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Introduction
1.1 High-tech systems design 1.3 Networked Control Systems
1.2 Control, computation, and 1.4 Contribution of the thesis
communication 1.5 Structure of the thesis

1.1 High-tech systems design

The complexity of the design of mechatronic systems, such as wafersteppers,
electron microscopes, and copiers, increased rapidly over the past decade. A
major reason for this increase in complexity is the fact that more functionality
and a higher performance is desired compared to preceding products, while
the cost price should be kept as low as possible to have a competitive position
in the market. To design such high-tech systems, different disciplines, such
as mechanical, electrical, and software engineering, need to cooperate closely.
During the design process, many choices have to be made that influence the later
stages of the product design and the final product. If the consequences of these
choices are not assessed correctly, especially the effects for the other disciplines,
problems will occur later in the design process with various drawbacks such
as longer development times, higher product costs, or non-optimal products.
At present, these problems are difficult to prevent as it is hard to oversee the
consequences of such design decisions. Several reasons why this is the case are
described in [33]. Firstly, often there is a lack of a common background and
language between the different engineering disciplines, cooperating in the design
process, to properly make tradeoffs. Secondly, the project evolution is often out-
of phase for the different engineering disciplines. Thirdly, many choices are made
in an implicit way, based on experience or intuition, which often hampers a well
founded decision. Fourthly, dynamic, time depending aspects of a system are
complex to understand, especially the relation with other disciplines. Of course,
there are also many other reasons for making suboptimal design decisions in a
multi-disciplinary design environment.

A way to reduce the number of non-optimal design decisions during high-
tech systems design, is, based on the ‘Boderc philosophy’ [33], the use of models
that capture the system behavior, and a reasoning method that indicates how
and when to use these models. Two approaches can be followed to model sys-
tem behavior. Firstly, multi-disciplinary models can be used, and secondly,
mono-disciplinary models can be used that exploit information from or provide
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knowledge to other mono-disciplinary models. For both approaches examples
are given in [33]. An advantage of the first approach (multi-disciplinary model)
is the combination of aspects from the different disciplines in one model, which
allows for reasoning on the effects of a design decision on the different engineer-
ing disciplines. A disadvantage is the limited amount of information from each
discipline that can be included in the model, to avoid that the model looses
its transparency and therefore complicates the reasoning. An advantage of the
second approach (the mono-disciplinary model) is that standard modeling and
analysis tools from each discipline can be used, allowing for more details (and
thus complexity) in the models. A disadvantage is that shared knowledge be-
tween models should contain information that is useful for the models of the
other engineering disciplines. Due to the lack of a common background between
the disciplines, reasoning on useful shared knowledge that define the relation
between the mono-disciplinary models, can be complicated.

This thesis presents a model (and related analysis and synthesis tools) that
belongs to the second approach. The focus of the model, as well as the analy-
sis, is on the relation between the disciplines control engineering and real-time
software engineering, using a control engineering perspective. This work should
facilitate the decisions made during the project stages where the controllers are
designed and implemented in the software. This thesis is not the only work
in the Boderc project that considers the coupling between real-time software
engineering and control engineering. In [94], where also a control engineer-
ing perspective is used, an event-driven controller is proposed that results in
a reduction of the processor load, therefore reducing the demands from con-
trol engineering on software engineering. In [21], where a software engineering
perspective is used, a new software design method, including controller imple-
mentation, is proposed that has a deterministic and predictable timing behavior
(which is favorable from a control engineering perspective). The next section
will discuss the coupling between software and control engineering in more detail
and discuss some domain specific properties and requirements.

1.2 Control, computation, and communication

The focus of the coupling between control engineering and software engineering
is, in this thesis, on the information flows between the mechatronic system (in
control engineering denoted as plant) and the processor, on which the controller
is implemented. In particular, the timing aspects, related to delays, loss of in-
formation, and the sampling intervals in the control loop are considered. These
effects are also discussed in literature related to control, communication, and
computation, see e.g. [30; 66] and the references therein. Note that in this thesis
the size of the data transmitted, which is related to quantization effects, is not
considered.

Traditionally, the control scheme consists of a plant, that is via a direct,
hard-wired connection, coupled to the controller, see Figure 1.1. In general,
for the controller design, it is assumed that the delays in the control loop are
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Figure 1.1: Traditional control scheme

negligible or constant. This assumption is (approximately) correct as long as
the controller is implemented on a dedicated processor, i.e. it is only used for
the control computations. However, in many high-tech systems, to decrease the
cost price, the processor is used both for the control computation and for many
other software tasks, such as interrupt and error handling, resulting in the fact
that the control computation cannot start directly if the sensor data becomes
available, e.g. due to the fact that another software task needs to be finished
first. Even worse, the processor can be shared between different controllers for
different plants or parts of the plant, which makes the use of a communication
network, such as Ethernet or a CAN-bus [85], between the processor and the
different plants necessary, see Figure 1.2. From a software point of view, in
the first situation (without a communication network), latency and jitter, i.e.
the combination of constant and time-varying delays that are caused by the
computation time and the waiting times until the computation can start, occur.
They cannot be avoided, and even worse, cannot be predicted accurately [8; 21;
115]. The size of the latency and jitter is affected by various aspects that
are related to the software and its hardware, such as caches, pipelines, and
the characteristics of the software architecture. In general, the combination
of latency and jitter results in time-variations in the moment of actuation of
the controlled system. In the second situation (with a communication network),
besides the scheduling of the tasks, which induces latency and jitter because not
all controllers can be computed at the same time, the communication network
results in time-delays and also data packet loss may occur. The delays in the
network are caused by the actual time that is needed to transmit data over the
network, the encoding and decoding time of the data, and the waiting times
until the network is empty, because for most networks only one data packet can
be transmitted over the network at the same time [57; 71]. Data packet loss
occurs if data packets collide, if the nodes loose contact with the network, which
occurs for instance in wireless networks, or if wrong destination nodes are given
to the data packet. These effects of the network may lead to time-variations in
the sampling interval as well.

From a control point of view, time-delay, consisting of the combination of
both the latency and jitter and the network delays is an undesired phenomenon
that should be kept as small as possible, as it is well known [22] that these
time-delays can degrade the performance of the controlled system and can even
cause instability. For data packet loss similar observations can be made. In
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Figure 1.2: A typical NCS setup.
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Figure 1.3: Schematic view of the traditional (absence of the) coupling between
real-time software and control engineering.

practice, in many motion control applications it is assumed that, firstly, the
time-delay is negligible compared to the chosen sampling frequency or it is at
least constant, secondly, loss of data does not occur, and thirdly, the sampling
interval is constant. Clearly, the occurrence of latency and jitter that are time-
varying, and the possibility of data loss make that these general assumptions are
often violated. Schematically, this lack of a common background between the
two disciplines, resulting in the absence of a coupling, is depicted in Figure 1.3.

In this thesis, we describe a first step towards incorporating effects from the
computation and implementation of the controller (which is in general part of
the real-time software) and/or the communication network in the control design
by developing analysis and design techniques that include time-varying delays,
data loss, and time-varying sampling intervals. This is a major step compared
to the traditional control techniques that are based on the general assumptions
that the time-delay is constant or even zero, the sampling interval is constant,
and data loss does not occur. Schematically, this improved situation is depicted
in Figure 1.4. Now, in the coupling between control and real-time software en-
gineering the demands on the maximum time-delay, the amount of data loss,
and the variation in the sampling interval for which stability and a certain per-
formance can be guaranteed, can be compared to the achievable latency, jitter,
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Figure 1.4: Schematic view of the proposed coupling between real-time software
and control engineering with mutual consideration of requirements.

and the possibility of data loss in the software implementation. As depicted
in Figure 1.4, the opposite direction is possible as well. This viewpoint allows
for explicit tradeoffs by considering the consequences of the design choices in
one domain on the performance or requirements in the other domain. This al-
lows for a more integrated design process, thereby leading to products closer to
optimality.

The presence of, firstly, latency and jitter that cannot be avoided in the soft-
ware implementation of the controller, secondly, communication delays and/or,
thirdly, packet dropouts in the communication network is, from a control en-
gineering perspective, described in the part of literature that is involved with
so-called Networked Control Systems (NCSs). In general, NCSs describe control
systems with time-varying delays, time-varying sampling intervals, and packet
dropouts, or a subset of these three. The next section introduces NCSs and
gives an overview of the modeling approaches, analysis results, and design tools
that are described in the NCS literature.

1.3 Networked Control Systems

Networked Control Systems (NCSs) are systems where the control loop, in gen-
eral consisting of a continuous-time plant and a discrete-time controller, is closed
over a communication channel. A schematic representation of a NCS is depicted
in Figure 1.2. Here, different plants (or parts of plants) with sensors and actu-
ators are connected over a communication network to their controllers that are
all executed on one shared processor or on multiple processors.

Over the past decade, the interest in NCSs has increased rapidly [35; 107;
122; 133]. It is currently even considered to be one of the key research fields
for control engineering, as advocated in [72]. The advantages of the use of a
NCS are its flexible architecture [107], due to the use of distributed elements,
and a reduction of installation and maintenance costs [35]. Typical applications
are mobile sensor networks [54; 86], remote surgery [2; 65], automated highway
systems, and unmanned aerial vehicles [93; 99; 100]. As already discussed
before, the disadvantages of a NCS are caused by the unreliability and shared
use of the network, resulting in time-varying delays, packet dropouts, the use
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of multiple packets to transmit data, and variations in the sampling interval.
The nature of the time-delays (both latency and jitter), the need for multiple
packets, and the possibility of packet dropouts depend on the chosen network
protocol, or more precisely the media access control protocol component, and
the network [57; 71; 85; 113].

