base Policy

To defined a periodic scheduling, we consider a set of h consecutive schedules for o(k)
denoted by

(’Uo,...,vh_l), (539)

where vy € M, 0 < ¢ < h — 1, which are periodically repeated as explained next. If we let

|k]n denote the remainder after division of k by h, we have
olk)=0;, ke{0,...,kr}, (5.40)
where

(9’]: = va+nJh’ k > 0, (5.41)
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for some 0 < k < h — 1 that characterizes the initial condition of the periodic scheduling
0.

Once the periodic scheduling is fixed, we can obtain the optimal standard solution to
the problem (5.37), (5.38), which we use as the base policy for the control law. This optimal

solution, which can be found e.g., in [1] is summarized in the next Proposition. Let

Fj(P):= ATPA+Q
— ATPBQ;(R+Q;BTPBQ;) 'Q,;BTPA
G;(P):= —(R+Q;BTPBQ;) 'Q,;BTPA
H;(N):= ANAT + @,
— ANCTLj(®, + I;,OCNC™T;)'T;CNAT
M;(N) = —ANC™Tj(®, + [ ;OCNCTT;)~*

(5.42)

Proposition 46. The solution to the problem (5.37), (5.38) in the case where the scheduling
is periodic and described by (5.40) is given by

ulk] = K2 [k] (5.43)
where Z[k| is obtained from

(5.44)
ulk] = Kidlk],  #[0] = 5
and the gains K and Ly, k € K are obtained from
Pk =Q, Po1=Fy(P), kr—-1>2k2>1
¢ () (5.45)
Ky = Gor_ (Py)
and
No=®o, Nij1=He(Ni), 0<k<H-1 5.16)
Ly, = Mo (Qy)
Moreover, the optimal cost (5.38) is given by JP3°¢(#[0], k), where
kr—1
TP(8, @, k) = 2T P& + tr(Po®o) + D tr(Peg1®s)+
k=0
. (5.47)
> " tr(NiAT Piya BQor (R+ Qg BT Pyyy BQor ) ™' Qg BT Py A).
k=0
U
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5.2.2.2 Rollout Policy

We propose to choose at each iteration the control law and the node to transmit as the
ones that leads to optimal performance over a fixed lookahead horizon, assuming that from
then on a periodic base policy is used. In other words, at each iteration ¢, 0 < ¢ < kp — 1,
the schedules

ol),c(l+1),...,0+H—1)
and the controls

ulll,ufl +1], ... ull + H — 1]

are assumed to be free variables, where H denotes the length of the lookahead horizon,

while
o+ H),c(l+H+1),...

and
ul+ H),u({+H+1),...
are fixed and follow a periodic policy as in (5.40), (5.41), and (5.56), (5.44). The free
scheduling variables are denoted by v = (v, ...,vg_1), i.e.,
o(k) =vg_y, for ke {l,... .0 +H—1} (5.48)
and the fixed scheduling variables can be written as

o(k) = 05y gy, for k€ {0+ H,... kp—1}. (5.49)

Note that at time ¢ + H the base policy is assumed to start at an initial schedule v,
determined by . We consider that x € {0,...,h — 1} is also a decision variable, and the
decision set is denoted by T := M x {0,...,h — 1}, i.e, (v,x) € . The length of the
lookahead horizon is a fixed constant, but naturally needs to be adapted when the iteration

step is close to the terminal step time kp, i.e,
H(¢) := min(H., kp — 1 — 1), (5.50)

where 1 < H. < kp — 1 is a constant. The dependency of H on / is omitted hereafter. The
process is restarted at each step.

As we shall see in the sequel this procedure boils down to the following protocol.

Protocol 1. Given the data {yx,ur, k < ¢} obtained by listening to the network, at each

iteration ¢ choose

o(t) = o, (5.51)
where vy is the first entry of the vector vy = (g, ..., Vpg—1) obtained from
(g, Re) :argmin(l,ﬁ)eza%}P,,ﬁ,gig—|—5(1/, K, )+ B(v, k, €, Ny), (5.52)

and the quantities in (5.52) are determined as follows.
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e At iteration ¢, compute P, . o = Py, from
Py =Py, Pj=F,(P), H-1>j>0, (5.53)
where Py is obtained from

Pbr—qQ, Pj= FG?(PJ'H), kp—1>3j>H. (5.54)

Moreover, compute

H-1 B kp—1 B
(v, Kk, l) = tr(P;)®,) + Z tr(P;j®,)
7=0 Jj=H

e The N, and Zy are obtained recursively by at each iteration k£ < ¢ updating the

following iterations based on past schedules
Ny = &y, Nk»Jrl = Ha(k;) (Nk), k<, (555)

and
2k + 1] = (A + BQ) Ky + Loy C)E[k] — Ly (5.56)

where Ly = I,4)(Ni), Ky = Gg(k)(Pl), and P is the matrix obtained by run-
ning (5.53), (5.54) at iteration k < /.

e The function g can be computed by
B(v, K, £, £) = tr(N¢Pp)

H-1 ) ) )

+ > (N (AT Py By, (R+9Qy, BPya BR,,) QBT Py A)
j=0

+ Y (N (AT Pya BQox (R+Qgx BPj1 BQgr ) ™' Qo BT Py A).
j=H

where Ni, and N}, are obtained at iteration ¢ from
Njp1 = Hy, (N;),0<j < H =1, No=N,
Nji1 = Hoe(Nj),H < j <kp—1, Ny=DNg
Moreover, the control law uy is given by

wp = Ky, (5.57)

where Ky, = Gy (Py), Pp is the matrix obtained by running (5.53), (5.54) at iteration ¢,
and 2[/] is obtained from (5.56).

O
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As stated next, this protocol does in fact correspond to the rollout algorithm described

above, and it always outperforms the corresponding periodic base policy.

Theorem 47. The rollout scheduling algorithm with the base policy described in Subsec-
tion 5.2.2.1 is determined by the Protocol 1. Moreover
dyn /4, d) < . base [ 2, d )
JUHE, @) < min  JU(E, @, k) (5.58)
where JY () is the cost (5.38) when the scheduling sequence o (k) and the control law wuy

for the system (5.37) are as described by Protocol 1, starting with an initial state estimate

ro = 2 and associated covariance matrix &g = .
O

The Protocol 1 can be implemented in the nodes of the network in a distributed way. In
fact every node can listen to the network at each transmission time, and therefore compute
Zp, and also @y, at time t,. In fact, knowing the data sent over the network at times
{tx < ty,k > 0}, nodes can locally iterate (5.56) and (5.55). Moreover, since the knowledge
of &4, and also @y, at time t; is all one needs to run the Protocol (1), each node can
implement the same rollout algorithm independently and therefore determine which node
is the next to transmit. At each transmission step, the node that gains arbitration simply
transmits and the other nodes do not. This implementation does not assume anything
from the network, e.g., whether it is wired or wireless, besides from the fact that the nodes
have the ability to listen to other nodes messages. This contrasts to, e.g., the solution
proposed in [91] for CAN-BUS networks where the assumption that we have available an
arbitration field that is used in the network messages plays an essential role.

Another important observation, is that every information that the nodes require to
compute the arbitration function (5.52) is available at time ¢,_; and therefore computations
can be done between time t,_; and ¢, in a way that there are no delays at time t,. The
feasibility of this implementation depends on the computational capacity of the nodes, i.e.,
whether they can perform these calculations in a time interval no larger than one sampling

interval h.

Remark 48. The equations (5.56) and (5.57). confer what was stated intuitively in Re-
mark 42. In fact, if an actuator 1 < ¢ < m does not receive an update at time ¢, then
the corresponding entries of the matrix {2,y is zero, and from the structure of the gains
Ky = Gy(g)(P1) where G is defined in (5.42) we also have that u;[k] = 0. Likewise, if a
sensor 1 <7 < ny does not transmit at time ¢, then the corresponding entries of the matrix
L'y (p) is zero, and from the structure of the gains Ly = I, (N;) where I is defined in (5.42)

we have that y; = 0 is not taken into account in (5.56).
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5.2.3 Illustrative Example

Consider the problem of controlling an inverted pendulum by a remote controller, which
is connected to the pendulum system though a communication network as the CAN-BUS,
Wireless 802.11, or the Ethernet. Thus, the controller has to choose at each transmission
time either to send a control action (torque) for the pendulum or obtain a measurement,
which is assumed to be a measurement of the displacement angle. Control decisions at
time t; correspond to o(k) = 1, and measurement decision to o(k) = 2. We assume
that transmissions occur with a sampling period of 7, = 0.1. A discretized model of
a linearization of the inverted pendulum about the unstable equilibrum point is given
by (5.37), with

Ts
A = etrTs, B:/ e Bpds, C =110,
0

0 1 0
Ap = , Bp=1_|,

and I'y =0,y =0, Q; =1, Q3 = 0. The noise signals in (5.37) are characterized by

where

Oy = 0.11y, ,P, = 0.001,, @, =0.001

The performance criterium is given,

kp—1
E[ Y (Cx[k])? + ulk]?dt + (Cxlkp])?] (5.59)
k=0

with kp = 100 and the controller aims at finding simultaneously the scheduling sequence
o(k) and the control law wuj that minimize (5.59).

Consider for the base policy a periodic scheduling law that alternates between sampling
and control, i.e, with period 2. We can compute from Proposition 46 the cost (5.59) when
this periodic scheduling and the optimal control law given in Proposition 46 are applied
to (5.37) with the matrices described above. However, we have no closed-form solution to
compute the cost (5.59) when the scheduling is obtained by running the Protocol 1. Thus,
we estimate it by running Monte Carlo simulations of the protocol. The results for the
base and rollout policies are shown in Table 5.3. The cost for the base policy can also
be confirmed by running Monte Carlo simulations. The values in Table 5.3 corroborate
Theorem 47, i.e., the cost obtained with the rollout policy is less than the one obtained
with the base policy. In fact, a significant improvement of about 22 percent of the base

policy cost is achieved.
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Periodic | Rollout
88.4 68.7

Table 5.3: Performance of base (periodic) and rollout policies for the pendulum example

5.3 Proofs

Proof. (of the Theorem 5.22) Consider the discrete-time process uy := (¢, ), where z(t, )
is the state of (5.14), which is easily shown to be Markov due to the i.i.d. assumption on

hi. In particular,

Buy By [V (Ukti4m)]] = Euy [V (Wktim)] (5.60)
for any bounded measurable function V', where E,, denotes expectation given uy, i.e.,
Ey,[.] := E[.|ug]. If one can find a function V(u) such that
c1llul? < V(u) < epljul?, Vu € R™ (5.61)
and
Euk [V(uk+1)] — V(’U,k) < —CgH’U,kH2, Yuy, € R™ (5.62)

then we can prove that
Elufux] < cafufug, Vg0 for some 0 < a < 1,¢ > 0. (5.63)

which implies MES for (5.14) according to the definition (5.20) since x(t;) = J;uy for some
i € M. In fact if (5.61) and (5.62) hold then

Eu [V (ug1)] < oV (ug) (5.64)

where 0 < @ = 1— & < 1 must be greater than zero since V' is positive. From (5.82)

and (5.64) we can conclude that
Euo[V (ug)] < o"V (). (5.65)
From (5.61) and (5.65) we obtain

C2
Buo|lur?] < aa’“\luOIIQ, k> 0.

Take V(ug) := mingen, ufRiuy, which satisfies (5.61) since R; > 0 V;co. Suppose
that wy is such that i = do(ug) = argminjeMDuleuk, ie., V(up) = minu]Rjug. Note
that, in case the minimum is achieved simultaneously for several value of the index i,
any of these indexes can be chosen without affecting the present proof. Then, for any
pji > 0: Z;":Dl pji = 1, we have that

121



5. DYNAMIC PROTOCOLS

Euk [V(ukJrl)] =

E, []Ien/\l/[n ukJT AThRjeAthl(i)uk]

di(i)®

< Ey, [Zpjiultﬂl(i)eAThRjeAthl(i)Uk]
=1

= Zp]z )y (6) Wk (5.66)

Suppose we choose pj; such that (5.22) holds, i.e.,

dl()zpﬂ Jdl (i) — R, = -Q;

for some @Q; > 0. Then from (5.66) we conclude that E,, [V (ug41)]—V (ug) < —ulQiuy, i =
da(ug), which implies (5.62) and concludes the proof. O

Proof. (of the Theorem 40) As in the proof of the Theorem 36 it suffices to find a function
V(uy) such that (5.61), (5.62) hold. Take V(uj) = u]Wuy, where W is the solution
to (5.26) and suppose that i = argminjeMuiRjuk. Then

By [V (k1)) = V(ur) = uf[J§ o E(W)Jg, ) — W,

mp (5.67)
=—uj[ Y cij(Rj — Ri) + Qilu
J=1g#i
where Q; > 0. Since i = argmin;c v uj Rjuj, we have that UJMZT% i CGij (R — Ri)Jug >0
for every uy € R"* and therefore from (5.67) we conclude that V satisfies (5.62). It is also
clear that V satisfies (5.61), which concludes the proof. O

Proof. (of the Theorem 41) We start by noticing that if there exists P > 0 such that

/ ! [eAPh L H (h) Ly W,Cp)T PP+ H (h) L, ¥;Cplu(dh) (5.68)
0

+ > ¢;(CES;CP—CLS;Cp) —P <0
J=Lj#

then (5.26) holds for (5.14) with matrices (5.30). In fact, since m = mpp, we can assume
that dy(7) = 4, Vienm since if this is not the case we can relabel the sensor nodes in such a
way this holds. Noticing that for A, J; given by (5.30) we have that

An 7 eAPh 4 H(h)LW,C 0
e i = .
‘ Ly, C 0
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We can prove that (5.26) holds for W = diag([P €l,,,.]) since in this case (5.26) takes the

form

Y |B(h i LS;,CP — CLS; P
I P o)

<0,Yiem  (5.69)
Peyh? 0 O p 0 elp, ‘

where

B(h)=(e*?"+ H(h)L;,¥;Cp)T P(e*?" + H(h)L;,¥;Cp) (5.70)
+€(Lk\I/Z'Cp)T(Lk\I/Z'CP) (5.71)

Thus if (5.68) holds then (5.69) holds for sufficiently small €. Set Ly = H(h) 1P~ M for

a np X m matrix. Then (5.68) can be written as

F(P)+ DMU,Cp + (DMY,Cp)T + CLMP ' MCp+

S T , (5.72)
Z cij(CpS;jCp — CpSiCp) — P < 0, Viem

J=1.j#i
If we let Y > 0 be such that MTP~'M < Y, which applying the Shur complement can
be seen to be equivalent to (5.33), we see that if (5.32) holds then (5.72) holds, which

concludes the proof.
O

5.3.1 Proof of Theorem 5.3.1

For simplicity we restrict the proof to the case where p is absolutely continuous, i.e.,
11([0,¢)) = [o f(s)ds where f is a probability density function.

Let 7 := t — 1}, be a variable that keeps track of the time elapsed since the last transmis-
sion time t;. Then the pair x = (x,7) is a Piecewise Deterministic Process (PDP) in the
sense of [25], where z is the state of (5.14). A PDP is a process where randomness comes
into play at fixed or random jump times but there is no source of uncertainty between these
times. In the present case these times are t;. A PDP can be described by three ingredients:
(i) a deterministic flow, which describes the evolution of the state between jump times. In
the present case this is the linear dynamics of (5.14); (ii) a possibly state-dependent tran-
sition jump intensity which determines the occurrences of the jump times. In the present
case the transitions intervals are independent and identically distributed, and therefore,
at time ¢, the transition intensity depends on the time of the last jump before ¢ and is
given by the hazard function of f, A(7) := ¢(7)/s(7) where s(7) is the survivor function
s(t) = [ f(r)dr [25]; (iii) a transition probability measure Q(x,dy) over the state-space

that characterizes the probability of a jump from a state to another state at jump times. In
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the present case the transitions are state-dependent but deterministic and can be described

by the characteristic distribution

Problz(ty) € A|E] = /A Q(t), dy) (5.73)
1if Jjz(t, ) € A and
= x(ty )TRjx(t, ) > x(t, )TRix(t, ), i € M, (5.74)

0 otherwise

where E is the event that a jump occurred at time ¢; and that the state is z(t, ).
In [25], an expression is given for the extended generator 2 of a PDP and a characteri-

zation is given for its domain, which consists of the class of functions for which
t
Exeo (V(x(1))) =V (x(0)) + Exo /0 AV (x(s))ds, Vi, (5.75)

where Ey, denotes expectation given that the process started at the initial state xo = x(0).
We see from (5.75) that the extended generator for PDPs plays the role of a Lyapunov
derivative for deterministic systems. The expression for the extended generator 2 takes

the form

AV (x):=XV (x) + A(7)[V (Jjz,0) — V(x)], (5.76)
if eTRjx < a"Rjz, i € M

where XV (x) := Y, W) ;..

1 0%

The following result will be key to prove Theorem 40. The proof is analogous to the

proof of the sufficiency part of the Theorem 24, and therefore it is omitted.

Theorem 49. If there exists a differentiable positive function V' (x) which equals zero at

zero, and positive constants ci, ca, k such that for every x = (z, 1),

crllz]]* < V(x) < cof|||? (5.77)
AV (x) < —k||z|? (5.78)

where AV (x) is given by (5.76) then the system (5.14) is MES.

Proof. (of Theorem 40) We start by noticing that (5.26) is equivalent to existing P > 0,
U>0,cy>0and R;, i,j € M such that

E(W)-U<0 (5.79)
JZTUJZ + Z Cij(Ri — Rj) —W< O,VigM. (5.80)
J=1j#i
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To see that (5.79) and (5.80) imply (5.26) note that (5.79) implies that JT(E(W)—U)J; <0
for every i € M and adding this last equation to (5.80) for each i one obtains (5.26).
Conversely, if (5.26) holds, U = E(W) + €l satisfies (5.79) and (5.80) for sufficiently small
€.
We consider a function V' (x) = 2T P(7)z, for a P(7) to be introduced shortly, and prove
that V' (x) satisfies the conditions of Theorem 49 provided that (5.79), (5.80) are satisfied.
Taking the generator of V' (z) using (5.76) we obtain

AV (x) = zT[P(1) + ATP(r) + P(1)A +
A7) (J]P(0)J; — P(7))]x
if eTRjx > aTR;xz, i € {1,...,m}

we shall show that there exists P(7) such that ¢;1 < P(7) < ¢of and

P(1) + ATP(7) + P(r)A + \(7)[J] P(0)J; — FE&))
+ 27 cij(Ri — Ry) + Zi] +Y =0

for some matrices dil < Z; < dol, i € M, el <Y < esl, to be introduced where
¢, dp, el € {1,2} are positive constants. This implies that if we take such P(7) for
V(x) = 2TP(7)x then (5.61) takes the form

AV (x) = —aT[Y + M7)(Z; + (O cij(Ri — Ry)))]a
j=1

if x(t, )TRjx(t, ) > x(t, )TRx(t, ), i € {1,...,m}.

which implies that AV (x) = —2TYx, Vierne

Note that A(7) is a positive function. Thus, V(x) satisfies (5.77) and (5.78). If suffices
to prove that (5.79)-(5.80) implies that there exists 1/ < P(7) < col, dil < Z; < dol,
e1l <Y < eal such that (5.81) holds.

Let P(0) =U, Z; = W — (XL ¢ij(R; — Rj) + J{ P(0).J;) > 0, where U, W, ¢;; are the
solution to (5.79), (5.80). Moreover since from (5.79), E(W) — U = —(@ for some @ > 0
we can chose Y such that [ eA""YeA" f(h)dh = Q. Then the unique solution to (5.81) is
given by

P(r)=Jy" eATTWeAT—f(T(+)T) dr (5.82)

S(T

+ fg_T eATsy eAs —S(ST(:_F)S) ds

which can be confirmed by direct replacement. It is clear that P(7) is bounded and positive

definite, and this concludes the proof. O
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5.4 Further Comments and References

Walsh and co-authors [90] made strides in the analysis of control systems closed via a local
area network, such as the controller-area network, the ethernet and wireless 802.11 net-
works. The key assumptions in [90] are that there exists a bound on the interval between
transmissions denoted by mazimum allowable transfer interval (MATT), and that transmis-
sion delays and packet drops are negligible. In [90] an emulation set-up is considered in the
sense that the controller for the networked control system is obtained from a previously
designed stabilizing continuous-time controller. Two basic types of protocols have been
proposed: static protocols, such as the round-robin (RR) protocol where nodes take turns
transmitting data in a periodic fashion; and dynamic protocols such as the maximum error
first-try once discard (MEF-TOD) protocol, where the node that has the top priority in us-
ing the communication medium is the one whose current value to transmit differs the most
from the last transmitted value. Under this setup, one can attempt to provide an upper
bound on the MATT for which stability can be guaranteed. Since these protocols have been
proposed in the papers referenced above, MATI bounds have been improved [73], [88], [28].
Although, [90] illustrate through simulations that using the MEF-TOD protocol allows for
preserving stability of the networked closed loop for a larger MATIT than that obtained
when using the RR protocol, and similar conclusions are obtained in [73]- [28] from suffi-
cient stability conditions, no analytical result has been established proving that this holds
in general.

As mentioned in [90], the occurrence of transmission events on the network is often
more appropriately modeled as a random process. This feature is taken into account
n [44], which considers networked control systems with MEF-TOD and RR protocols,
and independent and identically distributed (i.i.d.) intervals between transmissions. It is
shown that stability can be guaranteed for distributions of the inter-transmission intervals
that have a support larger than previously derived deterministic upper bounds for the
MATT [90], [73], [88]. The conservativeness of these results for linear networked control sys-
tems using the RR protocol was eliminated in [AHS09b]. Recently, [27] addresses a model
of networked control systems with i.i.d. intervals between transmissions and stochastic
delays for a class of quadratic protocols that is more general than MEF-TOD. Through a
convex over-approximation approach, sufficient conditions are given for mean exponential
stability. In [24] a method is proposed to design an observer-protocol pair to asymptoti-
cally reconstruct the states of an LTI plant where the plants outputs are sent through a
network with constant intervals between transmissions. The protocol to be designed can
be viewed as a weighted version of the MEF-TOD.
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Output Regulation for Multi-rate
Systems

One of the celebrated problems in automatic control, commonly known as output regula-
tion, is that of controlling the output of a linear time-invariant system so as to achieve
asymptotic tracking of an exogenous signal generated by the free motion of a linear time-
invariant system, so-called exosystem, while guaranteeing closed loop stability. A solution
to this problem is required to yield closed-loop stability and should be such that output
regulation is achieved even in the presence of small plant uncertainties and exogenous
disturbances also generated by the exosystem.

In this chapter we address the output regulation problem for multi-rate systems. Multi-
rate systems can arise in the scope of networked control system in cases where several nodes
negotiate fixed, but different, bandwidths with the possibly several networks connecting
that are part of the networked control system. Networks that guarantee a fixed bandwith,
are, for example, circuit switchign networks [58]. It can also simply represent a sensor,
which outputs measurements at a fixed sampling rate, or an actuator which allows actuation
updates at a fixed rate. Typical cases of the use of multi-rate control systems design arise
from hardware restrictions, for example, due to the fact that the discrete-analog (D/A)
converters are generally faster than the analog-discrete (A/D) converters or from the use
of camera-based sensors, which might require larger sampling periods than other sensors
and actuators ([35]). Another important application arises in the design of integrated
guidance and control systems for vehicular applications ([ASCO07], [ASCO08b]), where the
linear positioning sensors (e.g. Global Positioning System (GPS)) are usually available at
a lower rate than the remaining sensors.

We propose a controller that achieves stability for the closed loop and output regulation
for a number of regulated outputs equal to the number of inputs, while taking advantages

of the remaining outputs for feedback. Besides incorporating an internal model of the
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exosystem, the key feature of our proposed controller is that it includes a system that
blocks signals generated by the exosystem arriving to the controller from the non-regulated
outputs. The concept of a system that blocks signals is made precise, by introducing the
notion of blocking zero with respect to a matrix, both for LTI and periodic systems, which
generalizes the standard notion of blocking zero for LTT systems (see, e.g., [98]). We show
that there exists a stabilizing controller with the proposed structure, i.e., incorporating
an internal model of the exosystem and a system that blocks signals generated by the
exosystem, that achieves output regulation even in the presence of plant uncertainties and
disturbances generated by the exosystem.

The remainder of the chapter is organized as follows. In Section 6.1, we provide the
problem setup and state the output regulation problem for multi-rate systems. In Sec-
tion 6.2 we propose a solution to the problem statement summarized in our main result.
An illustrative example showing that our solution allows to solve problems not possible to
solve through previous works is provided in Section 6.3. In Section 6.4 we introduce the
notion of blocking zero with respect to a matrix, which is a key concept to prove the main
results which is established in Section 6.5. Further comments and references are given in
Section 6.6.

6.1 Problem Formulation

We describe first the multi-rate set-up, and the exosystem. Then we state the output

regulation problem.
6.1.1 Multi-Rate Set-up
We consider a continuous-time plant

ip(t)| |Ap Bp| |zp(t) Ep )
ot i | R SR

where zp(t) € R” is the state, up(t) € R™ is the input, and vp(t) € R™ is a disturbance

vector generated by the following system

wp(t) = vap(t), t Z 0,

(6.2)
’Up(t) = Ev’wp(t).
The output vector yp(t) € RP can be partitioned into
yp(t) = (yp(t),. ... yp' ()
where 35 (t) € RPi, is associated with sensor i € {1,... .My}, and Z?:yl p; = p. The sensors

are assumed to operate at different sampling rates, with periods that are rationally related.
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This model for the measurements can be described by

y[k] = (yl[k]v <o ’yny [k])v
where
y'[k] == Tiyp(ty), k>0, 1<i<mny, (6.3)

t, = kt, for some tg > 0, 'l = ’Yiilpiv and

: 1, if sensor 7 is sampled at t,
Tk = .
0, otherwise

Let
Ty := bdiag(T}, ..., IY).

Note that, due to our assumption that the periodicities of the sensors sampling are ratio-
nally related, 'y is a periodic function of k, i.e., there exists h such that I'y = Tgyp, Vi.
We can assume that each diagonal entry of I'j is non-zero at least once in a period since
otherwise a given sensor component would never be sampled and could be disregarded.
The actuator mechanism is assumed to be a standard sample and hold device, and it

is assumed to be available for update at every sampling time ty, i.e.,
u(t) = ulk],t € [tr, trr1), (6.5)

where u[k| is the actuation update at time .
Denote the sampled state at times t; by z[k] := x(t;). Then we can write (6.1), (6.3)
and (6.5) at times t;, as

kE+1 A B k B
p.— k1)) _ 2k BV (6.6)
y[k‘] ch 0 u[k:] 0
where A = P B = fgs eAP3dsBp, C = Cp, By = Ots eAts=9) Bp By eSvids, and v[k] =

vp(ty) is generated by the discretization of (6.2), which is given by

wy [k +1] = e Viwy k], k>0,

(6.7)
U[k‘] = vav [k]
6.1.2 Exosystem
Suppose that we further partition the output vector y[k] according to
Jlk = [ | ]] - [ : ] ol (639
yr[k] FrkCr
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where I'),x and T’y are n,, X n, and m X m matrices, respectively, such that ', =
bdiag(T',uk, I'x). Note that n,, = p — m. The component y,.[k] € R™ is a set of out-
puts that we wish to asymptotically track a reference signal r[k], and y,,[k] € RP™ is an
additional set of measurements available for feedback. Subsumed in this partition is that
p > m. A solution to the output regulation problem in the case where p < m can be found
in [82].

The reference signal r[k] € R™ and the disturbance signal v[k] € R™ are assumed to

be generated by the following model, which we denote by exosystem,
wlk + 1] = Sw[k]
r[k] = Crwl[k] (6.9)
v[k] = Cvuwlk],
where w[k] € R™. The matrices S and Cy must be compatible with (6.7), i.e., the same

signal v[k] should be generated by (6.9) and (6.7). Consider the Jordan canonical form of
S ie.,

S = Vbdiag(Sy, ..., S, )V ! (6.10)
where V' is an invertible matrix and the matrices S; take the form
pio 10
0 Nj 1
S;i=1. D e CriXri, 1< j<ng (6.11)
0 0 e Hj

where ng < ny, and 3°7°; kj = n,,. We assume that:
(S1) |lpill = 1, Vi<i<n,-

(S2) pi # py for i # j.
To see that (S1) and (S2) introduce no loss of generality, note first that the exosystem

can generated signals r[k] and v[k] taking the form

ns Kj—1
=3 3 o)) (6.12)

j=1 1=0
where bj; can be made arbitrarily by properly choosing Cr, Cy, and w[0]. Since, as we shall
see shortly, output regulation is an asymptotic property, if (S1) would not hold then the
disturbance and reference terms in (6.12) corresponding to stable eigenvalues of S would
play no role. If (S2) would not hold, the exosystem would still only be able to generate
the same class of reference and disturbance signals (6.12). Another way of stating (S2) is
to say that the characteristic polynomial of S coincides with the minimal polynomial of S,
which is a statement more commonly seen in related works addressing the internal model

principle (see, e.g., [13]).
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we[K] k]
P Yl K]

Ck

Figure 6.1: Proposed controller structure to achieve output regulation; Plant:P; Controller:

C;-internal model, Cp blocking system, Cy stabilizer

6.1.3 Problem Statement

Consider a linear controller for the system (6.6), i.e., a map y[k] — u[k] with state z.[k] €
R™. We say that the closed-loop is stable if (z[k],z.[k]) — 0 as k — oo, when r[k] = 0,
Vi>0. Moreover, we say that output regulation is achieved if (Crx[k] —r[k]) — 0 as k — oc.

The problem we are interested in this chapter can be stated as follows.

Problem 50. Find a linear controller for the system (6.6) such that the closed loop is stable

and output regulation is achieved.

6.2 Output Regulator for Multi-Rate Systems

The structure of the controller that we propose to solve the Problem 50 is shown in Fig-
ure 6.1.

The purpose of the systems C;, Cp and Cx and the rationale behind this structure are
briefly explained as follows. Since the controller must provide the adequate input value
u[k] such that the output y,[k] of the linear plant tracks the desired reference signal r[k],
the system Cj is such that it is capable of providing such an input to the plant, when the
input to Cy is identically zero. Denote by steady state the state of the plant at which output
regulation is achieved. At steady state, due to the linearity of the plant, the non-regulated
output y,,[k] consists of a signal with the same frequency content of the input to the plant.
The system Cp has the purpose of yielding a zero output when the steady state signal
ymk] is applied to its input, while assuring that other signals of interest, do not yield a
zero output and thus can still be utilized to control the plant.