The CAN-protocol (e.g. used in DeviceNet) is a protocol that considers
random access with collision arbitration. It ensures that ongoing transmis-
sions are never corrupted and collisions are nondestructive (i.e. the data is not
corrupted). Therefore, packet dropouts are not likely to happen. Moreover,
time-delays are deterministic (meaning that a maximum response time can be
guaranteed), but time-varying, although the variation is limited for the nodes
with high priorities, see [57; 71; 85]. Disadvantages are the small size of data
packets, the limited physical network length, and the slow data rate. The time-
division multiplexing (TDM) protocol uses a round-robin fashion to allocate
which node can send data. The allocation is either master-slave (e.g. used in
Modbus) or token-passing (e.g. used in PROFIBUS and ControlNet). Master-
slave means that data is only sent if the master asks, therefore collisions are
avoided. For token passing, a network node, e.g. a sensor, can send data if
it has the token, otherwise it has to wait until it receives the token. An ad-
vantage of TDM is that the behavior is deterministic, resulting in computable
bounds on the variation of the delay. Moreover, packet dropouts are not likely
to happen, because data collisions are avoided. A disadvantage of TDM, with
token passing, is the inefficiency at low utilizations, due to the overhead of the
token passing. Ethernet is a random access network, also denoted as carrier
sense multiple access (CSMA). Standard Ethernet is not a complete protocol,
it is nondeterministic and collisions are destructive, which means that the data
is corrupted and the message must be retransmitted. To obtain more deter-
ministic behavior, different Ethernet solutions are available, see e.g. [71] and
the references therein. First, Hub-based Ethernet is available that considers a
CSMA/CD protocol, where CD refers to collision detection. After a collision
detection, the data is retransmitted. If this fails sixteen subsequent times, the
data is discarded, resulting in a packet dropout. Based on different schemes
of retransmission an upper bound for the delay of the successfully transmitted
packets can be computed. Note that for control implementation, retransmis-
sion of data is often not useful, especially if newer data is already available. In
that case, the try-once-discard (TOD) protocol can be used, where a packet is
dropped if the transmission fails, see e.g. [113]. Second, Switched Ethernet can
be used that is based on a CSMA/CA protocol, where CA refers to collision
avoidance. Compared to Hub-based Ethernet, intelligence is used in forwarding
packets, avoiding message collisions on the network. However, congestion at
the switches may occur, which may lead to packet dropouts. The bounds on
the variation of the delay can be computed, but the upper bound is, for a low
network load, higher than the bound obtained for Hub-based Ethernet. Finally,
Wireless Ethernet can be used that considers CSMA /CA as well. Here, packet
dropouts are more likely to happen, due to link failures, and moreover, collisions
that can still occur, [71]. The advantage of all Ethernet solutions compared to
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CAN and TDM is the use of much larger data packet sizes and larger physical
networks. In summary, all networks suffer from some variation in the delays,
while packet dropouts mainly occur in Ethernet based networks.

The variation in the sampling interval may have different reasons. Different
possible implementations, leading to time-varying sampling intervals, will be
described shortly. Firstly, the controller requests, via the network, new mea-
surement data from the sensor at certain (equidistantly spaced) time intervals.
Due to the delay in the network, the sampling interval becomes time-varying.
Secondly, the sensor obtains its measurement data at non-equidistantly spaced
sampling intervals, which may happen if a sensor is programmed to wait a fixed
amount of time after the data is sent to the controller, see [106]. Due to a
network that may be occupied, the moment of sending the data is time-varying.
Thirdly, the controller may be designed such that larger sampling intervals are
used if the network load is high and smaller sampling intervals are used if the
network load is low, see e.g. [89]. Fourthly, if event-driven controllers, as dis-
cussed in e.g. [10; 34; 94], are used, sensing and actuation is not performed
at equidistantly spaced time-intervals. Fifthly, the timer that determines the
sampling instants may show some deviation in its timing, leading to variation
in the sampling intervals.

As already mentioned in the beginning of this section, for NCSs many pa-
pers are available in the literature. Below, the relevant literature is discussed,
based on the differences in the modeling approach and the methods for stability
analysis, controller synthesis, and tracking behavior. Finally, we also indicate
what the available results for experimental validation are in the literature.

1.3.1 DModeling

An extensive literature is available on the modeling of NCSs, including the pre-
viously described effects of time-varying delays, time-varying sampling intervals,
and packet dropouts, discussing both discrete-time and continuous-time NCS
models.

One of the first discrete-time NCS models has been proposed in [31; 90].
Herein, a finite-dimensional time-varying discrete-time model for a NCS con-
figuration is proposed with a continuous-time plant, a time-driven sensor and
controller, that have the same sampling time, but a time skew between them
is allowed, and an event-driven actuator. Moreover, the delays can be larger
than the time skew between the sensor and controller, but need to be smaller
than the sampling time of the sensor and controller, resulting in sequential ar-
rivals of the measurements at the controller and the inputs at the actuator. The
most common discrete-time NCS model is explained in e.g. [4; 85; 133]. Herein,
a NCS configuration with a time-driven sensor and an event-driven controller
and actuator is considered, where the time-varying delay is upper-bounded by
the sampling interval. An extension for this standard discrete-time NCS model
that incorporates delays larger than the sampling interval, although the varia-
tion of the delays is limited by the sampling interval, is presented in [55; 123].
A discrete-time model that considers arbitrary time-varying delays is described
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in [124]. However, message rejection, being the effect that more recent control
data becomes available before the older data is implemented resulting in the
older data being discarded, is not considered. All the above mentioned mod-
els have in common that they consider a NCS with a continuous-time plant,
with a constant sampling interval (of the sensor) and a network without packet
dropouts.

In [39; 41; 42] packet dropouts, with a stochastic distribution, are modeled,
while the delays are assumed to be equal to zero. A limitation is that in these
approaches a discrete-time plant is used. A model that considers a discretization
of the continuous-time plant is presented in [133], where deterministic packet
dropouts, instead of dropouts originating from a stochastic distribution and no
delays, are used. The number of papers that combine packet dropouts and time-
varying delays is small. A first step is presented in [126], where packet dropouts
and constant delays in combination with a discrete-time plant are included in
the model. An improvement is presented in [28; 59], where packet dropouts
and delays smaller than the sampling intervals are considered, in combination
with a continuous-time plant. In [28], the packet dropouts are modeled as
an increase of the sampling interval. In [59] time-delays are assumed to take
values in a limited set of equidistantly spaced values smaller than the sampling
interval and packet dropouts are modeled as a multiple of the delays. Note
that this model is limited to delays between the sensor and the controller. A
completely different model that can deal with packet dropouts, is presented
in [36]. Here, instead of a model that is describes the states of the system
at the sampling instants, an event-based model is proposed, where the events
are defined as the sampling and actuation actions. This representation allows
to model, besides packet dropouts, delays that can be both smaller and larger
than the sampling interval and time-varying sampling intervals. Note that, the
modeling of the packet dropouts is implicit, because no actuation event occurs
if a packet is dropped. This event-based model is not the only model that
deals with time-varying sampling intervals; however, it is the only discrete-time
model that combines time-varying sampling intervals, time-varying delays and
packet dropouts. Other models that deal with time-varying sampling interval
are proposed in [92; 95; 97; 98; 131], where in [92; 95] time-varying delays
smaller than the sampling interval are included as well.

A continuous-time NCS modeling approach is given in [114] for a continuous-
time plant and controller. Here, a variation in the transmission times is included,
which refers for sampled-data systems to a variation in the sampling interval.
A similar approach is considered in [69], where stochastic sampling intervals
are allowed. An improvement for NCSs, where a discrete-time controller is
considered, uses delay-differential equations, see [75; 125; 127; 128]. Here, a
NCS with a constant sampling interval, packet dropouts, and delays that may
be larger than the sampling interval is described. A main advantage of this
delay-differential approach is the possibility to incorporate time-delays larger
than the sampling interval without increasing model complexity, as is the case
in the discrete-time modeling approach.

An impulsive differential modeling approach that considers plant dynam-
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ics in combination with the network protocol is considered in e.g. [80]. Here
NCSs with time-varying sampling intervals and packet dropouts are considered,
however delays are neglected. An extension to this model is the impulsive delay-
differential approach, as proposed in [73; 74; 76] that describes NCSs with vari-
able sampling intervals, time-varying delays, and packet dropouts. Analogous
to the delay-differential model, the main advantage of this modeling approach
is the possibility to incorporate time-delays larger than the sampling interval
without increasing model complexity.

Summarizing, for discrete-time NCS models, there are hardly any models
that combine the effects of time-varying delays smaller and larger than the
sampling interval, packet dropouts, and variations in the sampling interval.
The development of a model that includes these effects gives the possibility to
use the advantages of the existing analysis and design tools for discrete-time
systems to analyze NCSs including all these effects. Note that recently in [36]
such a model is proposed. However, the possibility of packet dropouts and
message rejection is only included implicitly. Therefore, a discrete-time model
that includes all these effects explicitly is still lacking. Alternative models, that
deal with the effects of time-varying sampling intervals, time-varying delays, and
packet dropouts, are based on (impulsive) delay-differential equations, see e.g.
[76]. The next section will discuss the stability analysis and controller synthesis
results that are available for both discrete-time and continuous-time models.

1.3.2 Stability analysis and controller synthesis

For the discrete-time NCS models, different approaches towards stability anal-
ysis and controller synthesis results are available in the literature. Most of
them, see e.g. [36; 38; 55; 87; 88; 92; 119; 123; 126] consider a Lyapunov-based
approach, although the method that is used to deal with the uncertainty (or
time-variation) in the delays, sampling intervals, or packet dropouts is different.
In [38; 119] a NCS with time-varying delays smaller than the constant sampling
time and no packet dropouts is considered. In [38], the analysis is based on a
Taylor series approximation of the NCS model, which leads to an uncertain sys-
tem with polytopic uncertainties. For this approximated system, linear matrix
inequalities (LMIs) are proposed for both the stability analysis and the con-
troller synthesis problem. The procedure is iterative in the sense that the order
of the Taylor series approximation is increased until -if ever- a feasible controller
is found for the approximated system. An additional LMI test is used to evalu-
ate whether the constructed controller is also stabilizing for the original plant,
i.e. including the approximation error. In [119], another Lyapunov-based con-
troller synthesis approach is proposed, where the time-delays are considered as
time-varying parametric uncertainties. The set of discrete-time system matrices
is overestimated based on the maximum singular value of the continuous-time
system matrix, resulting in a single set of LMIs. Therefore, the iterative pro-
cedure and additional LMI test of [38] are avoided, however, leading to more
conservative results compared to [38].