Closed loop can be guaranteed if the following condition is met

(G1) The system ”seen” by the controller, i.e., obtained by computing the series of Cy, P
and Cp, with input yx[k] and output (yplk], y.[k] — r[k]), is detectable and stabiliz-
able.
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In fact, from standard results for linear systems, if (G1) holds one can compute a stabilizing
controller Cx. Note that, when output regulation is achieved, both the input to the
controller and its output are zero.

Before we state our main result, we provide possible choices for C; and Cp. We shall im-
pose in Section 6.5 some requirements that C; and Cp must meet to prove our main output
regulation result. We shall see that the systems proposed below meet these requirements.

However other choices may exist that satisfy these requirements.

6.2.1 System C;

The system C; is an LTI system described by

C ::{ [:C[[k‘—f—l]‘| _ [A[ B]‘| [‘T][k‘]] (6.13)
y][k‘] C] 0 ul[k]

where z7[k] € R™, uslk] € R™, and ys[k] € R™. The system C; should be capable of
providing the adequate input to the plant such that output regulation is achieved. Such an
input takes the general form (6.12). One realization for (6.13) that achieves this is given
by

A = bdiag(S,...,S) GR(mnw)X(mnw).
By = bdiag(BJ,...’BJ) c R(mnw)xm
C] = bdlag(CJ, e ,CJ) c RMX(mnw) (614)

where B; € R"*! is such that (S, By) is stabilizable, and C; € R*™ is such that (C, S)
is detectable. It is straightforward to verify that this implies that (A, By) is observable, and
(Cr, Ar) is detectable, respectively (cf. Proposition 62 below). Note that, the system (6.13)
with matrices (6.14) incorporates an m—fold reduplication of the exosystem (6.9), in the

sense of [34].

6.2.2 System Cp

The system Cp , is a linear periodically time-varying system, described by

Cp i { lxp[mu] _ lADk BDk] lm[k]] (6.15)
yplk] Cpr  Dpi| |uplk]

where zplk] € R"P, uplk] € R", and yplk] € R™, and Apk, Bpr, Cpr and Dpy are
h—periodic, i.e., e.g., Apr = Apk+h, Vi>0-
The system Cp has the purpose of blocking the signals that can be generated by the

exosystem. By this we mean that the output of (6.15) is zero for every input generated
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6.2 Output Regulator for Multi-Rate Systems

by the exosystem, which takes the general form (6.12). The notion is made precise in the
Appendix (cf. Definition 58).
One realization for (6.15) that achieves this is given by

Apr = bdiag(Ak’ Lo AP € R Xnmn
BDk = bdiag(Bk’ o ’Bnm) c R(nmnw XN
Cpr = bdiag( ) ,Cl:}m) c Rmx (nmnw) (6.16)
Dpr = bdiag( D"M) R Xmm > ()
where, corresponding to each output ¢ € {1,...,}, the matrices are given by
; 0 0 ) 1 ‘ ' ‘
L= , By, = , CL = (Clk)T7 D, =1, (6.17)
Inw—l 0 Onw—l

if the output ¢ is sampled at ¢, and

= In,, Blic = Onyyx1s Clﬁ; = O1xn,, Dilﬁ =0, (6.18)

ik is a h—periodic vector, i.e., ¢tk = (ik+h)

otherwise, where ¢ which is described shortly.
The matrices A}; and BZ, which correspond to the ith component of the output vector
ym|k], are such that the system Cp holds the last n,, sampled values of the output i when
k is sufficiently large. A condition for k& that assures this is k& > ny,h. In fact, from (6.17)
we see that if the output is sampled at t; then the new measurement is introduced in the
state while the least recent is dropped. From (6.18) we see that if the output is not sampled
at tp the system Cp holds the previous state. The matrices Cli and D};. are such that the
output is zero when steady state is achieved, in which case y,,[k| is a signal taking the
form (6.12). This will be shown in Proposition 63. The n,, dimensional periodic vector
¢ can be determined as follows. Since the ¢** are h—periodic we need only to specify ¢
along a period, i.e., e.g., for k € {1,...,h}, and for values for which 7, = 1 (otherwise
Ci = 0), where 7}, is given by (6.4). Let | k] be the remainder of the division of k by h if
E>1ie,eg, |[k+1] =k+1if1<k<h-—1,and [k+ 1| =1if £k = h. Moreover if
k < 0 use the same notation to denote |k| := |k+rh]| for some r € N such that k+rh > 1.
For each k € {1,...,h} such that 4** = 1, define a set of n,, + 1 indexes {7/¥,0 <1 < n,}
by
0,if I =0,

Tll-k _ Tlifl + min{kl >0: ’.Yfk*Tliflfli = 1}7

if 1 <1< ny.

Define the following set of matrices
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Nif;(ﬂl)
M = : € Crwxmw
where k € {1,...,h}, and
_ ik _ ik —rik
pyt pi Hj
ik, 71" ik, 75" T
N;i(uj) _ T, T3 1L Tr I
. R ik . R ik . ] 77.77,;(](:
(riF)r My () Hy S (Trzzlfu)ﬁj My
Define also the set of vectors
dy
b= : | eR™!
dp,

where k € {1,...,h} and

T .
dj = [1 le(ﬁj_l):| ;1 < j < ng.

We make the following assumption:

M. is invertible for every k € {1,...,h}, 1 <i < n,,. (6.19)
Take ¢ = [ci* ... ¢ ] as the solution to
Mic* = iy, (6.20)

which is unique due to (6.19) and it is real. To see that it is real note that if y; is a complex
eigenvalue of S then so is its conjugate since S is real. Note also that to the eigenvalue u;
and to its conjugate, correspond complex conjugate rows of M, ,f; and therefore both ¢** and
its conjugate satisfy (6.20).

The assumption holds in the special case where the sensors are sampled at a single-
rate. In fact, in this case we have that Tl““ = 1, V1<k<h,1<i<ny,1<I<n,, and the rows of
Mf correspond to linear independent functions lTuj_l where 1 < r < x;. This is also in
general true in the multi-rate case where the Tlik are in general not equal to [. However,

the assumption may fail in some pathological cases as we illustrate in the next example.

Ezample 51. Suppose that y,,[k] is one dimensional and corresponds to a sensor which is
sampled once every five times in a period, i.e., h = 5, 'Yl}; =1,if k =1 and, 'y,i =0 if
k € {2,3,4,5}. If n, = ns = 3, then we can obtain that 7% = 5, 7}¥ = 10, and 75* = 15
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if k=1 and Tlik do not need to be specified if k € {2,3,4,5}. Suppose that pu; = 2/

po = e 27/5 12 = 1. Then the matrices M}, which needs only be specified for k = 1, is
given by
(6i27r/5)—5 (ei27r/5)—10 (6i27r/5)—15
Mll — (e—i27r/5)—5 (e—i27r/5)—10 (e—i27r/5)—15 7
1 1 1

which is singular and therefore the Assumption 6.19 does not hold.

6.2.3 Main Result

We make the following assumptions on the multi-rate discrete-time plant (6.6):
(P1) (A, B) is stabilizable and (C, A) is detectable.

(P2) There are no invariant zeros from the input of the plant to the regulated output that

coincide with the eigenvalues of S, i.e.,

|:’4 - len

is invertible Vi<j<y,.
C, o

(P3) Consider the following systems

Bk + 1] = AZ[K] Wk + 1] = So[k]
gr[k] = Frkcr-%[k] f[k] = kaCMw[k] (6'21)
Imlk] = Tk O & [ k]

with initial conditions z[0] = x¢ and w[0] = wp. Then, there does not exist xg
different from the zero vector, such that there exists a wy and C) for the free motion
of (6.21), such that §,[k] = 0,Vi>o and g [k] = k], Vi>o0.

We assume (P1)-(P3) to obtain (G1l). The assumptions (P1) and (P2) are typical
in related problems (cf. [34]). The assumption (P3) is closely related to the following
assumption, which is easier to test:

(P3’) A and S do not share an eigenvalue, or if A and S share an eigenvalue 1,1 < j <
ng, then the corresponding eigenvector of A is not in the kernel of T, C). for every

kEe{l,...,h}.

While (P3) and (P3’) are not equivalent, it is straightforward to show that (P3) implies
(P3’). However if (P3’) holds then (P3) may not hold in pathological cases.
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Example 52. Suppose that I'y, = 1,Vi>p and 'y, = 1if £ =0, 'y, = 0 if £ € {1,2,3,4}
and ka = Fm(k—i—S)’ szo. Let S = 1, Cm = [100], Cr = [001], and

[

cos(¥) —sin(Z) 0
A= |sin(Z) cos(¥Z) 0
0 0 :

Although A does not have eigenvalues that coincide with the eigenvalues of S, and therefore
(P3’) holds, if we make zp = [010]T and wy = 1 then we have that y,[k] = 0, V>0, and
7[k] = ym[k] = 1,Vk>0, which means that (P3) does not hold.

The following is the main result of the chapter. We denote by plant uncertainties the
fact that the matrices A, B, C' in (6.6) might not be known exactly, i.e., although the
controller of Fig. 6.1 is designed for the model (6.6), the actual plant is described by the
matrices A, B, C' and is given by

- k+1 A B [z[k B
p.= ek 1)) A 2RV g (6.22)
y[k] I'vC 0| |ulk] 0
Since asymptotic stability is a robust property, if A, B, and C are sufficiently close to
A, B, and C, respectively, and if the controller of Fig. 6.1 designed for (6.42) asymptotic

stabilizes the closed-loop, then asymptotic stability is preserved when P is replaced by the
actual plant P.

Theorem 53. Suppose that (P1)-(P3) hold for the plant P, and that C; is given by (6.13),
and Cp is given by (6.16), (6.17), and (6.18). Then there exists matrices By, C; for Cy,
and Cg such that the closed-loop in Figure 6.1 is stable. Moreover, output regulation for
ymlk] is achieved even in the presence of plant uncertainties that do not destroy closed-loop
stability.

6.3 Example

Ezample 54. The following continuous-time linear system is considered in [ASCO08a].

.i'l(t) —1‘1(75) — 1‘2(75)
Po =< @a(t) = —aa(t) + ult) (6.23)
.%.'3(t) —1‘2(75) + 0.5.%'3(75) + u(t)

A sensor measuring z1(t) works at a fixed sampling period of t5; = 0.25, while the

actuator update mechanism can be done at a sampling period of t, = 0.05. We wish
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that x1(t) tracks a prescribed reference signal. However, one can verify that P¢ is not
detectable from x1(t). Therefore we cannot use the solution provided in [82] for output
regulation of square multi-rate systems, since this solution would not guarantee closed-
loop stability. We consider that x3(t) is also available for feedback at a sampling period of
to = 0.1. According to the framework of Section 6.1 we have that t; = 0.05, h = 10. The
system is now detectable from (z1(t), z3(t)), and since the sampling period t5 = 0.05 is not
pathological (see, e.g., [15], the discretization of (6.23) is also detectable with respect to
the multi-rate outputs y,[k] := T',pz1(kts), and y, k] := Tras(kts) where the h-periodic

matrices Iy, Tpe, Q are determined by

ro. - 1 k odd, L. — 1 k=16
mk 0 otherwise ke 0 otherwise

and we also used the Proposition 67 to conclude the detectability of the multi-rate dis-
cretization. Consider the problem of designing a linear controller for P that achieves
closed loop stability and such that the output y,[k]| tracks the reference I',r[k] with zero

steady-state error, where r[k] is described by

wlk + 1] = Swlk|, w[0] = wy,

where

Thus, the reference r[k| takes the form
rlk] = c1 + c2k (6.24)

where c¢1,co can be made arbitrary. Such non-constant references, prevent the use of the
results from [ASC08a]. Contrarily to [82], this problem can be solved with the solution we
provide in the present chapter. In fact, the discretization of P can be verified to satisfy
(P1)-(P3) and therefore a linear controller with the structure depicted in Figure 6.1 can
be synthesized for this system. The stabilizing controller Cx in the Figure 6.1 can be
obtained, e.g., from the solution provided in [18] and the gains c,yg determining the system

Cp are in this special case time-invariant and given by
1
M = [=2 1]7, ¥, oaa

and do not need to be specified for k even since y,,[k] is only sampled for odd k. In
Figure 6.2, we show the response of the output x[k] when a reference signal r[k] consisting
of a concatenation of signals taking the general form (6.24) is applied to the closed-loop

system. We see that zero steady-state error is achieved after a transitory period, as desired.
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20 40 60 8 100
Figure 6.2: y,[k] and r[k].

In Figure 6.3 we show several signals of the closed-loop for a short period of time where a
transition of the reference signal occurs. Note that before the transition, in steady state,
the output yp[k| of the blocking system Cp is zero as desired, and that at steady state u[k]

has the desired value to be applied to the plant so that output regulation can be achieved.

6.4 Blocking Zeros with respect to a Matrix

Consider an LTT system

(6.25)

(6.26)

where both (6.25) and (6.26) have the same number of inputs and outputs, and z[k] €
R™ u[k] € R"B y[k] € R"B.

We generalize next the definition of blocking zero for LTI systems (see, e.g. [98]) and
subsequently introduce the notion for periodic systems. This generalization lies at the
heart of the solution we propose in Figure 6.1 since it is the property that the key system
Cp is required to satisfy (cf. Subsection 6.5.3).

Definition 55. We say that (6.25) has a blocking zero with respect to a matrizx R € R"E,
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Figure 6.3: Various closed-loop signals

if there exists IT € R™A*™R guch that for every E € R"B*"E we have that

IR = All+ BE (6.27)
0 = CH+DE (6.28)
0

To interpret the nomenclature blocking zero used in the previous definition, we need
the following proposition. Consider the system

wglk+1] = Rwglk], k>0,

6.29
ulk] = Cywglk]. (6.29)

Proposition 56. Suppose that the input of the system (6.25), is generated by (6.29). Then
there exists a solution IT € R"4A*"E to

IR = AIl + BCy (6.30)

if and only if the solution to (6.26) satisfies z[k] = Hw[k] when z[0] = Iw|[0] for an
arbitrary w[0] € R™®. Moreover, if A has all its eigenvalues inside the open unit dist and
R has all its eigenvalues outside the open unit disk then the solution to (6.30) is unique,
and z[k] — Iw[k] as k — oo for every initial condition z[0], w[0].
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O

Proof. If there exists II such that (6.30) has a solution, then we can argue by induction
that x[k] = ITwk]. In fact this is valid by hypothesis for k = 0, and if it is valid for k = r,
then

z[r+1] — Iwr + 1] (6.31)
= Ax[r] + BCyw|r] — IIRw|r]
= (Al + BCy — IIR)w[r] + A(z[r] — Hw[r])
= A(z[r] — Owlr]) (6.32)
= 0.

Conversely if x[k] = ITw[k] when z[0] = IIw[0] for an arbitrary w[0] € R™Z  then
0 = z[1] — MTw[1] = (AIl + BCy — IIR)w[0], which implies (6.30) since w][0] is arbitrary.

Now suppose that A has all its eigenvalues inside the open unit disk and R has all its
eigenvalues outside the open unit disk, and that there exists two solutions II and II, which
satisfy (6.30). Let E := [ —II. Then ER = AE, which implies that ERF = A*E for every
k> 0 and this implies that E' = 0. Moreover from (6.31), (6.32) and the stability of A we
conclude that for every z[0],w[0], we have that z[k] — Iw[k] when k — oo. O

From Proposition 56, we can conclude that according to the Definition 55, the sys-
tem (6.25) has a blocking zero with respect to R if the following hold. If the input of (6.25)
is generated by (6.29) for an arbitrary matrix Cr = F and the initial condition of (6.25)
satisfies z[0] = IIw[0], then the output of (6.25) is identically zero. This suggests the
nomenclature blocking zero with respect to the matrix R.

According to [98, Def. 3.14] the system (6.25) has a blocking zero at a complex number
zg € C that does not belong to the spectrum of A, if

C(2l — A)'B+ D =0. (6.33)
As stated in the next proposition, in the case where R is scalar our definition coincides

with the one from [98, Def. 3.14],

Proposition 57. Suppose that R = zp € C is a complex number that does not belong to the
spectrum of A. Then, the system (6.25) has a blocking zero according to the Definition 55
if and only if (6.33) holds.

(]

Proof. To prove sufficiency it suffices to multiply (6.27) by C(z0I — A)~! and sum the
result to (6.28). One obtains (C(zol — A) "B+ D)E = 0 for every E, which implies (6.33).
To prove necessity take I1 = (2] — A)"'BE, and see that (6.27)-(6.28) holds if (6.33)
holds. U
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6.4 Blocking Zeros with respect to a Matrix

Note that if the matrix R has only simple eigenvalues, then having a blocking zero with
respect to R, is equivalent to having ng zeros with respect to all the eigenvalues of R. Our
definition of a blocking zero is broader since it allows to consider a matrix R € R"? with

a Jordan block structure

R=1. . (6:34)
00 ... 0 A
and conclude if (6.25) has a blocking zero with respect to R, then every signal taking the

form

nr—1 k
ulkl = >« < l)A’H, (6.35)

1=0
is blocked (yields a zero output) by (6.25).
We extend the definition of blocking zero to periodic systems as follows. Recall that

|7 | denotes the remainder of the division by h.

Definition 58. We say that (6.26) has a blocking zero with respect to R € R™R_ if there
exists I, € R™A*"R guch that for every F, € R"B*"R 1 < < h, we have that
HLrJrlJR = Al + B, E,

(6.36)
0=C,, +D,E,, 1<r<h.

Moreover, if (6.36) hold only when E, = E for an arbitrary matrix £ € R"B*"R we say

that (6.26) has a time-invariant blocking zero with respect to R
O

To interpret the nomenclature used in the previous definition, we need the following
proposition. Consider the system
wrlk + 1] = Rwglk|, k>0,
[k +1] [] (6.37)
ulk] = Cyrwrl[k].
where Cuy = Cy(ryn), k>0 and R is now assumed to be invertible.

Proposition 59. Suppose that the input of the system (6.26), is generated by (6.37). Then,
there exists a solution IT, € R™*A*"z 1 < < h to

HLTJrlJR =AlIl. +B,Cy,, 1<r<h (6.38)

if and only if the solution to (6.26) satisfies zy = I ;jwg, k > 1 when z[0] = IT,w[0] for an
arbitrary w[0] € R™&. Moreover, if (6.26) is stable, and R has all its eigenvalues outside
the open unit disk, then the solution to (6.38) is unique, and z[k] — IIj; jw[k] as k — oo

for every initial condition z[0], w[0].
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O

Proof. If there exists I, such that (6.38) has a solution, then we can argue by induction
that x[k] = II|;jw[k]. In fact, this is valid by hypothesis for & = 0, and if it is valid for
k =1, then

sl +1] = Ty wll+1] (6.39)
= Aill] + BICyiw(l] — T[4 Rw|r]
= (Adly) + BiCyi — 111 R)wll] + A(z[l] — 1T w(l])
= Ay(afl] — I wll]) (6.40)
= 0.

Conversely if x[k] = II|; jw[k] when z[0] = [I7w[0] for an arbitrary w[0] € R"%, then
0 = z[r] — ILw[r] = (All, + BCy — II,)Rw[r] = (All, + BCy — II,R)R"w[0], which
implies (6.30) since w[0] is arbitrary and R is invertible.

Now suppose that (6.26) is stable, R has all its eigenvalues outside the open unit disk,
and that there exists two solutions II, and II,, which satisfy (6.30). Let E, :=1I, — I,
for 1 < r < h. Then E|; R = ApE|;|, which implies that £, = 0 for every 1 < r < h.
Moreover from (6.39), (6.40) and the stability of (6.26) we conclude that for every z[0], w[0],
we have that x[k] — II ;jw[k] when k — oo. O

From Proposition 59, we can conclude that according to Definition 58, the system (6.26)
has a blocking zero with respect to R if the following hold. If the input of (6.26) is generated
by (6.37) for an arbitrary matrices Cy, = Ej, then the output of (6.25) is identically zero.
If this hold when (6.37) is time-invariant, then (6.26) with n4 = np has a time-invariant
blocking zero with respect to R.

The relation between the blocking zeros of a periodic system and the blocking zeros of

its lift is provided in the next result.

Proposition 60. The periodic system (6.26) has a blocking zero with respect to R if and
only if its LTI lifted system has a blocking zero with respect to R".

(]

Proof. From Proposition 59 we conclude that (6.26) has a blocking zero with respect to
R, if and only if for every signal generated by (6.37), the output is zero. This holds if and
only if (6.43) has zero output when the input is generated by

(6.41)
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where
Cuo
CuiR
o U1
Cyh—1)R"!
Since the Cyy, k € {1,...,h} are arbitrary and R is invertible, we see that F' can be made

arbitrary, and using Proposition 56 we conclude that (6.43) has a blocking zero with respect
to the matrix R".

O

6.5 Proof of the Main Result

We start by reviewing some general definitions for periodically time-varying systems. Then
we state the assumptions that we make on C;, Cp that lead to establishing that there exists
a system Cg that yields the closed-loop of Figure 6.1 stable. After establishing the existence
of such a system Cgx we prove the main result. In the Appendix we introduce the notion
of blocking zero with respect to a matrix, which is key to understand the assumptions on

the block Cp, and to prove some of the results in the present Section.

6.5.1 Periodic Systems

Consider a discrete-time linear periodic system

(6.42)

x[k + 1] = Agz[k] + Brulk]
ylk] = Cralk] + Drulk], k>0,

where z[k] € R"A, u[k] € R"B, y[k| € R"¢, and Ay, By, Ck, Dy are h-periodic matrices,
e.g., Ax = Ag1p. Many system analytical notions for (6.42) are defined by considering the
lifted time-invariant system R associated with R, which is defined as

z[l + 1] = Az[l] + Bal[l
{ [1+1) = Azfl] + Bl 6.43)

where z[l] = z[IT],
ull] := (ullh],u[lh +1],...,ullh + h — 1]),
yll] == WlIT), yIT +1],...,y[IT + h — 1)),
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and the system matrices in (6.43) are given by A:= ®(h,0),

B:=[®(h,1)By ®(h,2)B;...By_1],

Ci= (Cp, C1D(1,0),...,Ch1®(h — 1,0)),
'E1i ... Eir
D=1 : Cl
Eri ... Em
Cia®(i—1,5)Bjy i>]
Eij = Dy i=7j,
0 i<j

where ®(i,7) := A;_14;_2... Aj, for i > j and ®(i,i) := I.

The system R is stable, stabilizable and detectable if and only if R is stable, stabilizable
or detectable, respectively. Equivalently, stability of (6.42) is characterized by all the
eigenvalues of the matrix A having norm less that one, i.e., |A;(A)| < 1, Vi, stabilizability
of (6.42), denoted by (A, By) is stabilizable, is characterized by there exists a set of
periodic matrices Fy, Fy = Fjip, such that x[k + 1] = (A + BrFy)x[k] is stable, and
detectability of (6.42), denoted by (Cy, A) is detectable, is characterized by there exists
a set of periodic matrices Gy, G = Gk, such that x[k + 1] = (A + GxCx)x[k] is stable
(cf. [7]).

6.5.2 Assumptions on C;:
The system Cy, described by (6.13), must be such that:
(I1) (Ar, Br) is stabilizable and (Cy, Ar) is detectable,

(I2) C; does not have invariant zeros at the unstable eigenvalues of the plant P, i.e.,

Ar—pl,, B
I7Pinr P11 i invertible (6.44)
Cr 0
for p € (A(A) s [N (A)] > 1).
(I3) For every Z € R™*™w  the following equation

Al =11;5

(6.45)
Cill; =272

has a solution II; € R™*™v  Moreover such solution is unique.

(I4) The eigenvalues of A; belong to the set of eigenvalues of S.

144



6.5 Proof of the Main Result

We assume (I1)-(I2) to obtain (G1). The assumption (I4) is required to limit the set
of possible systems C;. As stated in the next proposition the assumption (I3) is closely
related to the purpose of the system Cy, i.e., to provide the adequate input to the plant so
that it tracks the reference signal. Note that due to the linearity of the plant, an adequate
input takes the same form of the reference signal one wishes to follow, i.e., it is generated
by

wlk+1] = Swlk], k>0,
ulk] = Cywlk]. (6.46)

Proposition 61. If (I3) holds then for any signal u[k] generated by (6.46) there exists an

initial condition x such that the free motion of

IE][]{? + 1] = A[:C[[k:], xl[O] = X
yrlk] = Crzy[k]

is such that ys[k] = ulk].
(]

Proof. (of proposition 61) If (I3) holds then for an initial condition z;[0] = II;w[0], we
have that
y][k‘] = C[AIICH]’U)[O] = C]H[Sk’w[()] = ZSkw[O].

The result follows by making Z = Cy. O

Due to the following proposition it is always possible to find By and Cj such that
(I1)-(I3) hold for the system (6.13) with matrices (6.14).

Proposition 62. The set of matrices (By,C;) € R™w*! x RIX"w for which (I1)-(I3) do not

hold for the system (6.13) with matrices (6.14) is a set of measure zero in R™w*1 x RIXnw,
(]

Proof. Since the union of sets of measure zero has measure zero it suffices to prove that
for each assumption (I1), (I2), and (I3) the set of matrices (By,Cy) € R >l x RIXnw
which do not satisfy each of these assumption has measure zero. We start by showing this
for (I1). If (S, By) is not stabilizable, there exists a left eigenvalue of S, say w;, for some
1 <4 < ng, such that w]B; = 0. Since the set {By : w/By = 0, for every 1 < i < n,}
where (S, By) is not stabilizable has measure zero, we establish that (S, By) is stabilizable
except in a set of measure zero in By € R™ 1 A similar reasoning allows to conclude that
(Cy,S) is detectable except in a set of measure zero in C; € R!*™», Since stabilizability
of (S, By) implies that of (A, By) and detectability of (Cs, S) implies that of (Cr, Ar), we
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6. OUTPUT REGULATION FOR MULTI-RATE SYSTEMS

see that (I1) holds almost everywhere for the matrices (6.14). Next we consider (I2). Note
that due to the structure of the matrices (6.14), the condition (6.44) is equivalent to the
following condition
S —pl,,
[ Cs
for p € {N\i(A) : ||Mi(A)]] > 1}. For each p € {\;(A) : [|Ni(A)|| > 1}, the set

B
Ojl is invertible , (6.47)

S —pl,, By

{(BJ,CJ) :det([ CJ 0

1):0}

is at most a manifold of dimension one in € R™*! x R™™w  from which we conclude
that (6.47) holds except in a set of measure zero.
Finally, note that (I3) holds for the system (6.13) if and only if

50 =05
(6.48)
CO=Y

has a solution ©® € R™ X" for every ¥ € R ™. Considering the Jordan canoni-
cal decomposition of S = V.S;V~1 where S; = bdiag(Si,...,S,), and making © =
VI, ... ,10,,]V we can conclude that (6.48) is equivalent to existing IT; € R™w*®i 1 <
i < ng such that for every W; € R1** we have that

Syl = 11S;
Cyll; = W;.
It suffices to consider (6.49) for ¢ = 1, i.e., prove that the set of C; such that (6.49)

does not hold for 7 = 1 has measure zero.

(6.49)

We can decompose I1; into IIy = [v; vg ... v, ] where v; are such that there exists o
such that

Sy(arvr) = p1(aqvr)
and, for i =2,..., Kk,

V; = W; + QU1
for arbitrary «;, where w; are such that
(S5 — ) (w; + o) = vi—q.
Then

CyII,; = [alCJvl Crwg + aCyup ... C(]’w,@1 + Oé,ﬂCJUl]
If Cjv; # 0 then we can choose ay,...,q,, such that C;0 = W; for arbitrary Wj.

Since, the set of C'y such that Cyv; = 0 is a set of measure zero, we have that (I3) does

not hold except in a set of measure zero. ]
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6.5.3 Assumptions on Cp:

The system Cp must be such that:

(D1) (Apk, Bpy) is stabilizable and (Cpg, Apy) is detectable.
(D2) The following equations

ADT’HD [r+1] + Bpi 'Y =1p,.S

(6.50)
CprIlp, + Dp, 'Y =0, 1<r<h

have a solution Ilp, € R"»*"w 1 < r < h such that (6.50) holds for every YV €

R7vm X1nw

(D3) Consider the system

S

(]
[]

6.51
Crivlk] (651

=>

and suppose that S is such that there exists w0y such that #[k] # r[k] for any arbitrary
wo, Cg in (6.9). Then (D2) does not hold when S is replaced by S.

We assume (D1)-(D3) to obtain (G1l). From the Definition 58 of a time-invariant
blocking zero given in the Appendix, we see that (D2) is equivalent to the system obtained
by computing the series between Cp and I',, having a time-invariant blocking zero with
respect to S. From the interpretation of blocking zeros given in Proposition 59, we see
that the assumption (D2) is closely related to the purpose of the system Cp, i.e., to block
the signals that are generated from the exosystem (6.9). Moreover, using again the same
interpretation of the Proposition 59, the assumption (D3) states that Cp does not block

any signal other than the ones generated by the exosystem.

Proposition 63. The system (6.15) with matrices (6.17) satisfies (D1)-(D3).
(]

Proof. Note that (6.15) with matrices (6.17) is a stable system. In fact, one can check that
all the eigenvalues of Ap = A D(h-1) - - - ApsAp1Apg are equal to zero, and therefore not
only it is stable, but also the corresponding lifted system is a deadbeat system. Thus, its
lifted system is stabilizable and detectable, and therefore so is (6.15) with matrices (6.17).