NCSs with delays larger than the sampling interval are considered in [55; 60;



10 Introduction

87; 88; 123; 124]. A stability analysis and controller synthesis approach based
on discrete-time Lyapunov-Krasovskii functionals for deterministic variations
in the delay are proposed in [55; 87; 88]. The uncertainties in the system, due
to the delays, are written as a multiplication of constant matrices and a time-
varying matrix that is Lebesque measurable. Then, standard robust stability
techniques for uncertain systems are applied. For delays that vary based on a
stochastic distribution, in [123], a stochastic Lyapunov approach is considered
and in [60; 124] an optimal controller is proposed.

Stability analysis and controller synthesis techniques for NCSs with packet
dropouts are discussed in [28; 41; 120; 126]. An approach based on a common
quadratic Lyapunov function and a convex overapproximation of the uncer-
tain discrete-time system matrices, which depend on the variation in the delays
smaller than the sampling interval, is given in [28]. In [126], a common quadratic
Lyapunov function is considered for a NCS with a discrete-time plant, packet
dropouts, and constant delays. In [120], a similar configuration is studied based
on a packet dropout dependent Lyapunov function. An optimal control ap-
proach is presented in [41], based on a stochastic approach. A necessary and
sufficient condition for stability analysis of NCSs with packet dropouts and de-
lays that take values from a finite set of delays is proposed in [59]. In general,
the analysis conditions are difficult, or even impossible, to check, due to the
number of different solutions for the switched system that need to be consid-
ered separately. Only for a small number of different delays or packet dropouts
a solution can be obtained.

For time-varying sampling intervals, the literature is limited. In [92], a com-
mon quadratic Lyapunov approach is considered in combination with a finite
gridding approach, which exists of a previously defined finite set of delays. The
proposed LMI conditions for control design are, in general, not sufficient for
arbitrary (bounded) time-variations in the delay. In [97] an optimal controller
is proposed that deals with a system with two different sampling intervals. In
[36], a Lyapunov approach is considered for an event-based model that includes
time-varying sampling intervals, time-varying delays, and packet dropouts. The
analysis and synthesis conditions are based on a similar Taylor overapproxima-
tion as in [38]. A disadvantage compared to the other Lyapunov approaches for
discrete-time models is that, due to the use of the events, the Lyapunov func-
tion needs to be decreasing at smaller time instants, because the time between
the events, which are determined by the sampling and the actuation instants, is
typically smaller than the time between two sequential sampling instants. This
may induce some conservatism compared to the models that are consider the
sampling instants only.

A completely different stability analysis approach is described in [45], where
frequency-domain stability conditions for single-input-single-output systems,
based on the small gain theorem are proposed. The related analysis is ap-
plicable to systems with both small and large delays, because the discretization
of the continuous-time plant is based on the non-delayed system. A disadvan-
tage of this approach is the fact that it is limited to systems with a strictly
proper and stable plant and a constant sampling interval. This restriction is
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avoided in the approach presented in [46].

For the continuous-time NCS models, the analysis and synthesis condi-
tions are mainly based on Lyapunov or Lyapunov-like functions. First, for the
continuous-time NCS model, in [113], a maximum allowable transfer interval
(MATT) is computed, based on a common quadratic Lyapunov function, which
gives the maximum amount of time between two consecutive sensor messages for
which stability can be guaranteed. An improvement is presented in [49], based
on a Lyapunov-Krasovskii functional that is more suitable for systems with
time-delays. Second, for delay-differential models, stability conditions based
on Lyapunov-Razumikhin functionals [127] and based on Lyapunov-Krasovskii
functionals [27; 75; 125; 128] are available. It is shown that, in general, the
Lyapunov-Krasovskii functionals are less conservative. Unfortunately in all
these papers, the use of the candidate Lyapunov-Krasovskii functionals results in
conservative results, because the complete quadratic Lyapunov-Krasovskii func-
tional that gives exact stability bounds is not solvable in practice, see [51; 52].
The stability analysis conditions presented in [27] and [75] consider both the
minimum value and the maximum value of the delays and packet dropouts,
while the other papers consider only the maximum value. Typical for these
approaches is that the uncertain and time-varying delays are included in the
Lyapunov function itself and are not part of the system matrices, as is the
case for the discretized NCS models, see e.g. [38; 87; 119]. Therefore the need
of uncertainty matrices and the corresponding overapproximation is avoided.
Third, for the impulsive differential equations, without delays, input-to-state
(and input-output) stability properties have been studied in [18; 80; 81; 104].
In these works, specific attention is given to the role of the network protocol in
guaranteeing stability. Finally, for the impulsive delay-differential model, suffi-
cient LMI conditions for the exponential stability of NCSs are proposed in [76],
using a Lyapunov-Krasovskii approach.

Summarizing, for stability analysis and controller synthesis, many results
are available for discrete-time NCS models, but most of the results are, due
to the models used, limited to NCSs with, firstly, time-varying delays or, sec-
ondly, packet dropouts and delays smaller than the constant sampling interval,
or, thirdly, time-varying sampling intervals. The combination of time-varying
delays (smaller and larger than the sampling interval), time-varying sampling
intervals, and packet dropouts is only handled in [36] based on an event-driven
model. The amount of literature for continuous-time NCS models is smaller.
For the (impulsive) delay-differential models, see e.g. [76], that include time-
varying sampling intervals, time-varying delays, and packet dropouts, results
are available for stability analysis and controller synthesis. A disadvantage of
these approaches is that in general, for standard and basic Lyapunov-Krasovskii
functionals, the results are rather conservative. To obtain less conservative con-
ditions, Lyapunov-Krasovskii functionals consisting of many different terms are
used to obtain a candidate Lyapunov-Krasovskii functional that describes the
exact Lyapunov-Krasovskii functional as close as possible. However, this results
in rather complex LMI conditions that need to be solved for stability analysis
or controller synthesis.
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1.3.3 Tracking

In the NCS literature, the tracking problem has received very little attention.
Recent works related to the tracking control of systems over networks are [25;
129]. In [25], an H.c-approach towards the tracking control problem of NCSs
with network delays (and constant sampling intervals) is presented. However,
the fact that the feedforward generally experiences delays is not taken into
account. In [129], the optimal tracking control problem is studied with a focus
on the effects of quantization in the feedforward.

In this thesis, the tracking problem is investigated based on input-to-state
stability conditions of the tracking error dynamics with respect to network-
induced perturbations on the ‘ideal’ feedforward. Note that input-to-state con-
ditions are proposed in [18; 80; 81; 104] for a NCS model based on impulsive
differential equations, including packet dropouts and time-varying sampling in-
tervals (no delays), as discussed above.

1.3.4 Experiments

The experimental validation of the obtained stability analysis and controller
synthesis results has received very little attention to this date. A first attempt
towards validation is co-simulation [32; 133] for NCSs, where two computers are
connected over a communication network. Herein, one computer is used as a
controller, while the other is used for simulation of the plant model.

Experimental validation in the field of NCSs is described in [29; 50; 62;
89; 92]. In [89], validation of an optimal controller, designed for the zero-
delay situation, in combination with a sampling-rate adaptation algorithm is
described. It is shown that the system is stabilized for constant delays that
are either zero or equal to one sampling interval. It is worth noting that, in
[89], periodic time-delays are not considered, while this periodicity, according
to the examples in [16; 118], can lead to instability. In [92], experimental
results are presented that consider variations in the sampling interval, with,
however, negligible time-delays. In [50] experiments for a NCS with sporadic
packet dropouts and no delays are performed. Other examples of experimentally
validated networked control approaches deal with model predictive controllers,
see e.g. [29; 62], where a NCS with time-varying delays is considered, and [105],
where besides the delays, packet dropouts are allowed.

Other experimental work deals with measurements of the time-delays of dif-
ferent networks under different network loads, see e.g. [57; 71; 85]. In [89], simi-
lar measurements are performed to determine the occurrence of packet dropouts.

Summarizing, the literature on validation of stability analysis results is lim-
ited to some specific examples. Especially, validation for NCSs with time-
varying delays is lacking, except for the model predictive controller designs.
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1.4 Contribution of the thesis

In this thesis, a discrete-time NCS model, for a system with a continuous-time
plant and a discrete-time controller, is derived. The model includes time-varying
delays larger than the sampling interval, packet dropouts, and time-varying sam-
pling intervals. It is an extension to the existing discrete-time approaches that
are limited to, firstly, delays smaller than the constant sampling interval, with
or without packet dropouts or, secondly, time-varying delays larger than the
constant sampling interval without packet dropouts, or, thirdly, time-varying
sampling intervals with delays that are always smaller than the sampling inter-
val. Compared to [59], where it is assumed that the variation in the delays is
limited to 7, € {0,0.1h,0.2h, ..., h}, the model proposed in this thesis assumes
that the delays take values from a bounded set, containing an infinite number
of values (i.e. T € [Tmin, Tmax]). Compared to [124], the effect of message re-
jection will be included in the NCS model proposed in this thesis. Message
rejection means that data is dropped if it occurs out of order at its destination.
In practice, this drop of data is desired to avoid implementation of old data
on the system, while more recent data is already available, and it is achieved
by means of time-stamping [85]. The model proposed in this thesis is an al-
ternative to the event-based model in [36]. A difference is that in our model
the time-instants on which a control input is implemented are defined explicitly
and that message rejection and packet dropouts are included explicitly as well.
The model proposed in this thesis is an alternative to the (impulsive) delay-
differential models proposed in [74; 76; 125; 127; 128]. A difference between
the approaches in [74; 76; 125; 127; 128] and the discrete-time NCS model in
this thesis, is that here message rejection is included explicitly, while in the
(impulsive) delay-differential models it is included implicitly, by demanding a
sequential sequence of the samples.