To prove (D2) it suffices, from the Proposition 59 in the Appendix, to prove that there
exists an initial condition for Cp such that Cp has zero output for every signal generated
by the following system

wlk + 1] = Swlk]

6.52
7[k] = I'mpCrwlk] (052
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Denote the n,, basis functions that generate (6.12) by

k Jj—1 J
fulk] = ( l)uﬁ—’, if o€ (Y Kgr Y ql, (6.53)
qg=1 q=1

where | = ¢+ — Zg;i kg —1, 1 <t < ny. Recall that at a given time k > hn,, the state
of Cp holds the last n,, sampled values corresponding to each output component of y, [k].
Then, also by construction of the Cp, and Dp, of the system Cp, proving that for any
input signal taking the form (6.12), there exists and initial condition zp[0], such that the

output of Cp is zero, is equivalent to proving that the following holds

filk] Alk=7F .. Alk—=7E]] [
: + : : : - | =0, (6.54)
Jrw K] Frwlk — Tfk] oo fowlk— Trlzlfu] C%kw

for every index i corresponding to sensor i, 1 < i < ng, and for every k > 0, where (6.54)
only needs to be verified for k € {1,...,h} such that sensor i is sampled at t;. The ¢
are obtained from (6.20). We establish this by proving that each row of (6.54) imposes
the same restriction as each row of (6.20). It is easy to see that to do so, it suffices to
consider, without loss of generality, a single sensor (i = ns = 1) and a single set of k1 rows
corresponding to the eigenvalue 1, i.e., prove that (6.54) with n,, = k1, imposes the same

1

restrictions on ¢'* as the following set of equations

_lk _lk _ 1k

py py? py ™ ok 1
1k 1k _ 1k 1
1k, "1 1k, — T2 1k Trw 0
T T. T, .
1 M 2 M nw M1 L= (6.55)
"
1k 1k 1k C
1k -1 1k —T3 1k “Tnaw nw 0
(T17%) " g (m2") " 1y (an)mﬂl

We argue by induction. The first row of (6.55) imposes the restriction

_plk 1k ik 1k _
[lh Tt } cr=1 (6.56)
while the first row of (6.54) imposes the restriction
k—rik  k—rlk k—rak | 1k k
T ] P T (6.57)

which are obviously equivalent since uy # 0. It is also insightful to see that the second row
of (6.55), given by,

1k

_ 1k _ _ 1k
[Tllk/h ok Tom H1 an} =0 (6.58)

imposes the same restriction as the second row of (6.54), given by

1k 1k
(e R R e P g T 6.59
1,1 1, T | o1k — (6.59)

< | =711 1y cee T c”=0
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where we used (6.56).
Now assuming that the first 1 < r —1 < n, — 1 rows of (6.54) impose the same
restriction as the first 1 <r —1 < n,, — 1 rows (6.55), we prove that the same is true for

the row r, i.e.,
[folk =% folk =39 folk — 78] € = folK] (6.60)

To this effect, note that we can write (6.53) as

fr[k - T] _ <k ; 7') MllgfrfT

_ (Z amk(rfm),rm)ulf—r—’r
m=0

r—1
= (Z Ak 4 ) kT (6.61)

m=0

for some coefficients a,, implicitly defined from

(k_T> =k-1)k—T7=-1)...(k—T—1)

r
= Z amk(’"_m)Tm.
m=0

Note that a, = (—1)"+L. If we replace (6.61) in (6.60) and use the fact that the first r — 1
restrictions of (6.55) hold, we obtain

k—r—Tlk k—r—tit 1 1 _
ar [y by T ek =0

which is equivalent to the restriction associated with row r of (6.55) since p; # 0 and
a, # 0.

To prove that (6.15) with matrices (6.17) satisfies (D3), note that using the interpre-
tation of a blocking zero given in the Proposition 59, the assumption (D3) states that Cp
does not block any other signal other than the ones generated by the exosystem. To see
that this is true, suppose that there exists a signal g[k| such that there exists an initial
condition to the system Cp such that the output of the system Cp is identically zero when
glk] is applied to its input. Then, by construction of Cp, i.e., by the fact that for k > nyh,
xplk] will hold the value of the last n, samples of every sensor 1 < i < ng, g[k] must
satisfy

glk] + [glk — 7% glk— 4] .. glk—7k])]F =0
for every, 1 <i <ngandk € {1,...,h} such that sensor i is sampled at t;. From (6.54) and
uniqueness of the ¢**(cf. (6.19), (6.20)) we conclude that g[k] must be a linear combination
of the f,[k], 1 <t < mny and therefore g[k] can be generated by the exosystem.
O
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6.5.4 System Cg:

The system Cg takes the form

CK . { .%'K[k + 1] = AkaK[k] + BKkuK[k] ' (6.62)

yi k] = Crrri[K]
where the matrices Axg, Bik, Ckk, and Dy, are h—periodic, i.e., e.g., Axr = A (kin)

and is such that the closed loop of Figure 6.1 is stable. The next Lemma shows that such

controller always exists.

Lemma 64. Suppose that P, C;, Cp are such that (P1)-(P5), (I1)-(I4), (D1)-(D4) hold.
Then there exists a stabilizing controller Cg for the closed loop system of the Fig. 6.1
taking the form (6.62).

(]

To prove the Lemma 64 we need the following two results. For two dimensionally

compatible LTT systems described by

Cl = { _561[]{1 + 1]_ _ -Al Bl- -.Tl[ki]- (663)

U1 [kﬁ] ] _Cl 0 ] _U1 [k?]_

and ) ) ) o )
C2 — { .%'Q[k‘ + 1] _ A2 BQ xg[k] (6.64)

yalk] | [C2 Daf |uzlk]]

The series of the system Co and Cy obtained by making uj[k] = ya[k], is defined by:

€y im { lxg[k + 1]] _ [Ag BB] lxg[k]] (6.65)
Y1 [k‘] Cg 0 u9 [k‘]

i, ] . Bs = l;j Oy = [Cl chﬂ.

Recall that for an LTI system, say (6.63), an eigenvalue A1 of Aj, i.e., there exists v; and
wi such that Ajv; = Avy and w{Al = )\wI, is observable if Cjv; # 0, and controlladble
if w]By # 0. The pair (Ay,C}) is detectable if all the unstable eigenvalues of A; are
observable, and the pair (Aj, By) is stabilizable if all the unstable eigenvalues of A; are
controllable. One can find these definitions in [98] for continuous-time systems, which have

an obvious counterpart for discrete-time systems. Denote the set of eigenvalues of A by

Ay = {\: Av = lv, for some v},
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6.5 Proof of the Main Result

where A can be replaced by Ay, Ao, As. Also denote the set of eigenvalues of A which are

not eigenvalues of B by
Aypi={ : Ax€Asand X\ ¢ Ap},
where A, B can be replace by A and As.
Proposition 65. Consider C1, Co and the series C3. Then
(1) Aag =Aa, UA4,

(ii) If X e Ay, /A, then A is an observable eigenvalue of C3 if A is an observable eigenvalue
of C1 .

(iii) If A € A4, then X is an observable eigenvalue of Cs3 if A is an observable eigenvalue

of Cy and C; has no invariant zeros at .

(iv) If A € Ay, 4, then X is a controllable eigenvalue of Cz if A is a controllable eigenvalue
of C2.

(v) If A € A4, then A is a controllable eigenvalue of Cs if A is a controllable eigenvalue

of C; and Cy has no invariant zeros at .

O

Proof. (i) We can conclude from det(A] — Ag) = det(A — A;) det(A] — As), which holds
due to the structure of As.
We prove only (ii) and (iii) since (iv) and (v) can be obtained from the fact that detectability

and stabilizability are dual notions. To this effect consider the following equation for the

A1 3102 V1 —\ (%1
0 Ag Vo B V2
If A€ Ay, /a, then vy : Ajvg = Avyp and vy = 0. Thus Cs[v] v3]T = Cyv; # 0, which means

that A is an observable eigenvalue of Cg if it is an observable eigenvalue of Cq, which is (ii).

eigenvalues of Aj

If A € Ag, then vy @ Ayvg = Avg and vy @ Ajvg + Bivg = Avy. If A was not an observable

eigenvalue of C3 then we would have Cs[v] vJ]T = 0 which would imply that

A1 — )\1] B1 U1 -0 (6 66)
Cl D1 02’02 '

where Chve # 0 since A is an observable eigenvalue of Cy. The equation (6.66) contradicts

the assumption that C; has no invariant zeros at A.
O
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The series of two periodically time-varying systems is defined similarly to the series of

two LTT systems.

Proposition 66. The lift of the series of two periodic systems is the series of the LTT lift

systems of each periodic system.

O
Proof. Obtained by direct replacement. O
We shall need the following proposition.
Proposition 67. Consider the system
xlk + 1] = Ax[k
| ] i (6.67)

ylk] = bdiag(yz, ..., 7" )Cxlk]

where y[k] € R™. The 4} € {0,1},1 < i < n, are h— periodic, i.e., 7, = 'y,i+h, and for
each i are equal to 1 at least once in a period. The (6.67) is detectable if and only if the
pair (A, C) is detectable.

Proof. See [18] O

We shall also need to take into account that if we apply the lift for an LTI system we

obtain the following eigenvalues of the lifted system.
Agn = {\" e Ayd (6.68)
The Lemma 64 is proved next.

Proof. In [16], it is shown that a periodic system R taking the form (6.42) is detectable and
stabilizable if and only if there exists a periodic linear controller, taking the form (6.62)
such that the closed loop system is asymptotically stable. Thus it suffices to prove the
stabilizability and detectability of the periodic system obtained by computing the series
of C;, P, and Cp, which is a periodic system that we shall term C4. This can proved by
establishing stabilizability and detectability of the lifted LTI system, denoted by C 4. From
Proposition 66 the lift of C4 is the series of the lift of each individual system Cj, P, and
Cp, which are denoted by C;, P, and Cp, respectively. Thus, we only have to prove the
observability and controllability of the unstable eigenvalues of C4, corresponding to the
unstable eigenvalues of C; and P, since Cp is a deadbeat system and thus stable.

We start by establishing stabilizability. From Proposition 65(iv) the controllability

of the unstable eigenvalues of C4 associated with P or with C_Z[, do not depend of Cp
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(which has only stable eigenvalues), and since C;, P are LTI systems, this amounts to
an LTI test. In fact, for an LTI system, considered to be a special case of a periodic
system with period h, stabilizability of the lift is equivalent to stabilizability of the original
LTI system, which can be concluded from the definition of stabilizability for periodic
systems. Thus, it suffices to prove that the LTI series of C;, P, which we denote by C;p, is
stabilizable. The eigenvalues of C;p belonging to Ac,/c, are controllable due to (I1) and
Proposition 65(iv). The eigenvalues of Crp belonging to Ac, are controllable due to (P1),
(I2), and Proposition 65(v).

We prove next detectability. To prove that observability of the unstable eigenvalues of
C 4 belonging to Ag,, which in turn correspond to unstable eigenvalues of Cy, due to (6.68),
it suffices to prove that these eigenvalues are detectable from the plant output y.[k], i.e.,
if we consider the system obtained by the series of C; and P, where P, is the system
obtained by considering the plant with y,[k] has the only output. Again this amounts to
an LTI test, since the series of C; and P, is an LTI system with multi-rate measurements
as in Proposition 67, where we state that for such system detectability can be proved by
an LTI test. The desired conclusion follows then from Assumptions (I1), (I4), (P2), and
Proposition 65(iii).

To see the observability of the unstable eigenvalues of C4 that correspond to those of P
it suffices to consider those not observable through y,.[k]. By this we mean, the eigenvalues
of the plant P that are not an observable eigenvalue of the pair (A, C,). The existence of

such eigenvalue, is equivalent to existing an initial condition for the plant x[0] such that
x[k + 1] = Az[k]

6.69
yrlk] = T',.Crz]k] (6:69)

has zero output, i.e., y,[k] = 0, Vi>0. From assumption (P3) there cannot exist an initial
condition for the plant such that (6.69) has a zero output y,[k] = 0 and y,,[k| can be
generated by the exosystem. Since by assumption (D3), the system Cp does not cancel
signals other than those generated by the exosystem, we obtain that this yields a non-zero
output for Cp and thus these eigenvalues of A are also observable for the system C4.

O

6.5.5 Output Regulation

The following result and Lemma 64 allows to conclude the main result of the chapter, i.e.,
Theorem 53.

Theorem 68. Suppose that (P1)-(P3) hold for the plant P. Then one can find C; such
that (I1)-(I4) holds, Cp such that (D1)-(D4) hold, and Cg such that the closed-loop in
Figure 6.1 is stable. Moreover, output regulation is achieved even in the presence of plant

uncertainties that do not destroy closed-loop stability.
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O

Proof. The first part of the Theorem has been established in Proposition 62 and 63 and
Lemma 64. Thus, it suffices to prove that output regulation is achieved. We start by

writing the equations for the series connection of Cy, P, and Cp, which are given by

zalk+1] = Aapzalk] + Bakualk] + Bawrw|k]
yalk] = Capzalk] + Dawrw(k]
where
A BC; 0
Agp = 0 A 0
| Bokl'mkCm 0 Apy,
0
Bar = |Br
_0
[DpiTykCrn 0 Cpy
Car =
I Ch 0 0
[ByCy
BAwk — 0
i 0
0
Davr =
Auk __FrkCR]

Let Ck be a stabilizing controller described by (6.62), whose existence is established in
Lemma 64. Then the closed-loop is described by
[xA[k + 1] :[ As BAkCDk”wA[k]]JF [ B awk ]w[k]. (6.70)
rrlk+1]] [BxrCar  Arr |7kl | BrrDAwk
where w(k| is described by (6.9). Using the fact that the periodic system (6.70) is stable,
since Cx is a stabilizing controller, from Proposition 59 in the Appendix, we conclude that
there exists unique Ig, k € {1,...h}, such that

l Aar BaCxkui
BrirCar Ak

B
Hk + Awk

=11 S 6.71
BKkDAwk‘| Le+1] (6.71)

and for any initial condition (z4[0], zx[0]) the state of the system tends asymptotically to

xAlk] B
LCK[R‘]] = w[k] (6.72)
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We provide a solution to (6.71), which is unique as mentioned above, and see that cor-
responding to such solution, we have that (6.72) is such that output regulation is achieved,

i.e.,
Yrk = T[k]
or equivalently, using (6.72),

[C, 0 0]Tyw[k] = Cruwlk]. (6.73)

Such solution IIj is obtained as follows. Make

11
I, = [ A’“] (6.74)
0
where
IIp
T, = | Ty | (6.75)
IIpy

Then, from (6.71) we obtain that (6.75) must be such that

IIp A BCy 0
1I; 0 Aj 0 IIp
Upipg1)| = | Bporl'mkCm 0 Apk I
0 Br1ikDpil'ykCrm - 0 Br1kCpr| |Ilpk
0 Bgor' 1. Cy 0 0
- - - ' - (6.76)
By Cy
0
+ 0
0
| —Brarl'rkCrj
where By and Bgoy are appropriate partitions of By = [Br1k Biok)-
The matrices Ilp, II7, I are obtained as follows.
(i) Take ITp to be the solution, along with £ € R™*™  to
IIpS = Allp + BE + By Cy (6.77)

C,Ilp = Cg

which as explained in [13] exists if and only if (P2) holds.
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(ii) Take IT; to be the unique solution to

Arlly =118
Cill; =F

where E is, along with IIp, the solution to (6.77). Note that such solution II; exists
due to the Assumption (I3).

(iii) Take IIpy to be the solution to

Apilpg + BpilykCrllp = I pj41) S

(6.78)
Cprllpr, + Dpil'yiCrllp = 0

which exists due to the Assumption (D3) and is unique due to Proposition 59 and

the fact that Cp is a stable system.

By construction, we conclude that IIj given by (6.74), where Il 44, is given by (6.75), and
Ip, I1; and IIpy are described by (i), (ii) and (iii), respectively, satisfies (6.71) and (6.73)
and therefore output regulation is achieved.

Note that in the proof we only required the controller Cx to stabilize the closed-loop.
If the plant describing matrices are not known but Cg still stabilizes the closed-loop the

proof remains unchanged. O

Proof. (of Theorem 53) Follows as a Corollary of Lemma 64 and Theorem 68, provided that
we notice that the matrices B and C; can be chosen such that C;, given by (6.13), satisfies
(I1)-(I4) (cf.Proposition 62) and that we notice that Cp, given by (6.16), (6.17), (6.18)
satisfies (D1)-(D3) (cf.Proposition (63)). O

6.6 Further Comments and References

Several solutions were proposed in the seventies using different approaches (see, e.g., [26],
[95], [33], [34]), and all incorporate an internal model of the exosystem, as well as a con-
troller that stabilizes the closed loop. The necessity of incorporating a model of the ex-
osystem in the controller was proved in [34], and is thereafter known as the internal model
principle.

The blossom of the research in multi-rate systems took place in the early nineties,
where many standard problems for LTI systems have been extended to multi-rate systems.
For example, structural properties for multi-rate systems including stabilizability and de-
tectability notions are provided in [65], a solution to the output pole placement problem
can be found in [18], and the linear quadratic gaussian problem for multi-rate systems is

solved in [20]. The close relation between multi-rate and periodic systems (see, e.g., [9]),
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entails that these definitions and problem solutions are often based on the concept of lifting
(see [68]), i.e., considering the LTI system obtained by writing the equations of the periodic
system along a period.

The output regulation problem for multi-rate systems was addressed in [82]. See
also [19] for the special case where the exogenous references are constant signals. How-
ever, both in [82] and [19] the analysis is restricted to square systems, i.e., systems with
the same number of inputs and measured outputs, which are also the outputs to be reg-
ulated. The solution in [82] and [19] consists of designing a stabilizing controller for the
system obtained by adding an internal model of the exosystem in series with the input
of the plant. The peculiarities of the multi-rate systems that prevented the authors from
generalizing the solution to non-square systems, are discussed in [82].

The present chapter may be viewed as a follow up work of [ASC08a], and [ASC10],
where the output regulation problem was considered for non-square multi-rate systems in
the special case where the exogenous reference signals are constant signals. For constant
reference signals, the proposed controller structure, is shown in [ASC08a], and [ASC10]
not only to be suited for output regulation but also that it can be exploited to implement
nonlinear gain-scheduled controllers in such a way that a fundamental property known as

linearization property is satisfied.
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7

(Gain-Scheduled Controllers for
Multi-Rate Systems

In this chapter we present a new methodology for the design and implementation of gain-
scheduled controllers for multi-rate systems.

The standard procedure for designing a gain-schedulling controller involves the following
steps (cf. [81]): (i) the selection of scheduling variables or parameters; (ii) linearization of
the non-linear plant about the equilibrium manifold; (iii) synthesis of controllers for the
family of plant linearizations, which typically involves linear controller design for a given
set of equilibrium points; and (iv) implementation of the controller.

Since the controllers are designed for time-frozen parameters and when implemented
the parameters are allowed to vary, the linearization of the nonlinear gain-scheduled con-
troller about a given equilibrium point does not in general match the designed time-frozen
linear controller. This mismatch is commonly known as the hidden coupling [81] and might
lead to performance degradation or even instability. Therefore, for a correct implementa-

tion of the controllers, the following property is required to hold:

Linearization property: At each equilibrium point, the nonlinear gain-scheduled controller

must linearize to the linear controller designed for that equilibrium.

A technique known as the velocity implementation, presented in [51], [52] and discussed
in [53], [81] which is related with the work presented herein, provides a simple solution
for the implementation of controllers with integral action that satisfies the linearization
property.

Our proposed implementation satisfies the linearization property and boils down to
the velocity implementation for single-rate systems. The key to our solution is a regulator

structure which can be obtained with the tools developed in the previous Chapter. Building
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upon the work presented in [81] for the continuous time case, and in [62, 63] for the single-
rate sampled-data case, we guarantee i) local stability of the feedback interconnection of the
sampled-data multi-rate system and gain-scheduled controller about individual equilibria,
and 7i) ultimate boundedness of a conveniently defined closed-loop error in response to
slowly varying exogenous inputs.

We illustrate the applicability of our results in the problem of steering an autonomous
rotorcraft along a predefined trajectory. Simulation results obtained with a full non-linear
rotorcraft dynamic model are presented and discussed.

The remainder of the Chapter is organized as follows. Section 7.1 describes the problem
formulation and Sections 7.2 and 7.3 present the main results. In Section 7.4 we apply the
proposed methodology to the design of an integrated guidance and control system that
addresses the trajectory tracking problem for a small-scale rotorcraft, and evaluate the
performance of the resulting nonlinear feedback system in simulation. Section 7.5 gives

further comments and references.

7.1 Problem Formulation

Consider the nonlinear system

o { B(t) = fla(t), u(t),w(®)) -

where f and h are twice continuously differentiable functions, 2:(t) € R™ is the state, u(t) €
R™ is the control input, and the vector w(t) € R™ contains references and possibly other
exogenous inputs. The vector y(t) € R? can be decomposed as y(t) = [ym(t)T y-(t)T]" =
[P (2(t), w(#)T hy(z(t), w(t))"]" where y,(t) € R™m is a vector of measured outputs
available for feedback and y,(t) € R™r is a vector of tracking outputs, which we assume
to have the same dimensions as the control input, n, = m. This vector is required
to track the reference r(t) with zero steady state error, i.e., the error vector defined as
e(t) := y,(t) — r(t) must satisfy e(t) = 0 at steady-state. Some of the components of y,(t)

may be included in y,,(t) as well.
7.1.1 Linearization Family
We assume that there exists a unique family of equilibrium points for G of the form

¥ ={(z0, u0,wo) : f(z0,u0,w0) =0, yro=hy(z0, w0) =70}
which can be parameterized by a vector ap € = € R?, s.t.

Y = {(zo, up, wo) = a(), 0 € =} (7.2)
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where a is a continuously differentiable function. We further assume that there exists a
continuously differentiable function v such that g = v(yo,wo). By applying the function

v to the measured values of y and w, we obtain the variable
a=v(y,w), (7.3)

which is usually referred to as the scheduling variable.
Linearizing the nonlinear system G about the equilibrium manifold ¥ parameterized

by «aq yields the family of linear systems

Gi(ag) = [j?a(t)] _ lA(OéO) Bi(ag) Ba(ag) Z)a((?) -
: ya(t) CQ(O&()) D21(a0) 0 U::(t) |

where, e.g. A(ag) = %(a(ao)) and zs(t) = z(t) — xo.

7.1.2 Multi-Rate Sensors and Actuators

We consider that the sample and hold devices that interface the discrete-time controller
and the continuous-time plant operate at different rates. Associated with each sampler S;,
corresponding to the ith component of y(¢), there is a sequence of sampling times {o, o5, ..}
that verify 0 < 0§ < a} 41- Similarly, associated with each holder H;, corresponding
to the ith component of u(t), there is a sequence of hold times {7{,73,..} that verify
0 < T} < T} +1- We assume that the sample and hold operations are periodic and that
their periods are related by rational numbers. Thus we can define a sequence of equally
spaced time instants {tg,t1,...}, txy1 — tx = ts,k € ZT, such that for every sampling
time 0§ and hold time TJZ: there exists a k; and a ks for which J;» = 1, and T; = 1i,. In
addition, we introduce the matrix I'y = diag(gi1(k), ..., gp(k)), where g;(k) = 1 if o} =
ti for some j and g;(k) = 0 otherwise, and the matrix Qj, := diag(r1(k), ..., rm (k)), where
ri(k) =1 if TJZ: =t} for some j and r;(k) = 0 otherwise. Due to the periodic nature of
the sample and hold devices we have I'y = 'y, and Qy = Qp4p, for some positive integer
h which denotes the period. We further assume that every output is sampled and every
input is updated at least once in a period.

The multi-rate sample and hold operators can then be written as
S:LRY) = UZY) H:UZ)— LRT) 75)
S =TyS,. H=H, Qq '

where the operators Qg : [(Z1) — I(Z1), Hy, : (ZT) — L(RT), S;, : LIRT) — I(ZT) and
Lyg:UZ7T)— I(ZT) are given by

Qa Epv1 = (I — Qe + Qpug, o =0 Hy, u(t) =1
g = (I — Q)& + Qe t €[tr, toyil
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i r,. 01/,
St Uk = [Z{ k] =y(tr) Tawye= [ i ] [y k]

Yrk 0 Frk grk

ka

0 Lok
Similarly to y(t), the values of r(t) sampled at the instants t; are denoted by 7 and to

and I'y, = is partitioned according to the output decomposition y* = [y? yZ].
p g p p Yy Ym Yr

take into account the multi-rate nature of the outputs we define r, = I',17,. We can then

introduce the error variables €, = 4,1 — 7 and ey = Y — Tk

7.1.3 Problem Statement

Given this setup the problem addressed in this paper can be stated as follows:

Problem 69. 1) For a fixed operating point «y, find a possibly time-varying discrete-time

linear controller C(a) : [Ysmk, €x] — Usk

2€
C’(ao)— lx§k+1]_[Ai(a0) Bfk;(ao) ng(ao) yék (7 6)
- - Smk .
use | |Cplao) Dig(ao) Dii(ao) o

for the linearization of the nonlinear plant (7.4) with multi-rate interface (7.5) that stabi-
lizes the closed loop system and achieves zero steady-state error for eg, where us, = ug —uo,
Ysmr = Ymk — Umk¥Ymo, and Ypmo = hu (20, wo)-

2) Based on the family of linear controllers C'(ay), implement a discrete-time controller K,
possibly nonlinear and time-varying, that verifies the linearization property, which will be
defined shortly, and takes the form

@y, = cxca mks €k, X ’k
K:{k—i—l Je(Th, Ymk» ek, ok, k) 7.7

Uk = hc(xi;vymkvekva/mk)
where zf € R"¥ and given its dependence on the scheduling variable o sampled at time
ti, K is referred to as a gain-scheduled controller. By linearization property we formally

mean that if we consider a family of equilibrium points ¢ for the controller compatible

with the family of equilibrium points ¥ defined in (7.2), such that
EC:: {:CS : 5'38 :fc(xga Ymo, Oa Qag, k)a Uy = hC(:Ca Ym0 0) Qp, k))
(20, uo, wo) = alag), ag € E}
the controller K linearizes to C(«g), at each equilibrium point «g, that is, for example,

8¢ (g, k) = Af () and e (g, k) = DS ()

The proposed solution for part 2) has an a gain-scheduled structure and we will show
that under mild assumptions the linearization property just described is sufficient to guar-
antee local stability about each equilibrium point of the feedback interconnection of the

non-linear plant and a gain-scheduled controller with multi-rate interface.
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7.2 Proposed Solution

7.2.1 Regulator Structure

In this section we focus on solving part 1) of the problem statement. To this end, we

consider a simple linear system of the form

&(t) = Ax(t) + Bau(t) (7.8)
_ Ym(t) _ _ Cm
o) = "] = sty = (5]t 79

where u(t) and y,.(t) € R™.

We propose the controller structure depicted in Fig. 7.1 for the regulation of non-square
systems, which can be shown to be a special case of the structure proposed in the previous
case where the class of references and disturbance signals was not restricted to constant
signals. In the figure C7 and Cp correspond to discrete time linear periodic integrators

and differentiators, respectively, that can be written as

I I I
.ka 1= .ka + Qkuk
Cr=4""" ) (7.10)
Y = Tp, + Qg

T = (I = Dog )y + Doy,
Cp = . . 5 (7.11)
Y = _ka}xk + kauk
At equilibrium, the constant values of the non regulated outputs are differentiated
thereby obviating the need to feedforward these values, whose accurate determination is
in general precluded by the presence of model uncertainties. It is straightforward to derive

expressions for I'p = Cpl'y, Q5 = Q4Cr and G4 which results from discretizing G, and is

| G |
pp—y T~y
i Qd%,thslﬁ Gr, ﬂi‘Sts‘i—&rd - i
i i .l Yri| |1
g . i !
| | . 1, !
| Cr Ck ) i D | T
| | D R o
A Qr L I'pi

Figure 7.1: Regulator structure for non-square systems
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given by
Ty1 = Agzg + Baty
G1d = - lgmk] . . [Cdm‘| ) (712)
U= |_ | =Cazp = T
Yrk Cdr

where Ay = et B; = gs eATdr By and Cy = Cb.
Going back to the original problem stated in Section 7.1.3, we can conclude that a

stabilizing controller of the form

.
[25.1] _[Af(a0) Bfi(ao) Béz(ao)] o
i ][O 0o) Dlileo) Dii(ao)] |7

Clao)=1 [efis1| _[1 — T rmk] lx{;’k] (7.13)
L Y5k ) L Tk Dokl [Yome
wh| _[1 le [xﬂ
Cusk | L ] Lys

where the first subsystem is a realization for Ck (cy), provides a solution for part 1) of the
problem statement, for fixed og. We assume that the design phase produces a family of
controllers C'(ay) such that its parameters are continuously differentiable functions of «y.

The next example illustrates some of the concepts introduced so far.
Ezample 70. Suppose the nonlinear system (7.1) is given by
‘Tl(t) = —SCl(t) — St?z(t)
G = .i'g(t) = —1‘2(75) + u(t) . (7.14)
3(t) = —aa(t) + 23 (t) + 0.5z3(t) + u(t)

The output y,.(t) = x1(t) is required to track the reference r(¢) with zero steady-state error.

Considering ag = rg, the equilibrium manifold (7.2) is given by
Y= {.Tlo = —T9p = —UQ = Qp, T30 = 2&%, op € R}

The linearization family Gj(ayg), described by (7.4), can also be easily obtained, where for

example

0 —1+3a3 05

Consider the problem of designing a linear controller for G;(ag) with ag = 0. Notice
that if we consider the output to be gy, = x1 this linear system is non-minimum phase.
Furthermore, it is straightforward to check that G;(0) is not detectable from the regulated

output y, = x1. Hence we assume that xs is also available for feedback and set y,, =
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[z1 x3]", which implies that the system becomes non-square. The sampling and updating
periods for y,,1, yme, and u are set to tg,, = 0.25, ts, = 0.1 and t,, = 0.05, respectively.
According to the framework of Section 7.1.2 we have t; = 0.05, h = 10, and the h-periodic

matrices I'yi, T'ye, Qi are determined by

1
o, 0
2
0 oj

9 1 k odd, 1 3 1 k=106
g, = y g, = 0. =
K 0 otherwise b b 0 otherwise

kaZ[ ], Tp=0p, U=71=1%

A linear controller with the structure (7.13) can be synthesized for this system. The stabi-
lizing controller C'x in (7.13) is obtained using the standard Hy output-feedback synthesis
solution for periodic systems. The performance of this controller will be evaluated in
simulation and compared with that of a gain-scheduled controller and we will show that

zero-steady state error is obtained for ¥y, = x1.

7.2.2 Gain-Scheduled Implementation

Having designed the parameterized family of linear controllers C'(«y) as described in (7.13),

suppose we implement the gain-scheduled nonlinear controller K as follows

rfn] _ A Biyon) Bﬁ(am] g
= k

vk | LOF (ar) Diy(ax) Do (o) o
E-m _ T — Tk rmk] lx?]