Based on the NCS model, sufficient conditions for stability analysis and con-
troller synthesis of a state feedback controller and an extended state feedback
controller [38] are proposed. These conditions are given in terms of linear ma-
trix inequalities (LMIs) and are derived based on either a common quadratic
Lyapunov approach or a Lyapunov-Krasovskii approach for discrete-time sys-
tems. To deal with the variation in the delays, sampling intervals, and packet
dropouts, the discrete-time NCS model is rewritten using a (real) Jordan form
of the continuous-time system matrices. This leads to a combination of un-
certainty functions that capture the variations in the sampling interval, delays,
and packet dropouts. For analysis purposes, based on these uncertainty func-
tions, an overapproximation of the discrete-time model is used that contains the
bounds of the sampling intervals, delays, and packet dropouts explicitly (which
is not the case in [55; 87; 88]). Compared to [38], the iterative procedure and
the large number of LMIs that are needed for an accurate Taylor approximation
are avoided. Compared to [119], a different approach is used, because the re-
sults are based on the Jordan form and in [119] a singular value decomposition
is used. The singular value decomposition yields comparable or more conser-
vative results than the use of the Jordan form, due to the difference between
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the singular values and the eigenvalues. Compared to the large delay results
of [124], a reduction of the number of uncertain parameters in the stability
analysis and controller synthesis is achieved, which is beneficial for reduction
of conservatism. Additionally, in this thesis, the controller synthesis results are
used to obtain a performance bound on the transient behavior of the NCS.

To this date, the work on NCSs has largely focussed on modeling, stability,
and stabilization problems. Tracking control, however, poses additional chal-
lenges, some of which are specifically due to the communication network. In
tracking control, typical high-performance designs include feedforward control
thereby inducing the desired solution in the controlled system, whereas feedback
assures convergence to the desired solution and favorable robustness and distur-
bance attenuation properties. Due to the delays, packet dropouts, and variation
in sampling intervals, the feedforward control signal generally does not arrive
at the actuator at the intended time, leading to a (network-induced) feedfor-
ward error and reduced tracking performance. Consequently, only approximate
tracking can be achieved. Therefore, the input-to-state stability (ISS) of NCSs
with respect to the feedforward error is investigated. Based on the ISS property,
an asymptotic upper bound for the tracking error depending on the properties
of the plant, the controller, and the network is studied.

Theoretical studies of stability of NCSs with constant and time-varying de-
lays smaller and larger than the sampling interval have received much attention
in the NCS literature. However, the number of studies on experimental valida-
tion is limited to certain specific controllers or measurements on the variation
and the size of the delays and the number of subsequent packet dropouts. In
this thesis, we present experimental results for a continuous-time plant and a
discrete-time controller, with time-delays in the control loop. These delays are
either constant or time-varying. For constant delays, the existing NCS stability
results provide a stability region in the controller space (i.e. the region describ-
ing all stabilizing controllers for given constant delays, see e.g. [133]). However,
validation of such a region is lacking. Therefore, such a stability region is vali-
dated on a typical motion-control set-up, i.e. a single inertia system. Moreover,
the effect of periodic delays is experimentally studied on the same set-up. The
obtained stabilizing controllers, based on the proposed stability analysis condi-
tions for arbitrary time-varying delays, are validated on this single inertia system
and also on a motor-load system, which is another, slightly more complicated,
motion control example. These experimental results illustrate the value of the
theoretical results in practice.

1.5 Structure of the thesis

The outline of the thesis is as follows. Chapter 2 gives some basic preliminar-
ies on stability and input-to-state stability of continuous-time and (switched)
discrete-time systems that will be used in Chapters 4, 5 and 6.

Chapter 3 discusses the modeling of NCSs. For the sake of simplicity, first,
the NCS model for time-varying delays smaller than the constant sampling in-
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terval, without packet dropouts, as available in the NCS literature, is given.
Both a continuous-time model and a discrete-time model, based on an exact
discretization of the continuous-time model, are discussed. Next, the exten-
sions needed for time-varying delays larger than the sampling interval, packet
dropouts, and time-varying sampling intervals are presented. Additionally, a
discussion on the differences and the commonalities between the presented NCS
models is given.

In Chapter 4, the stability analysis techniques for the NCS models derived in
Chapter 3 are discussed. Stability analysis conditions for the discrete-time NCS
model are proposed, based on two different controllers, i.e. a state feedback and
an extended state feedback controller that includes, next to the state variable,
also part of the control input history. The conditions depend on two different
candidate Lyapunov functions, i.e. a common quadratic Lyapunov function and
a Lyapunov-Krasovskii functional. Based on the obtained stability conditions
for the discrete-time NCS model, the stability of the continuous-time plant of
the NCS is analyzed. Illustrative examples are presented that give a comparison
between the different stability conditions in terms of the candidate Lyapunov
functions and the control law.

In Chapter 5, constructive LMI conditions for the controller synthesis for
the NCS models are proposed based on the different control laws and candidate
Lyapunov functions. Moreover, a performance measure in terms of the transient
decay rate is derived in each case. Illustrative examples are given that show
the differences between the three Lyapunov-based approaches and the different
control laws.

In Chapter 6, a solution to the approximate tracking problem for NCSs
is proposed. The effects of the time-varying delays, sampling intervals, and
packet dropouts on the feedforward signal are investigated in detail, resulting
in a definition of the feedforward error, which can be seen as a perturbation on
the tracking error dynamics. Sufficient conditions for input-to-state stability of
the tracking error dynamics with respect to the feedforward error are proposed,
resulting in bounds on the steady-state tracking error. An illustrative example
is given that shows the applicability of the presented approach, compared to the
results that are obtained with a delay impulsive differential model (see [74; 111]).

In Chapter 7, experimental results performed on two typical motion control
set-ups are presented. A single inertia set-up, which is a second-order system,
and a motor-load set-up, which is a fourth-order system, are considered. The
measurements on both set-ups are used to validate the stability conditions for
NCSs with constant, periodic, and arbitrary, though bounded, time-varying
delays smaller and larger than the sampling interval. Compared to Chapter 4,
the stability conditions are adapted such that an output-feedback controller in
combination with a velocity-estimator is considered, instead of a state-feedback
controller.

Chapter 8 states the conclusions and recommendations for future research.

The appendices give the proofs of the proposed theorems and lemmas, which
are not included in the main text for readability, and an explanation of the use
of the Jordan form for Networked Control Systems.



16 Introduction

1.5.1 Reading suggestions

For the readers less familiar with NCSs, we suggest to focus on the modeling and
control aspects of NCSs with constant sampling intervals, time-delays smaller
than this sampling interval, and no packet dropouts. In this way, the reader
will encounter the basic modeling formalism used and the strategies towards
stability analysis and control design, while avoiding the additional complexity
involved when studying large delays, packet dropouts, and time-varying sam-
pling intervals.

Therefore, we suggest to focus on the following sections at first reading. The
NCS model for small delays is presented in Section 3.1. Then, Section 4.1 mo-
tivates the importance of the investigation of systems with time-varying delays
smaller than the sampling interval and Section 4.2 explains the use of the Jordan
form to rewrite the NCS model in a form that is applicable for stability analysis.
Section 4.3 presents the stability analysis conditions. Illustrative examples are
given in Section 4.5 (note that in this section also examples involving delays
larger than the sampling interval, packet dropouts, and time-varying sampling
intervals are treated). The controller synthesis conditions for a NCS with de-
lays smaller than the sampling interval are discussed in Section 5.1. Illustrative
examples are presented in Section 5.3, however again partly merged with ex-
amples on the case with delays larger than the sampling interval. The tracking
control problem is discussed in Sections 6.1 and 6.3. An illustrative example
is presented in Section 6.4. Finally, Chapter 7 can be read to get an idea on
the applicability of the proposed stability analysis conditions. However, if one is
only interested in the measurement results, Sections 7.1 and 7.2 can be skipped,
especially because these sections discuss the generic model, including large de-
lays. Note that Chapter 2 gives a general overview on stability properties that
are exploited in Chapters 4, 5, and 6.
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This thesis deals with networked control systems that consist of a continuous-
time linear plant and a discrete-time controller. Due to the connection of the
plant and controller over a network, time-varying delays, time-varying sampling
intervals, and packet dropouts occur that need to be considered in the model.
To determine whether or not the complete controlled system behaves properly,
continuous-time notions of Lyapunov stability are needed. Section 2.2 presents
these basic stability notions, including the notion of input-to-state stability,
which is a valuable stability notion for systems with inputs and will be exploited
in Chapter 6 in the scope of the tracking problem. As the NCS model, proposed
in Chapter 3, is based on a discretization of the continuous-time plant also
discrete-time notions of Lyapunov stability and input-to-state stability are of
importance. These concepts will be introduced in Section 2.3. The discrete-
time NCS model that we will use in this thesis belongs, due to the variation
of the delays, to the class of switched discrete-time systems. Therefore, the
stability of switched discrete-time systems is discussed in Section 2.3.2. Before
the different stability notions are presented for the different model structures,
Section 2.1 provides basic definitions that are needed in the sequel.

2.1 General mathematical notions

Before the stability and input-to-state stability (ISS) conditions are presented,
some typical function classes are introduced.

Definition 2.1.1 [48] A continuous function « : [0,a) — [0,+00) is said to
belong to class K if it is strictly increasing and «(0) = 0. It is said to belong to
class Koo if @ = 400 and a(r) — 400 as r — +oo.

Definition 2.1.2 [48] A continuous function g : [0,a) x [0, +00) — [0, 400) is
said to belong to class KL if, for each fixed s, the mapping ((r, s) belongs to
class K with respect to r and, for each fixed r, the mapping 3(r, s) is decreasing
with respect to s and 3(r,s) — 0 as s — +00.
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In this thesis, the set of all non-negative integers is given by N and the set
of all non-negative real values is given by R .

2.2 Stability notions for continuous-time sys-
tems

This section discusses the stability of continuous-time dynamic systems. Con-
sider the non-autonomous continuous-time system

f
x,t

), (2.1)

&= f(
with & € R™ the state, ¢ € R and f(z,t) is locally Lipschitz in x and piecewise
continuous in ¢. Suppose that z = 0 is an equilibrium point of (2.1), i.e.
f(0,t) =0 for all t € R.

Definition 2.2.1 [48] The equilibrium point = 0 of (2.1) is

e stable if, for each € > 0 and all ¢y € R4, there is a 6 = d(e, tp) > 0 such
that
lx(to)] < 6 = |z(t)] <e, Vt>to. (2.2)

e uniformly stable if, for each ¢ > 0, there is 6 = d(¢) > 0 independent of
to, such that for all tg € Ry (2.2) is satisfied.

e unstable if it is not stable.

e asymptotically stable if it is stable, for all t5 € R} and there is a positive
constant ¢ = ¢(tg) such that z(t) — 0 as t — oo, for all |z(t)| < c.

e uniformly asymptotically stable if it is uniformly stable and there is a
positive constant ¢, independent of ¢y, such that for all ¢, € Ry and for
all |x(to)| < ¢, x(t) — 0 as t — oo, uniformly in to; that is, for each n > 0,
there is a T'= T'(n) > 0 such that for all 5 € Ry

()] <m, Vt=to+T(n), Viz(t)| <c.

e globally uniformly asymptotically stable if it is uniformly stable, §(e) can
be chosen to satisfy lim._ . d(¢) = oo, and, for each pair of positive
numbers 1 and ¢, there is a T'= T'(n, ¢) > 0 such that

lz(t)] <n, Vt > to +T(n,c), V|z(to)| < c.

Note that these definitions describe stability in the sense of Lyapunov. The
following lemma give some equivalent definitions, based on comparison functions
(class KC and class KL functions).
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Lemma 2.2.2 [48] The equilibrium point = 0 of (2.1) is

e uniformly stable if and only if there exist a class K function a and a
positive constant ¢, independent of to, such that for all x(ty), with |z(to)| <
c and for all tg € Ry

()] < al|z(to)]), VE = to.

e uniformly asymptotically stable if and only if there exist a class KL func-
tion 8 and a positive constant ¢ independent of ty, such that for all x(ty),
with |z(to)| < ¢ and for all to € Ry

[z(t)] < B(|lz(to)l,t —to), Vt = to, V|z(to)| < c. (2.3)

e globally uniformly asymptotically stable if and only if (2.3) is satisfied for
any initial state x(to).

Definition 2.2.3 The equilibrium point = 0 of (2.1) is exponentially stable if
there exist positive constants ¢, d, and A such that for all (to), with |z(t9)| < ¢

j(t)] < dlax(to)|e 1), (2.4)

and globally exponentially stable if (2.4) is satisfied for any initial state (o).

2.2.1 Input-to-state stability

Consider the system
T = f(l'a tau)a (25)

where f : R™ x [0,00) x R™ — R"™ is piecewise continuous in ¢ and locally
Lipschitz in 2 and w. The input u(t) is a piecewise continuous, bounded function
of t for all t > 0.

The definitions for ISS are obtained from [48] and the work presented in
[103].

Definition 2.2.4 [48] The system (2.5) is said to be input-to-state stable if
there exist a class KL function 8 and a class K functions + such that for any
initial state z(t9p) and any bounded input u(t), the solution z(t) exists for all
t > tg and satisfies:

()] §5(|$(t0)|7t—t0)+7< sup |u<s>|). (2.6)

to<s<t

This guarantees that for bounded inputs u(t) the state z(t) is bounded. The
following Lyapunov-like theorem gives a sufficient condition for ISS.
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Definition 2.2.5 [48] Let V : R"x [0, 00) — R™ be a continuously differentiable
function such that

o (|z]) < V(z,t) < ax(|z]), (2.7)

B 0V plastou) < W), V]l 2 pllul) > 28)

for all (z,t,u) € R™ x [0,00) x R™, where a1, as are class Ko functions, p

is a class K function, and W3 is a continuous positive definite function on R".

Then, the system (2.5) is input-to-state stable with v = a~1 o ag o p.

2.3 Stability of discrete-time systems

Consider the nonlinear discrete-time system

Tpy1 = f(xka k)v (29)

with xp € R” the state, k£ € N the sampling instant and f : R®" x N — R a
possibly discontinuous function. Suppose that = 0 is a fixed point of (2.9),
i.e. f(0,k) =0, Vk € N. Analogous to the continuous-time case, stability in the
sense of Lyapunov can be considered. The definitions are based on [23; 44] and
[70].

Definition 2.3.1 The fixed point z = 0 of (2.9) is

e stable if, for each ¢ > 0 and all ky € N, there is a § = d(g, ko) > 0 such
that
|zk, | < 6= |zk| <e, VEk > ko. (2.10)

e uniformly stable if, for any £ > 0, there is a § = d(¢) > 0, independent of
ko, such that for all kg € N (2.10) is satisfied.

e unstable if it is not stable.

e asymptotically stable if it is stable for all ky € N and there is a positive
constant ¢ = ¢(ko) such that x — 0 as k — oo, for all |z, | < (ko).

e uniformly asymptotically stable if it is uniformly stable and there is a
positive constant ¢, independent of kg, such that for each n > 0, there is
a T =T(n) > 0 such that for all kg € N

ek <m, Yk >ko+T(n), V|| < c. (2.11)

e globally uniformly asymptotically stable if it is uniformly stable, §(e) can
be chosen to satisfy lim._,o, 6(¢) = oo, and, for each pair of positive
numbers 1 and ¢, there is a T'= T'(n, ¢) > 0 such that

|xk| < n, Yk > ko +T(n,c), Ve | < c.
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Definition 2.3.2 The fixed point = 0 of (2.9) is exponentially stable if there
exist positive constants § > 0, m € [0,1), and ¢ > 0, such that for all z(ky) with
|z(ko)| < ¢

21| < Blz(ko)|mF=" 0, Yk > ko, ko €N, (2.12)

and globally exponentially stable if (2.12) holds for any x (ko) and ko € N.

To prove stability in the sense of Lyapunov of a fixed point of (2.9), a
difference function based on the Lyapunov function V is used, defined as:

V(z, k) =V(xpy1, k+1) = V(ag, k).

The following stability conditions, based on Lyapunov functions are derived
from [23; 44]. Let us start with some definitions on the function V(z, k) and its
forward difference AV (z, k).

Definition 2.3.3 If there exists a function V : R” x N — [0, 00) that is con-
tinuous and satisfies V' (0, k) = 0 for all £ and

(i) there exists a scalar function w; € K, such that for all k& and all = # 0:
Vi(z, k) > wi(|z]);

(ii) the forward difference AV (z, k) satisfies for all k € N and all z # 0
AV(Za k) = V(f(l'a k)v k+ 1) - V(l‘k, k) <0;

(ili) there exists a scalar function ws € K, such that the forward difference
AV (z, k) satisfies for all k£ € N and for all x # 0
AV (x, k) =V (f(x, k), k+1) = V(xg, k) < —ws(|z]) <O0;

(iv) there exists a function we € K, such that for all £ € N and all = # 0,
Vi(a, k) < wa(|2]);

(v) wi(|z) — oo when |z| — oo, i.e. the function wy (Jz|) in (i) is of class Koo,
instead of wy(|z|) € K.

Based on these definitions, the following stability conditions hold [44]. The
origin of system (2.9) is
1. stable, if (i) and (ii) are satisfied;
2. uniformly stable, if (i), (ii), and (iv) are satisfied;

v)
3. asymptotically stable, if (i) and (iii) are satisfied;
4. asymptotically stable, if (i) and (iii) are satisfied;
5. uniformly asymptotically stable, if (i), (iii), and (iv) are satisfied;
6. globally asymptotically stable, if (i), (iii), and (v) are satisfied;

7. globally uniformly asymptotically stable, if (i), (iii), (iv), and (v) are
satisfied.
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For global exponential stability of the origin of system (2.9), consider V (0, k) =
0, condition (i), (iv), and (v) in Definition 2.3.3, and

AV (xp, k) = V(ekyr, k+1) = V(g k) < =V (g, k), (2.13)

with 0 < v < 1. In [53] and [70] it is proven that this relation for AV provides
global exponential stability. To obtain the ‘exponential’ decay rate, analogous
to mF~*o in Definition 2.3.2, (2.13) can be rewritten as:

V(@i k) < (L= )V ek k) = Ve k) < (1= )F V(g k). (2.14)

In [70], based on (2.14), it is shown that an exponential decay rate of the form
de=MF=ko)|2:(kg)|, analogous to the continuous-time case in Definition 2.2.3,
can be retrieved if the Lyapunov condition (2.13) is satisfied. In this thesis,
we consider the decay rate (1 — )k=*0 from (2.14), if (2.13) is satisfied, as a
measure of the rate of convergence of the exponential stability.

2.3.1 Input-to-state stability

To derive the discrete-time equivalent for input-to-state stability, consider the
discrete-time autonomous system:

x(k+1) = g,k ux), (2.15)

with the state z € R™ and the input u;, € R™, and for each time instant k£ € N.
The function f: R"™ x R™ x N — R" is assumed to be continuous and satisfies
f(0,ko,0) = 0. For the sake of brevity, in what follows it is assumed that
ko = 0. Moreover, the inputs u are functions u : N — R™. The set of all these
functions with the supremum norm satisfying ||u|| = sup{|u(k)| : k¥ € N} < 00
is denoted by I, where | - | denotes the Euclidean norm. For each zy € R™ and
each input u, the trajectory of the system (2.15) is denoted by z(xg, k, u), with
xo the initial state and u the input. Clearly, this trajectory is uniquely defined
on N, and for each input v and k € N, x(zo,u, k) = x(zo,u, k) continuously
depends on xg.

Definition 2.3.4 [43] System (2.15) is input-to-state stable (ISS) if there exists
a class KL-function 3 : [0,00) x [0,+00) — [0,+00) and a class KC-function ~
such that, for each input u € I} and each xop € R", it holds that for each
k>ky:=0:

(w0, kyu)| < B(|zol, k) + (-1, (2.16)
where k > 1 and, for each [ > 0, up; denotes the truncation of u at [; i.e.
upy () = u(j) if j <1, and up(5) = 0 if j > [.

Definition 2.3.5 [43] A continuous function V : R” x N — R” is called an
ISS-Lyapunov function for system (2.15) if for all z € R™

n(lz)) < V(z) < vallz)), (2.17)
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holds for some 1,72 € K&, and for all x € R™ and for all v € R™
V(f(z, k,u)) = V(z) < —ys(lz]) + o(lul), (2.18)
for some 73 € Ko, and o € K.

The extension for non-autonomous discrete-time systems does not change the
proof for ISS of discrete-time systems that was used in [43].

Proposition 2.3.6 [43] If system (2.15) admits an ISS-Lyapunov function,
then it is ISS.