D —I I

K = - Yk - - mk mk] [Ymk (715)

xlI<;+1 B I Qk (L‘é
| ug | 1 Q y,ff
ar = (U, w,)
Tear| _ | LTk F’“] lgﬂ (7.15.A)
Lok | Tk Tk |uk

which is a gain-scheduled controller. Notice that ay, which was considered to be a constant
design parameter during the design process, now becomes a scheduling variable computed
on-line from the plant outputs and exogenous variables. Due to the multi-rate nature
of the output, the system described by (7.15.A) is used to perform a hold operation on
the output yi so that the scheduling variable aj is computed, at each iteration, accord-
ing to the last sampled value of the output. The exogenous vector is assumed to be
available at each sampling instant, so that wy = w(t;). Notice that the non-linear con-
troller proposed in (7.15) conforms to the general description of K given in (7.7) with

T
g = [(xgﬂ)T (x,?+1)T (xéﬂ)T} . Moreover as we will show in Section 7.3.1, it verifies
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the linearization property and therefore constitutes a solution to part 2) of the problem
statement.

As a final remark, when the multi-rate set-up particularizes to the single-rate case, there
is a close relation between the method presented herein and the velocity implementation

([52]), which is a method to implement gain-scheduled controllers for the single-rate case.

7.3 Stability Properties

In this section we show that the linearization property holds for the gain-scheduled imple-
mentation (7.15) and establish the results of local stability and ultimate boundedness in
response to exogenous inputs for the feedback interconnection of the nonlinear multi-rate
system and the proposed controller. These two last results can be obtained using the the-
oretical framework of jump systems and building upon the work presented in [62, 63] for
the single-rate sampled-data case.

In what follows, the feedback interconnection of the nonlinear system G, described by
(7.1), and gain-scheduled controller K, described by (7.15), with multi-rate sampled-data
interface (7.5) is denoted by F,; := F(SGH,K). Similarly, for each oy, the feedback
interconnection of the linearized system Gj(«y), described by (7.4), and the designed con-
troller C(ay), described by (7.13), with multi-rate sampled-data interface (7.5) is denoted
by Fi(ag) := F(SGi(a)H, C(a)).

7.3.1 Linearization Property

The required linearization property for the gain-scheduled controller implementation (7.15)

is stated in the next result.

Theorem 1. Suppose for each parameter vector ag € =, Fj(ap) is asymptotically stable.
Then F},; admits an unique equilibrium point associated with « and the linearization of the
gain-scheduled controller K about this equilibrium coincides with the designed controller

C(Ozo).

7.3.2 Local Stability at each Operating Point

In order to establish local stability for F,,; about each equilibrium point, we start by
considering the generic feedback interconnection of a continuous-time plant and a discrete-

time periodically time-varying controller

)=[f(x(t), u(t)) Zk+1= a2k, Yk, k)

(7.16)
=h(z(t)), t>0 ug=c(2k, Y, k), k >0
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with standard sample and hold interface

u(t)=ug, t € [tpthp1], k1 —te=1s  yr=y(lx) (7.17)

where functions f and h are continously differentiable, and a and ¢ are continously dif-
ferentiable in z and y and h-periodic in k, e.g., a(.,.,k) = a(.,.,k + h). Assuming that
the closed-loop system has a single equilibrium point at the origin f(0,0) = 0, h(0) = 0,
a(0,0,k) =0, ¢(0,0,%k) = 0 and introducing the vector

zs(t) = [2(0)" zppy @™y € [t teal;

local exponential stability for this interconnection about the origin equilibrium can be
defined as
10,01 V020,24 (t0)e By (0) [T (D) < Ce™ 1) [ (20)
t > 1.

Consider also the feedback interconnection of the linearized system and linearized controller

x'(;(t) = ACUa(t) + Bua(t) Zswpr = Np2sp + Mypyse

(7.18)
ys(t) = Cxs(t), t>0 Usk, = Lzsi + Kiyse, k>0

with sample and hold interface similar to that defined in (7.17), and where, for example,
B = %L(0,0), Ny, = 92(0,0,k) and K; = £2(0,0,k). Notice that Ny, My, Ly, Kj are
h-periodic matrices. The next theorem establishes the stability relation between systems
(7.16) and (7.18).

Theorem 2. The following statements are equivalent:

i) The system described by (7.16) is exponentially stable about the origin.
it) The linearized system (7.18) is exponentially stable.

iii) For Ay = e and By = gs eATdr B,

Ay + ByK,C ByLy

h
U(kl;ll MLC N ) <1 (7.19)

The local stability property for F,; is given by the following corollary.

Corollary T1. Suppose for each parameter vector ag € =, Fj(ay) is asymptotically (expo-
nentially) stable. Then F,; is locally exponentially stable about each equilibrium point

associated with «g.

Proof. About each equilibrium point, characterized by constant «g and w(t) = wp, the
nonlinear system G can be rewritten as i5(t) = f(zs(t),us(t)), ys(t) = h(zs(t)), where
Flas(t) us(t) = Flwo + wa(t),u + w5(t),wo), and h(ws(t) := h(zo + ws(t) and a sim-
ilar redefinition can be applied to K. Moreover, simple block manipulations show that
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F., = F(SGH,K) = F(I'yS;,GH; ,Qq,K) = F(S;,GHy,,QqKTy). Hence, F,; conforms
to (7.16)-(7.17), where G is the continuous-time system and 4KTy is the discrete-time

controller connected by standard sample and hold interface. According to (7.4) and the

key linearization property of K, the linearizations of G and QKT are given by G;(a)
and Q4C (ap)T'g, respectively. By Theorem 2 we can conclude that the asymptotic stability
of Fi(ag) = F(St,Gi(awo)Hy,,2C (ap)Tg) implies local exponential stability of F,,; about

each equilibrium point. O

7.3.3 Ultimate Boundedness for Slowly Varying Inputs

In this section we restrict the scheduling variable to depend solely on the exogenous inputs
a(t) = w(t) so that we can impose a bound on its time-derivative. Then, building upon
the work presented in [62, 63| for single-rate sampled-data systems, it is possible to address
the multi-rate case and show that for any initial condition starting near the equilibrium
manifold described by ¥ and ¢, the error between the state of F;,; and the corresponding
equilibrium value parameterized by w(t) is ultimately bounded, with an ultimate bound

that depends on the time-derivative of w(t). Defining
ws(t):=[a" (1) (2f40) " w]", ¢ € [t b,
as the state of F;,; and
zso(a0) =[x (a0) (25(c0))" ug (@0)]”,

as the corresponding parameterized equilibrium points, we can establish the following re-

sult.

Theorem 3. Suppose for each parameter vector ag € Z, Fj(ag) is asymptotically stable.
Then there exist positive constants 1, da, k and ~, and a class K function b(.) such that
the following property holds. If, for any ¢y > 0, a continuously differentiable exogenous
input w(t) = «a(t) satisfies w(t) € Z, t >ty

|zs(to) — xso(w(to))|| < 61 and v := S;ltp [w(t)]| < o2
0]

then there exists a t; > ty such that

5(8) = w0 (w(E))[| < ke a4 (t) — oo (w (ko))
to<t<t

Js(t) = zao(w(E)]] < ), ¢ > tu.
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We return to Example 70 to illustrate these stability properties.

Ezample 1. (cont.) We design a gain-scheduling controller for the multi-rate system
considered in Example 70, using the following methodology: ) the parameter space is
discretized according to oy = —0.9+40.11, [ € {0, ..., 18}; i) for each value oy, a controller
with the structure (7.13) is computed using the standard Hy output-feedback synthesis
solution for periodic systems, yielding a finite set of controllers; and i) the controller
coefficients are interpolated by quadratic parameter dependent functions. The scheduling
variable is set to a = r. Figure 7.2 shows the response of the closed-loop system output y,.(t)
to an input r(t) consisting of a sequence of steps, obtained with both the gain-scheduled

and linear controllers. This simulation justifies the use of parameter varying controllers

1r

gain-sheduled
— - — linear controller
reference

0.8

0.6

2 3 4 5
Time t

Figure 7.3: Actuation and multi-rate inputs v,,1 and ym2

since the linear controller leads to instability. The actuation and the multi-rate inputs y,,1
and ymye of the gain-scheduled controller are shown in Fig. 7.3 for a short period of time.
Notice that zero steady-state error is obtained for y,.. In Fig. 7.4, the responses to a slow
and a fast ramp input in r(¢) obtained with the gain-scheduled controller are shown. One
can see that the deviation between the output and the corresponding equilibrium value
(which coincides with the value of the reference) depends on the rate of variation of the

reference which is in agreement with Theorem 3.

7.4 Trajectory Tracking Control for Autonomous Rotorcraft

In this section the proposed method is applied to the control of an autonomous rotorcraft.

To this effect, the dynamics model of a small-scale helicopter, parameterized for the Vario X-
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1

0.8

0.6

> /

0.4r

slow ramp response
— - — - fast ramp response
reference

0.2r

. . . . . . . . .
0 10 20 30 40 50 60 70 80 90 100
Time t

Figure 7.4: Slow and fast ramp response

treme R/C helicopter [23], is used. We address a trajectory tracking control problem, which
can be described as the problem of steering a vehicle along a predefined trajectory defined
in terms of space and time coordinates. The solution presented relies on the definition of
an adequate error space to express the model of the vehicle [84]. The following section

briefly describes the helicopter dynamic model.

7.4.1 Vehicle Dynamic Model

The helicopter dynamics are described using the conventional six degree of freedom rigid

body equations

0= f(v, w, u) —i—R_l()\)[O 0g]"
w=n(v,w, u)

7 7.20
p=R(\)v 2
A= Q(¢B,93)w

where (p, R) € SE(3) £ R3 x SO(3) denotes the configuration of the body frame {B}
attached to the vehicle’s center of mass with respect to the inertial frame {/} and the rota-
tion matrix R = R(\) can be parameterized by the Z-Y-X Euler angles A\ = [¢5 05 15]T,
Op € |—7/2,7/2[, ¢, Y5 € R, R = Ry(¢5)Ry(05)Rx(¢5). The inertial frame {I} is
such that its z—axis is aligned with the gravity vector. The linear and angular body ve-
locities are denoted by v = [up vy wp]" € R3 and w = [ps qp r5]" € R3, respectively.
Notice that the gravitational term f,(¢ps,05) = R™1(A)[0 0 g]T depends only on the roll
and pitch angles and that the euler angles rates A and the angular velocities are related by
the well-known transformation matrix Q(¢gz,05).

The actuation u = [0y 015 015 o] comprises the main rotor collective input 6, the
main rotor cyclic inputs, 015 and 61, and the tail rotor collective input 6p;. The dynamic
equations for the helicopter are highly non-linear and its derivation is only accomplishable
assuming several simplifications. For a detailed explanation of the modeling of the small-

scale helicopter used in this chapter the reader is referred to [23].
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7.4.2 Generalized Error Dynamics

The integrated guidance and control strategy proposed in [84] for the trajectory tracking
problem, consists in defining a convenient non-linear transformation to be applied to the
vehicle dynamic and kinematic model. In the new error space the trajectory tracking
problem is reduced to that of regulating the error variables to zero using the fact that the
linearization of the error dynamics is time-invariant about any trimming trajectories. It
is well-known that these comprise helix and straight lines, parameterized by the vehicle
linear speed, flight path angle, yaw rate and yaw angle with respect to the path [84]. Thus,
the control design for the trajectory tracking problem can be solved by using tools that
borrow from gain scheduling control theory, where the aforementioned parameters play the
role of scheduling variables that interpolate the parameters of linear controllers designed
for a finite number of representative trimming trajectories.

In order to define the non-linear transformation we start by formally introducing the
trimming trajectories. Consider the helicopter equations of motion presented in (7.20),
and let ve, We, poy, Ao = [pe Oc e]” and ue denote the trimming values of the state
and input vectors, respectively. At trimming, these vectors satisfy o, = 0 and ws = 0,
implying that e = 0, ¢o = 0 and - = 0. Given the dependence of the gravitational
terms on the roll and pitch angles, only the yaw angle can change without violating the

equilibrium condition. However, 1. satisfies

0
0| = Q(ch,‘gc)wc
Yo
and thus the yaw rate 1o is constant. From this analysis it is easy to show [84] that

trimming trajectories correspond to helices (which degenerate into straight lines when
Y = 0) that can be described by

be 2 cos(ye) sin(dhet +40) | [
Ao = O » Pe = | =2 cos(yo) cos(et +90) | + |90
Yot + o + Yor — Ve sin(ye)t 2o

where Vi, = |lve|| is the linear body speed and ~. is the flight path angle. Therefore,
apart from a z-rotation and a translation, the parameter vector (VC,VC,@Z}C, ey 0c,Yer,)
completely characterizes a trimming trajectory. As explained in [22], due to the tail rotor
actuation, helicopters can describe trimming trajectories with arbitrary but constant yaw
angle relative to the path, that is, with arbitrary ¢ .. However the roll and pitch angles
¢ and 0. are automatically constrained by this choice. The trimming trajectory can thus

be described by the following parameterization
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. T
§o = {VC Yo e wCTi|
Moreover, introducing & = (V,~,1),4)

w' Up Up
V=loll y=arctan(=—F) =15 d=vs—to , || =R v, (7.21)
B

/
Wp Wp

we have at equilibrium £ = £y. For the sake of simplicity, in this particular case study, the
vector £ is partitioned according to & = (o, ap), where ¢g 1= (VC,¢C,wCT) is constant
and «g := ¢ is allowed to vary. That is, we consider paths formed by the concatenation of
trimming trajectories that can be parameterized by «g only. By imposing this restriction
on the reference trajectories and considering a similar partition for the scheduling variable
¢ = (p,a), where ¢ = (V, ¢, 1) and o = ~y, we assume that ¢ does not change significantly
between trajectories. Notice that « conforms with the general description of scheduling
variable given in (7.3).

The generalized error vector relating the vehicle state and the commanded trajectory
parameterized by &g, or equivalently aq since g is constant, can be defined using the

nonlinear transformation

Ve v — Vo
We w— We
Te = = (7.22)
‘ Pe R_l(pB _pc)

Ae A (As — )
Since 9 = 0 and we = 0 for any trimming trajectory, the nonlinear error dynamics

can be written as [84]

T
cemw (7.23)
Pe = Vg — R 've — S(w)pe

Xe =w— Q1 Quwe — (LO71)QA.

where R;! = R™I1R(¢¢, 0c), Qc = Q(éc,0c) and S(w) is a skew-symmetric matrix defined
such that S(w) = [wx].

The output vector for which we require steady-state tracking is defined as

Yer = [221 ) Q;Z)e = [0 0 1} Ae

It is straightforward to obtain that y., = 0 implies x, = 0 and that the vehicle will

follow the path with the desired linear speed and orientation if and only if z. = 0. As
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mentioned in the next section, the state is assumed available, although at different rates,

and thus we have
Yem = Le

The linearization of (7.23) about the equilibrium (z. = 0,u = u¢), or equivalently, the

linearization of (7.20) about oy, can be written in compact form as

Tes = Ae(00)Tes + Be(ao)us

Gi(a0) = { Yems = Tes : (7.24)
Yers = Cer(a0)Tes

0 I3 0]

0 0 [001]
details on the matrices of the linearization see [84]. Note that, G;(ap) is the parameterized

where Tes = Tey, Us = U — Ucy Yers = Yers Yems = Yem, and Cer(QO) - [

local system model, for which the controller is to be designed.