2.3.2 Stability of switched linear systems

As obtained in the previous paragraph, stability can be proven based on Lya-
punov functions. Conditions that guarantee global asymptotic stability based
on common quadratic Lyapunov functions will be discussed below. Consider
the linear time-invariant discrete-time system:

Th+1 = AIk. (2.19)

Stability can be proven based on the candidate Lyapunov function V' = x{ka.
If there exists a matrix P that satisfies the following LMI conditions:

P=P'>0, ATPA-P <O,

then (2.19) is globally asymptotically stable, see e.g. [6]. Note that AV (zy) =
:EfHP:EkH — :L{Pl‘k = :L{(ATPA — P)z < 0 is a necessary and sufficient
condition for asymptotic stability for (2.19). Moreover, due to the fact that
(2.19) is time-invariant, uniform stability is obviously guaranteed. Due to the
linearity of the system, global stability is also guaranteed automatically.

To study the stability of time-varying discrete-time systems, we first present
results for one of the simplest examples. Consider the following system that
consists of a finite set of linear time-invariant systems:

Tk+1 = Aixk. (2.20)

with A; € R™™ and ¢ € {1,2,...,q}. Note that there exists a finite number
of matrices A; between which system (2.20) switches, resulting in a switched
linear discrete-time system. A sufficient condition for asymptotic stability of
x = 0, based on a common quadratic Lyapunov function candidate V = achack
is given by:

P=PT >0,

ATPA; —P<0,i€e{1,2 } (2.21)
1 3 ) ) 7"'7q)

see [20; 47; 82]. Once this system is asymptotically stable, it is also globally
asymptotically stable.
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In this thesis, we are also interested in systems of the form:
Thtl = Az-(k)xk, x e R, (2.22)

in which for all k € N A;(;) € A, which is some infinite set of matrices. In
particular, we are interested in the case where A is the convex hull of a finite
number of matrices Ay,..., Aq:

q q
ASZ CO{Al,...,Aq}: {ZaiAi:ai Zoazai = 1},
i=1 i=1

with Aq,..., 4, known and constant matrices. The system (2.22) is globally
asymptotically stable if the conditions in (2.21) are satisfied for each matrix
Aq, ..., Ay, see e.g. [47; 82].

2.4 Notation

As mentioned above, the set N contains all non-negative integers and the set R
all real values. The function | f] denotes the floor function of f, i.e. the largest
integer smaller than or equal to f. The function [f] denotes the ceil function
of f, i.e. the smallest integer larger than or equal to f. dim (A) denotes the
dimension of the matrix A and diag(1,2) denotes the diagonal matrix (1) (2) .

. . .. A B A B
* is used to denote the symmetric part of a matrix, i.e. (BT C) = (* C’) .

Unless denoted else, || B|| denotes the induced matrix norm of the matrix B and
|| denotes the norm of the vector x.
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Modeling of Networked Control

1
Systems
3.1 Small delays 3.4 Time-varying sampling
3.2  Large delays intervals
3.3 Large delays and packet 3.5 Discussion

dropouts

This chapter introduces a discrete-time model for Networked Control Sys-
tems, based on an exact discretization of the underlying continuous-time model
of the controlled plant. The communication network can induce effects such as
network delays, time-varying sampling intervals, and information loss (packet
dropout). Different modeling cases, considering delays smaller or larger than
the sampling interval, time-varying sampling intervals, and packet dropouts are
distinguished. The time-variation in the delays is due to the network effects,
such as waiting time until the network is empty, transmission time, which is the
time that the network needs to transmit the data, and pre- and postprocessing
times, which are the times that are needed to encode and decode the data, see
e.g. [57; T1]. Packet dropouts can occur due to different reasons, see e.g. [35; 71].
Firstly, failures in the network links may occur, which is more likely to happen
in wireless networks than in wired networks. Secondly, buffer overflows due to
congestion happen for switched Ethernet, resulting in loss of data. Thirdly, if
for a packet too many retransmissions are needed, because of packet collisions
during the transmission, the packet may be discarded. This might happen for
standard Ethernet-based networks if the network load is high. In CAN-based
networks, packet dropouts are not likely to happen. Time-variation in the sam-
pling interval occurs if, e.g. instead of a clock on the measurement system, the
controller requests for sensor information at several previously determined, fixed
moments in time. This request is sent over the network to the sensor, which
measures the data at the moment that the request is received.

This chapter describes a NCS model that incorporates all these network
effects, including variation in the sampling interval. This model will be built up
in steps. To develop this model, it is assumed that the NCS contains a single
sensor and a single actuator. First, in Section 3.1, a constant sampling interval
is assumed to describe a standard discrete-time NCS model, as used in e.g. [133],
that includes time-varying delays smaller than this constant sampling interval.

IThis chapter is partially based on [14] and [110].
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‘&’{ ZOH M plant |—— sensor %

Tca TSC
=

Figure 3.1: Schematic overview of the networked control system.

This restricted case is considered to explain the effects of time-varying delays
and the use of a continuous-time plant and a discrete-time controller. Second,
in Section 3.2, the discrete-time model for small delays is extended such that
it includes time-varying delays that can be larger than the constant sampling
interval. In this model it is assumed that always the most recent data is used in
the control computation and that the most recent data is used for actuation of
the system. This assumption is preferable and useful for most systems, because
implementing older data results in a decreased performance in general. Based
on this assumption, message rejection is included in the model, which means
that if data does not arrive in the correct order, the older data is rejected. Third,
in Section 3.3, the model is extended such that packet dropouts, resulting in
loss of data are included. Finally, the discrete-time NCS model is extended
in Section 3.4 to incorporate the case of time-varying sampling intervals. This
chapter ends with a discussion on the similarities between the presented models
in Section 3.5.

3.1 Small delays

In this section, the discrete-time description of a NCS, as presented in [85] and
[133], is adopted. The NCS is schematically depicted in Figure 3.1. It consists
of a continuous-time plant (modeled according to &(t) = Ax(t) + Bu(t)) and a
discrete-time controller that are connected over a communication network that
induces network delays (7°¢ and 7°*). The output measurements (y(t)) are
sampled with a constant sampling interval A > 0, based on a clock, resulting in
the sampling time instants siy1 := si + h, for all £ € N and sg = 0. The zero-
order-hold (ZOH) function is applied to transform the discrete-time control
input wy := u(s;) to a continuous-time control input w*(¢) that reflects the
actuation of the plant. The reference signal ry, := r(s;) is known and obtained
based on the same time instant s, as the measurement data yi := y(sg), by
means of time-stamping of the measurement data. For stability analysis, it is
assumed that the reference signal r; is equal to zero.

In the model, both the computation time (7¢), needed to evaluate the con-
troller, and the network-induced delays, i.e. the sensor-to-controller delay (7°°)
and the controller-to-actuator delay (7°¢), are taken into account. Under the
assumption that the sensor acts in a time-driven fashion (i.e. sampling occurs
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sensor \
controller \

Sk—1 Sk

actuator -
Sk42

Figure 3.2: Timing diagram of a NCS with a time-driven sensor and an event-
driven controller and actuator and 7 € [0, h).

at the times s, = kh), that the controller and actuator act in an event-driven
fashion (i.e. responding instantaneously to newly arrived data), and that the
controller is static and time-invariant, all three delays can be captured by a
single delay 7, := 75° + 77 + 777, see [85], [133]. A timing diagram of a NCS
with time-delays 7, smaller than the constant sampling interval, satisfying these
assumptions, is given in Figure 3.2. Based on these assumptions, the continuous-
time model of the plant of the NCS is given by:

#(t) = Ax(t)+ Bu*(t),
yt) = Ca() (3.1)
u*(t) = wuk, fort€ [sg+ Tk, Spt1 + Tht1)

with A € R"*", B € R"*™ and C' € R™*", the system matrices, u*(t) € R™ the
continuous-time control input, x(¢) € R the state at time ¢t € R, y(t) € R" the
output, s the sampling instants with s := kh, k € N, uy := u(si) € R™ the
discrete-time control input based on the measurement data at (sensor) sampling
instant sj, and 73 the time-varying delay. For the initial time ¢o = 0, the initial
condition of (3.1) is given by zg = x(0), u*(t) for t € [0,79), and possibly
additional initial states used in the discrete-time controller. The use of such
additional states will become clear in Chapters 4 and 5.

To model the variation in the delay two approaches can be considered.
Firstly, a stochastic approach, as e.g. used in [85; 124; 130], and secondly, an
approach based on bounded delays, as e.g. used in [38; 76; 87] can be considered.
Based on measurements that are performed on several communication networks,
such as Ethernet, CAN, and ProfiBus as presented in [57; 71] and [85] both de-
lay modeling approaches are relevant. Based on the chosen network, its network
protocol (e.g. CAN or Ethernet), and the network load, different stochastic dis-
tributions of the delay are possible, which can be determined (approximately)
by performing suitable measurements. Alternatively, based on these measure-
ments it is often possible to determine a minimum and maximum bound on the
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delays, which can be used to model time-varying delays, but without consider-
ing a specific distribution of the variations in the delay. Here, we consider the
latter approach and assume bounded time-varying delays 74 € [Tmin, Tmax]. In
this section, we limit ourselves to 0 < Timin < Tmax < h, representing the small
delay case. In the following sections, the upper bound 7,.x can be larger than
h to study delays larger than the sampling interval.

The NCS model (3.1) including the assumptions on the sampling interval
and the delays can be captured in a discrete-time NCS representation, based on
an exact discretization of (3.1) at the sampling instant s [4]:

—  LAR h=Te A h A
Ty = elap+ [ " e dsBuy +fh77k e%dsBug_1 (3.2)
Yk = kav
with @3, := x(s;) the discrete-time state at the k' sampling instant. The

corresponding discrete-time state-space notation of the NCS model (3.2) for
small delays is given by:

Sr1 = Al)& + Blri)us
Yk C&k,

- Ah h As _ h—Tr  Ag
with A(7) = (e Jur e dSB>7 B(m) = <f0 Ie dSB),
C’ = (C Orxm)a & = (IE Uf_l)T, and 1, € [Tmin;Tmax] Vk € N, with Thax <
h. Note that 0; ; denotes a matrix with zeros of dimension i x j and I, is the
identity matrix of dimension m x m.