7.4.3 Multi-rate Characteristics of the Sensors

As already mentioned, for an autonomous vehicle the dynamic and kinematic state-variables
comprise linear and angular velocities, position and orientation which are usually available
at different rates (for example the position is typically measured by a GPS receiver which
imposes a slow rate). In the present chapter we assume that the state variables of the
vehicle corresponding to linear and angular velocities and orientation are measured at a
sampling rate of 50 Hz, which corresponds to a sampling period t; = 0.02s, whereas the
position variables are measured at a sampling rate of 2.5 Hz, corresponding to a sampling
rate of t5, = 0.4s. The actuators are assumed synchronous and updated at a rate of
50Hz. According to these sampling rates, the h-periodic matrices I',,;, ' and € that

characterize the multi-rate setup, are given by

U = Iy
1o k=0
Lk =
diag([13 13 03 13]) otherwise
1 k=20
T, = 4 ., k=0, h—1.
diag([03 1]) otherwise

where h = 20.

7.4.4 Controller Synthesis and Implementation

The commonly used method for the design of a family of controllers for the parameterized

family of models, which is also adopted in the present chapter, comprises the following steps:
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i) obtain a finite set of parameter values from the discretization of the continuous parameter
space, i) synthesize a linear controller for each linear plant, described by (7.24), obtained
from the linearization of the nonlinear plant for each value of the schedule parameter, i)
interpolate the coefficients of the linear controllers to obtain a continuously parameter-
varying controller.

We have restricted the parameter space to o = =, which means that the synthesized
controllers are valid in operating conditions where the remaining parameters ¢ = (V, W, )
do not change significantly about nominal values (V, Ve, 1¢). The finite set of values for
the discretization of this one-dimensional parameter space was chosen to be

ao = {ao;} = [-50 -40 -30 -20 -10 0 10 20 30 40 50] % rad.

so that the conditions under which the vehicle is expected to operate include straight
lines 1o = 0 and z-aligned helices ¢ # 0, with a flight path angle between -50'£, - and
50'£ - degrees, that the vehicle is required to follow with constant velocity, yaw rate and
orientation with respect to the path ((V, b, Y) = (Ve, Ve, he)).

For each fixed value of ag, the standard output feedback Hsy formulation for periodic
system was used to synthesize a controller C'xc for the augmented system G, where Ay,
By, Cy are the discretizations of system matrices of (7.24). Notice that G, has a number
of states equal to n +m +n,, = 12 +4 + 12 = 28 and a number of outputs equal to
Ny, +ny, =12+ 4 = 16. For an h-periodic system G of the form

Tp41 = Arxr + Bigwy + Baguy
G:=1q zr = Cipxp + Dipwy + Diggug (7.25)
Y = Copxy + Dojpwy, + Dogguy,

with Dy = 0, the Ho control problem can be interpreted as the problem of finding a
linear h-periodic controller K : y; +— wu; that minimizes the average over one period of the

norms of the impulse responses of the closed-loop system,

Gy — { Xpi1 = Apxp + Bipwy
ct
zp = Ci1pXp

which can be written as

h—1n
1 - . 1
1Gell2 = (EZZIIGM(%—J)@IIQ)Q- (7.26)
j=0i=1
where G.0(k — j)e; denotes the output response to an impulse applied at input ¢ and time
j. The solution to this problem can be obtained by solving two periodic Riccati equations
[8] or by the solution of two LMI optimization problems [93]. The matrices associated

with the performance channel wy — zp are typically used as tuning knobs to improve the
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performance during extensive simulations. For the results presented in the next subsection,
these performance matrices were chosen to be independent of k and ay;.

The resulting finite set of synthesized controller coefficients, for example {Af ()},
were interpolated using least squares fitting yielding a family of continuously parameter
dependent controllers whose describing matrices are quadratically parameter dependent,

for example
Af(ao) = Af' + ag AT + af AP

The disadvantage of this technique is that by the interpolation process there is no
guarantees that, even for fixed parameter values, the controller obtained by interpolation
stabilizes the closed loop system. An a posteriori analysis showed that for a dense grid
of fixed values of ag the closed loop system is stabilized. In this particular case, this
would not happen if we had used a simpler linear interpolation instead of a quadratic
interpolation. Note also that using a piecewise linear interpolation would not comply with
the assumption that the scheduling controller is a continuously differentiable function of
the scheduling variable.

Having designed the family of controllers C(ay), the non-linear controller K (oy) can
be implemented with a; = 7, becomes a time-varying parameter computed according
to (7.21). The final implementation scheme is shown in Figure 7.5. Notice that system C;

1

in this particular case degenerates into simple integrators C7 = mh since the actuators

were considered synchronous and updated at a sampling rate of 50 Hz.

Reference Path

Uk w(t)[Non-Linear [t Y “
-
rain-Scheduled
mplementation
f;

e
Ntzf (Oék, k - CD -t

ulti-rate system

=

Figure 7.5: Block diagram with the final implementation scheme

Some additional features of this implementation are worthwhile emphasizing. The
placement of the integrators at the plant’s input, has the following advantages: ¢) the
implementation of anti-windup schemes is straightforward 4i) auto-trimming property-

the controller automatically generates adequate trimming values for the actuation signals.
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Though in the present case simple integrators are being used, the same advantages would

hold if the inputs were updated at different rates and the integrators took the form of ;.

7.4.5 Simulation Results

We start with a simple example that compares the performance of a multi-rate guid-
ance and control law with that obtained using a standard single-rate Ho compensator
designed using equivalent weighting matrices. First, we compare the values of the closed-
loop Ho norms while changing the rate of the linear position measurement and keeping
the sampling periods of the other outputs and of the input at t; = 0.02 s. The peri-
odic Ho controllers were synthesized for a single operating condition, characterized by
& = Ve e ¢C wCT}T = [1 m.s~! Orad Orad.s™' 0 radr. The results are shown in
Table 7.1.

Notice that when the sampling rate of the linear position measurement equals the
sampling rate of the other outputs (s = 0.02 s), the multi-rate set-up particularizes to the
single-rate case and the periodic Ho controller is equivalent to a standard discrete-time Ho
controller. As expected the performance of the closed-loop system, given in terms of the
Ho norm, deteriorates as the sampling period for the linear position increases. In order to
assess the impact of this performance loss on the tracking response of the vehicle, a simple
maneuver task is set up for the rotorcraft. During the maneuver the vehicle is required to
follow a path with constant velocity Vo = 1 m.s~! and constant orientation with respect
to the path, consisting of: i) a level flight segment along the z axis, 7) a climbing ramp
with a flight path angle of 7o = & rad, iii) a level flight segment along the z axis. A
gain-scheduled controller was synthesized following the procedure given in Section 7.4 for
constant parameters g = (VC,¢C,1/)CT) = (1m.s ', 0rad.s™!,0rad). For the single-rate
case, all the outputs are measured at a sampling rate of t; = 0.02 s, and for the multi-rate
case, the sampling rates are given according to Section 7.4.7.4.3. The results comparing
these two cases, which include the temporal evolution of the actuation, dynamic variables v
and w, and kinematic errors pp = pp —pe = [T yp 25" and Ap = Ag— ¢ = [¢p 05 V5s|",
are shown in Figures 7.6 and 7.7.

As expected, we can notice some degradation in the actuation and error responses
for the multi-rate case in comparison with the single-rate case. Nevertheless, while the
proposed method takes into account the multi-rate characteristics of the sensors, it also

achieves good tracking performance and displays a smooth behavior throughout the differ-

Table 7.1: H, closed-loop values for different position sampling rates

Linear position sampling period tg,(s) | 0.02  0.04 0.1 0.2 0.4
Closed loop Hgo norm ||Gll2 10.40 11.08 12.18 13.15 14.27
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Figure 7.6: Results for the first simulation- Errors

ent stages of the trajectory. Notice also that, as desired, steady-state is achieved after the
transitions between trimming trajectories, with zero-steady state value for ye, = [pe e,

and that the trimming values for the actuation are naturally acquired.

Another simulation is presented in order to test the proposed methodology in other

flight conditions as well as analyze the impact of noise in the sensors. In this simulation
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Figure 7.7: Results for the first simulation- Actuation

the vehicle is required to follow a path with constant velocity V. = 5m.s~! and constant
orientation with respect to the path, consisting of ¢) a level flight segment along the x axis,
it) a climbing helix with a flight path angle of 7. = 0.29 rad and yaw rate Yo = 0.26 rad.s™,
iti) a level flight segment along the z axis. The controller is synthesized according to
the methodology presented in Section 7.4 for constant parameters g = (Vo, Y, Yor) =
(5m.s~ !, 0rad.s~ !, 0rad) and the weights of the Hs controller synthesis problem, described

in (7.25) are changed to accommodate for the different operating conditions. We have
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considered additive white gaussion noise for all the measurements with autocorrelations
matrices (Ryy(T), Ruw (), Rpp(7), Rax(1) = (0716(7),0218(7),0216(7),0516(7)) , where
(04,00, 0p,0x) = (0.02 m.s71,0.3°.s71,0.1 m,0.5°). The results presented in Figure 7.8
show that good sensor noise rejection is achieved and that the helicopter performs the
required task keeping the actuation within the limits of operation. A 3-D view of both

maneuvers is shown in Figure 7.9.
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Figure 7.8: Results for the second simulation

179



7. GAIN-SCHEDULED CONTROLLERS FOR MULTI-RATE SYSTEMS
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Figure 7.9: Rotorcraft Maneuvers

7.5 Further Comments and References

Over the last few decades there has been a surge of interest in the development of ef-
ficient and reliable guidance and control algorithms for unmanned vehicles. An endless
number of applications are reported in the literature, ranging from underwater geological
surveillance [75] to spacecraft missions [93].

Traditionally, the guidance and control problem for autonomous vehicles involves the
design of an inner and an outer loop [86]. The inner loop is designed to stabilize the
vehicle dynamics and usually requires a high sampling rate, whereas the outer loop design
relies essentially on the vehicle’s kinematic model, converting tracking errors into inner
loop commands, and is amenable to a lower sampling rate. As explained in [84], since
the two systems, kinematics and dynamics, are effectively coupled, stability and adequate
performance of the combined systems are not guaranteed. An interesting feature of this
technique is that, since the kinematic variables are commonly available at lower rates
(consider for example the case of a GPS receiver), the design of the different loops at

different rates often handles naturally the multi-rate characteristic of the sensors.
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Another line of work, presented in [22], [50], [84] proposes and integrated solution for the
guidance and control problem. This solution amounts to applying a conveniently defined
path-dependent transformation to the vehicle’s equations of motion, which involves both
kinematic and dynamic variables of the vehicle. In this new space, referred to as error-space,
the problems of trajectory tracking or path-following reduce to the problem of driving this
newly-defined error to zero. The family of error transformations presented in [22], [50], [84]
have the notable property of guaranteeing that the linearization of the error dynamics is
time-invariant along trimming trajectories, which comprise arbitrary straight lines and z-
aligned helices. Since the vehicle’s dynamic behavior changes considerably throughout its
flight envelope, gain-scheduling control laws, which have become a standard solution in
flight control systems, are typically used. In this setting, the multi-rate characteristics of
the sensors have been traditionally handled by the navigation system design [75] without
guaranteeing the performance (or even the stability) of the overall closed loop system,
although the problem can be formulated as a control design problem.

This chapter follows the line of work reported in [22], [50], [84], adopting the integrated
guidance and control approach and proposes a novel method to take into account the
multi-rate characteristics of the sensors in the controller design. To this effect, theoretical
results are first derived which make use of the existing background for multi-rate systems
and gain-scheduling theory. The theory for multi-rate systems is intimately related with
the theory of periodically time-varying systems. See, for example, [78] and the references
therein for early work on the subject and [61] for more recent developments. Noteworthy
is the bulk of work in this field by Bittanti, Colaneri and co-workers. With particular
interest to the present chapter are the definitions of stabilizability and detectability for
periodic systems [7], and the solutions of the problems of regulation for square multi-rate
systems [19], output stabilization for periodic systems [16], and LQG optimal control for
multi-rate systems [17]. In the field of gain-scheduling an excellent survey can be found
in [81].

The velocity implementation, was presented in [51], [52] and is also discussed in [53,
Ch. 12], [81] which is related with the work presented herein, provides a simple solution

for the implementation of controllers with integral action that satisfies the linearization

property.
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8

Conclusions and Future Work

In this thesis, we addressed several scenarios in Networked Control Systems. We modeled
these scenarios under the framework of impulsive systems and stochastic hybrid systems
and we derived several theoretical results for such systems, which directly entails properties
for the networked control system. The results were shown to be of interest in other research

areas. In a nutshell, the main conclusions are as follows:

e The framework of Volterra renewal type equations is a useful framework for the anal-
ysis of linear networked control systems with independent and identically distributed
time between transmissions, and with several other features amenable with a finite-
state machine model. This approach leads to interesting results, such as providing a
stability condition in terms of the Nyquist criterion for the analysis of these networked

control systems.

e Networked Control Systems with asynchronous renewal transmissions can be modeled
by piecewise deterministic processes. Using tools that borrow from this latter class
of systems, one can provide a necessary and sufficient stability test in terms of the

computation of the spectral radius of an integral operator.

e One can construct a class of dynamic protocols that outperform static protocols by
construction. In an optimal control framework where the intent is to simultaneously
design the control law and the protocols, our approach, based on a rollout strategy,

leads to a distributed algorithm which nodes can run independently.

e There is a solution to the output regulation problem for multi-rate systems, even
in the case where the number of outputs is larger than the number of inputs. In
the special case of constant references, this same solution is useful to tackle the

gain-scheduling problem for non-linear systems.

There are several directions for future work. We include here the following;:
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e Direct design. The problem of directly designing a controller in the setting of Chap-
ters 2, Chapter 3, and Chapter 4 should be looked into with more detail. We have
shown in [AHS09a] how to optimally design a state feedback controller for simple net-
worked control set-ups as in the framework of Chapter 2. An interesting direction for
future work is to extend these results for output feedback. In particular one could ask
if the separation or equivalence principle holds, i.e., if the optimal output feedback
controller could be obtained by separately computing the optimal controller and the
optimal state observer. In the case of networked control systems with asynchronous
renewal networks, as in Chapter 4, the problem was not addressed, and therefore

remains open.

e Dynamic Protocols. The rollout strategy that we propose to solve the simultaneous
controller and protocol design may be in general computationally demanding to be
implemented on-line. Therefore, a direction for future work is to propose heuristics
that approximate this policy, while being within reasonable computational burdens

for on-line implementation.

e Gain-Scheduling structure. The gain-scheduling structure that we propose for multi-
rate systems is inspired on the velocity implementation. However, this implementa-
tion involves a differentiation, which may introduce significant noise at the input of
the gain-scheduled controller, and in general this can have malicious effects for the
closed-loop. An interesting direction for future work would be to obtain a structure

that also satisfies the linearization property, but does not require differentiation.

e Qutput regulator Controller Structure. It would also be interesting to obtain a con-
troller structure that does not need to differentiate the inputs in the output regulation

problem, since differentiation may lead to large transitory behavior.

e Nonlinear Networked Control Systems. The Theorem 24 provides an analog result
to a well-known stability results for non-linear stochastic hybrid systems. One can
explore this fact by posing several problems for non-linear closed-loops with inde-
pendent and indentically distributed intervals between transmissions, which parallel

problems for non-linear deterministic systems.

e Assumptions on the intervals between transmissions. We argued that in the Ether-
net and Wireless 802.11 networks the times between transmissions are independent
and identically distributed, following similar reasonings to other works in the litera-

ture [44]. A direction for future work is to confirm this assumption experimentally.
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