(3.3)

m,n Om,m

3.2 Large delays

In this section, the NCS model for small delays (3.3) will be extended to in-
corporate the case of large delays, i.e. delays larger than the sampling interval.
To be relevant in practical situations, this model must include the effects of,
firstly, a varying number of active control inputs during one sampling inter-
val and, secondly, message rejection, as will be shown in this section. As a
first step, we consider the exact discretization of (3.1) for a time-varying delay
Tk € [Tmin, Tmax] V&, With [Tmin, Tmax] € [(d— 1)h, dh), for some constant integer
d that is obtained from {%], i.e. the smallest integer larger than or equal
to Tm% Note that, for delays larger than the sampling interval, 7., > h and
d > 1 hold. This results in the following discrete-time NCS model [55; 123]:

h—7' =
T = elhay, —l—fol e eAsdsBuy g, +f:_7* _ e*dsBu,_5
k—d+1
ye = Cuxp,
- (3.4)
with 7* =75 + (1 — d)h. Note that (3.2) and (3.4) result in the same NCS

k—d+1
model for 7, < h Vk. If 7, = 7 VE is used, (3.4) corresponds to the NCS model
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Figure 3.3: Influence of time-delays that can be smaller and larger than the
sampling interval (with sp11 := (k + 1)h and 73, € [0,2h], k € N).

for constant time-delays, as is presented in e.g. [4; 133]. The presented case,
with variations of 75 within an interval of at most length A, in particular as 7, €
[Tmins Tmax] € [(d — 1)h, dh), is rather simple as in each interval [sy, sp41) two
control values are active (analogous to the small delay case described in (3.2))
and phenomena such as message rejection cannot occur. If the variation in the
delay becomes larger than one sampling interval, i.e. 7, € [(d—1)h, dh) does not
hold, the discrete-time model becomes more complex. This will be illustrated for
the case 7, € [0, 2h], as depicted in Figure 3.3. Here, the vertical arrows denote
the control input that belongs to the sampling instant, the horizontal arrows
denote the corresponding time-delays, and the solid line denotes the control
input «(t) that is obtained by the zero-order hold function in combination with
the discrete-time control inputs. This figure shows that message rejection, i.e.
the effect that more recent control data becomes available before the older data
is implemented and therefore the older data is neglected, occurs in the interval
[Sk+2, Sk+3) causing ug41 to be never implemented. In general, from Figure 3.3
it can be concluded that the number of active control inputs in one sampling
interval is variable and dependent on the previous and current time-delays. All
described effects are not included in (3.4).

To derive the NCS model for time-delays larger than the sampling interval,
first, consider 7, € [0,2h], Vk, as in Figure 3.3. The corresponding model
consists of the following subsystems:

Tpy1 =

el + foh_ﬂ‘ eA*dsBuy + f}iLTk eAdsBup_1, if s < h A Th_1 < h
eAhxk+f(§l7T’:*1 eA*dsBuy_1 Jrf:ﬂ_g GASdSBuk,Q,

th<m<2h A h<m_i<2h
el + foh eA%dsBuy_1, if h <7, <2h A T_1 <h
el + th_T" eA*dsBuy + f}il::f’l eAdsBuy_1 + f:_ﬂ: ) e dsBuy_s,
e <h Ah<mh1<2h A Ty —h < .

h— h .
eAlay, + [ eA*dsBuy + fhfm eASdsBuy_o, if To_1 — h > T3,

(3.5)
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with 77, = 74—1 — h and A the logical ‘and’ symbol. The last subsystem
describes the case where message rejection occurs, which results in omission of
some control data (ug—; in this case). The second subsystem corresponds to
(3.4) (with d = 2) and the first subsystem corresponds to the model for the
small delay case, see (3.2).

Now, we will consider the general case, with 0 < Thin < Tmax < Eh, with
d € N. A NCS modeling approach that considers the different subsystems
(see e.g. (3.5)) that can occur, except message rejection, is described in [124].
Note that this is not the first paper that includes the possibility of a different
number of control inputs during one sampling interval. In [31; 61; 90], for a
NCS model with a sensor and a controller that behave in a time-driven fashion
and a time-varying time skew between the sensor and the controller, the effect
of different control inputs during one sampling interval was already taken into
account. However in [31; 61; 90], it is assumed that the control inputs arrive at
the actuator in a sequential order, thereby excluding the possibility of message
rejection for variations in the delay larger than the sampling interval. The model
of [124], as well as the identical model of [101] describe an adaptation on the
model in [31; 61; 90], such that a NCS with a controller that operates in an event-
driven fashion is described. In this thesis, we will use the model description of
[124], which is based on (3.4), to develop a NCS model, including message
rejection, which is an essential feature for NCS modeling with large delays,
because it ensures the implementation of the most recent available actuation
data on the plant. This requires a modification of the continuous-time model
in (3.1). Therefore, define k*(¢) := max{k € Nl|s; + 7, < ¢}, which denotes the
index of the most recent control input that is available at time ¢. Using this
definition, the NCS of (3.1) becomes:

z(t) = Ax(t)+ Bu*(t)
y) = Calt) (3.6)
u*(t) = Upe(r)s

where u*(t) remains to be a piecewise constant signal. This is a description
of the ZOH-based control signal in the NCS. Due to the definition of k*(¢),
the possibility of message rejection is included explicitly, while it was only in-
cluded implicitly in [76], via the assumption that the values of k form a strictly
increasing sequence.

In Lemma 3.2.1, the general description of the control input w*(¢) in (3.6)
is reformulated to indicate explicitly which control inputs are active in the
sampling interval sk, Sx+1). Such a formulation is needed to derive the discrete-
time NCS model for large delays (incorporating all possibilities as done in (3.5)
for 71, € [0, 2h]), which will ultimately be employed in the stability analysis and
controller synthesis results in Chapters 4 and 5. Moreover, the time interval in
which the control input is active will be determined explicitly.

Lemma 3.2.1 Consider the continuous-time NCS as defined in (3.6). Define

3.
d = LTT“J, the largest integer smaller than or equal to 3 and d = (T",‘%L
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the smallest integer larger than or equal to ™32, Then, the control action u*(t)
in the sampling interval [sy, sk+1) is completely described by

u*(t) = uj for t € [sp + 15,5, +15,,),

where t? is defined as:

* = min { max{0,7; — (k — j)h}, max{0, 7,41 — (k — j — 1)h}, ...,
max{0, 7_g fdh},h},

3 3 (3.7
with t? < tfﬂ and j € [k —d,k—d+1,...,k —d]. Moreover, 0 =: tiia <
tr o S St g St g = he

~—

+1 — k—d+
Proof The proof is given in Appendix A.1. O
Based on this lemma, we can define the NCS model for large delays as:
k—d  p—tk
The1 = a4 eASdsBuj 15
imh—d h—th, ( : )
Yk = kaa

with tllz—d+1 := h and t¥ as defined in (3.7). According to Lemma 3.2.1, this
model contains all possible control inputs that can be active during the sampling
interval [sg, sk4+1). Note that t? = t?H corresponds to the situation that the
integral related to u; in (3.8) is zero and results in an inactive control input u;
during the sampling interval [s, sk41). Therefore, this equality allows to include
message rejection. Moreover, as guaranteed by the lemma, (3.8) captures all
the different situations that are given in (3.5) for 7, € [0,2h], because each
subsystem can be obtained by the proper selection of t?, as defined in (3.7).

In the lemma, no distinction is made between the position in the network
where message rejection occurs (i.e. from sensor to controller or from controller
to actuator), because in both cases one control input is not implemented, caused
by rejection of either the control input or the measurement data. To allow
this simplification, some assumptions on the controller or its computation are
needed. The simplest assumption is that it should hold that the control input
does not depend on the past control inputs. Otherwise, problems in the control
computation may arise if the measurement data is not received sequentially.
However, if the control input depends on past control inputs, still the difference
between the positions of message rejection may be neglected, if the control com-
putation only starts if all previous measurement data are available. Obviously,
this adaptation in the control implementation leads to larger computational
delays than for the case where all measurements arrive in a sequential order.
In Chapter 4, we will discuss the relation between the controller and message
rejection in more detail.
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Remark 3.2.2 Equation (3.8) was also stated in [124]. However, the explicit
definition of t? as we presented here in Lemma 3.2.1 was not mentioned. More-
over, in [124] it is implicitly assumed that message rejection does not occur, as
t;? < t§+1 is supposed to hold for all k —d < j < k — d. Finally, the model
proposed here exhibits less uncertain parameters than the model in [124], be-
cause we consider only t? as uncertain, time-varying parameters, while in [124]
additional boolean parameters are introduced that describe whether a control
input is active or inactive in the sampling interval [sg, Skt1)-

To make the model of (3.8) suitable for the stability analysis and controller
synthesis, we rewrite it in a discrete-time state-space notation, using the aug-

T
mented state vector & = (:c{ uz_l ’uz_Q UZ—E) . Then, the state-

space representation of the discrete-time NCS model is given by:

gk-‘rl = %(tk)gk + B(tk)uk (39)
ye = C&,
eAh Ml Mg e ME MO
0 0 0 0 I
with fl(tk) _ 10 1 0o ... 0 , B(tk) _ 10 7
0 0 1 0 0
C= (C’ 0 0), and
h—tﬁfp N
~ e*®dsB if p > d,
i, = /h (3.10)
0 if p < d,

for p € {0,1,...,d} and tﬁ_p defined in (3.7), with j = k — p. Finally,
t* denotes the combination of the time-varying parameters used, i.e. t*¥ =

k k
(tk—E+1’ s tEg)-
For the initial time ¢y = 0, the initial condition of (3.6) and its discrete-time
equivalent (3.9) is given by x¢ = 2(0) and the past control inputs u_1,...,u_g.

3.3 Large delays and packet dropouts

In this section, we consider a NCS, where the controller and plant are connected

through a network, in which packets may be dropped, as depicted in Figure 3.4

by the parameter myj. This parameter denotes whether or not a packet is
dropped:

| 0, ify, and uy are received

"Mk { 1, if yx and/or uy is lost. (3.11)

In (3.11), we make no distinction between packet dropouts that occur in the
sensor-to-controller connection in the network and packet dropouts that occur
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Figure 3.4: Schematic overview of the NCS with packet dropouts and network
delays.

in the controller-to-actuator connection. This can be justified by evaluating
the effect of the packet dropouts on the control updates implemented on the
plant. For packet dropouts between the sensor and the controller no new control
update is computed and thus no new control input is sent to the actuator. For
packet dropouts between the controller and the actuator no new control update
is received by the actuator. These observations indicate that the effect in both
cases is the same, being that no new control update u; is implemented on
the plant, which confirms that the differences in packet dropout locations can
be neglected. However, in this reasoning it is assumed that the control input
depends on the current state only. If the new control value depends on past
control values, this new value cannot be updated in case these old inputs are
not computed. Hence, in this case, there is a difference between the situation
of a dropout between the sensor and controller and a dropout between the
controller and actuator. In the latter case the control value is still computed
and available, while this is not true in the former case, which may lead to a halt
in the controller updates. We return to this issue in Chapter 4.

Similar to message rejection not all data is used in the case of packet
dropouts, but the reason of not implementing that data is now also depen-
dent on the parameter my. Therefore the continuous-time model of (3.6) needs
to be adapted, such that packet dropout is included as well. Let us redefine the
parameter k*(t) that denotes the index of the most recent control input that
is available at time ¢ as k7 (¢) := max{k € N|sy + 7 < t A my = 0}. The
continuous-time model of the plant of the NCS is then given by:

z(t) = Ax(t)+ Bu*(t)
yt) = Cux(t) (3.12)
ur(t) = g

Here, we assume that the most recent control input remains active in the plant
if a packet is dropped.

To derive the discrete-time NCS model for this situation, we assume that at
maximum § € N subsequent packet dropouts occur. Also for packet dropouts,
two approaches can be distinguished in the literature, i.e. deterministic packet
dropouts, where the number of subsequent packet dropouts is bounded and
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known beforehand, see e.g. [75; 127; 128], or stochastic dropouts, where e.g.
a Bernoulli process or Markov chain is used for the probability of the packet
dropout see e.g. [39; 99]. Here, we consider deterministic packet dropouts. The
bound on the number of subsequent packet dropouts is modeled by:

k
Z my <9, (3.13)

v=k—0

where 0 is thus the maximum number of successive dropouts. This guarantees
that from the control inputs w,_g,u;_5,,...,ux at least one control input
is implemented. Let us now introduce the class M of admissible sequences
{(7%, M)t ken as follows:

k
M= ¢ {(7k k) bren t Tmin < Tk < Tmax, Z m, <0,Vke Ny, (3.14)
v=k—3§

that allows for both the occurrence of large delays and packet dropout. For the
sake of brevity, we will use the notation p := {(7%, mg) tren € M.

Similar to Lemma 3.2.1, in Lemma 3.3.1 (see below) the control input u*(t)
of (3.12) is reformulated to describe explicitly which control inputs are active
in the sampling interval [sg, sk+1). Such a formulation is needed to derive the
discrete-time NCS model for large delays (incorporating message rejection) and
packet dropouts that will be used for stability analysis and controller synthesis.
Moreover, the duration of the control input will be defined explicitly.

Lemma 3.3.1 Consider the continuous-time NCS as defined in (3.12) and the
admissible sequences of delays and packet dropouts in M. Define d := | ™= |,
the largest integer smaller than or equal to = and d = {%], the smallest
integer larger than or equal to 5. Then, the control action u*(t) in the sampling
interval [sy, sp4+1) is described by

u*(t) =y fort € [sp +t5, sp +t5,,),
with t? defined as:
t* = min { max{0,7; — (k — j)h} +mjh,

j
max{(), Tj+1 — (k 7‘] — 1)h} + mj+1h, ey (315)
max{0, 7x—qg — dh} + my_gh, h},

with t;? < t§+1 andj € [k—d—6,k—d—6+1,...,k —d]. Moreover, 0 =
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For pn € M, we can exploit Lemma 3.3.1 to define the discrete-time NCS model
as follows:

k—d h—t*
Ah 7oA
Tpr1 = e lxp+ E / . e**dsBu; (3.16)
j=k—d-5" "l '

Yk = kaa

with tf as defined in (3.15). According to Lemma 3.3.1, this model contains all
possible control inputs that can be active during the sampling interval [sy, sk41).
Note that t? = t? 1 corresponds to the situation that the integral related to u;
in (3.16) is zero, which corresponds to an inactive control input u; during the
sampling interval [sk, sgp41).

To make the model (3.16) suitable for the stability analysis and controller
synthesis, the state-space notation of (3.9) holds, if the augmented state vector
is redefined by

T
gk:(xz ui_, ui o ... uf_a_5> , (3.17)

and the matrices are redefined as

eAh Ml MQ e MEJFS MO
0 0 0 0 I
Agy=|0 1 0 0 | Behy=|0 |, @
0 0 I 0 0
C=(C 0 ... 0),and M, defined in (3.10) for p € {0,1,...,d + &}, tr,
defined in (3.15), with j = k — p. Finally, t* denotes the combination of the
time-varying parameters used, i.e. th = (t:—E—EH’ .. ,tﬁ_d).

For the initial time ¢y = 0, the initial condition of (3_6) and its discrete-
time equivalent (3.9), (3.18) is given by z¢ = x(0), and the past control inputs
U—1y..., U,E,S-

3.4 Time-varying sampling intervals

The previous NCS models did not allow for varying sampling intervals. To
include this effect, we consider a NCS as depicted in Figure 3.5. The variable
hy describes the variation in the sampling intervals, which is related to the
sampling instants through hy = sp41 — si. Similar to the previous sections,
the sensor is assumed to behave in a time-driven fashion, although variable in
time, and the controller and actuator are assumed to behave in an event-driven
fashion. The sensor data (yi) is obtained only at the sampling instants:

k—1
sk=3 hi Yk>1,  s=0, (3.19)

1=0
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Figure 3.5: Schematic overview of the NCS with variable sampling intervals,
network delays and packet dropouts

which are non-equidistantly spaced in time, due to the time-varying values hy.
Note that the sequence of sampling instants sg, s1, So, ... is strictly increasing
in the sense that si11 > si, for all £ € N. Any sequence of sampling instants
is assumed to be either bounded or in case it is infinite, it is unbounded (i.e.
limg o0 Sk = 00).

Similar to Section 3.3, we include packet dropouts and time-delays larger
than the sampling interval in the NCS model. The continuous-time model
including packet dropouts and large delays (3.12) is also valid for the case with
time-varying sampling intervals if sy, is derived according to (3.19). The class M
in (3.14) needs to be redefined, such that the variation in the sampling interval
is included as well. Therefore, we introduce the class S:

S = {{(SkaTkamk)}keN : hmin § Sk+1 — Sk § hmaxa Tmin S Tk S Tmax
k
m, < 0,Vk € N},

v=k—4§
(3.20)
which describes variable sampling intervals, large delays, and packet dropouts.
For the sake of brevity, we will sometimes use o = {(sg, Tk, M)} ren € S.

Here, a minimum and maximum sampling interval are assumed, given by huyin
and hAmax, respectively. This is indeed natural, because a sampling interval
(nearly) equal to zero is not realistic in practical applications and a sampling
interval of infinite size results in hardly any control feedback and is avoided as
well. Moreover, it describes a typical situation in practice, where a nominal
sampling interval, with some variations around it, occurs. Other literature
assumes similar bounds on the sampling interval, see e.g. [76] (where only an
upper bound on the sampling interval is considered and the lower bound is
assumed to be equal to zero) and [92], where a finite gridding of possible sizes
of the sampling interval is considered. Note that S is equal to M if in S it is
used that the sampling interval is constant, i.e. Amin = hAmax = h.

Lemma 3.3.1 has to be adapted to include the variation of the sampling
intervals. This results in the following lemma that describes the active control
inputs in the sampling interval [sk,sk+1) and the duration of these control
inputs.
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Lemma 3.4.1 Consider the continuous-time NCS as defined in (3.12) and the
admissible sequences of sampling instants, delays, and packet dropouts as de-
fined in S. Define d := | 2|, the largest integer smaller than or equal to =i»

hmax hmax

and d := [Tmex]  the smallest integer larger than or equal to mzex - Then, the

min min

control action u*(t) in the sampling interval sy, si+1) is described by:

u*(t) = uy fort € [sp + t?, Sk +t§+1), (3.21)

where t;? is defined as:

k—1
t% = min { max{0, 7; — Z hi} + mjhmax,
1=j
k—1
maX{O, Tj+1 — Z hl} + mj+1hmax, ceey (322)
I=j+1
k—1
max{0, Tp—q — Z hi} + mi—ghmax, hk}a
I=k—d
with t? < t§+1 and j € [k —d—06,k—d—35+1,...,k —d]. Moreover, 0 =
k k k k —
beas Steasm S Shea St =l
Proof The proof is given in Appendix A.3. O

Based on Lemma 3.4.1 and 0 € S, we can rewrite the discrete-time NCS model

as:
k
hkftj

k—d
Tpy1 = ez + Z / eASdsBuj (3.23)
j=k—d—3 '

_+k
hie—t74

Yk = Cl'k,

with t? as defined in Lemma 3.4.1. Similar to (3.8) and (3.16) and according to
Lemma 3.4.1, this model contains all possible control inputs that can be active
during the sampling interval [sg, Sk41)-

To render the model (3.23) suitable for the stability analysis and controller
synthesis later, we rewrite it in a discrete-time state-space notation:

Sy = AR, hi)&, + B(tF, hi)ux

3.24
ye = C&, (3.24)
eAhk Ml Mg e Ma_i_g MO
0 0 0o ... 0 I

with A(tk,hk) = 0 I 0 ... 0 , B(tk,hk) = 0 , C =
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(C 0 ... 0),& defined in (3.17), d and § defined in Lemma 3.4.1, and
hk_tzfp u
~ e**dsB if p > d,
Mp(tka hk) = /hk_thJrl (325)
0 if p < d,

for p € {0,1,...,d + 6} and t;_, defined in (3.22), with j = k — p. Fi-
nally, t* denotes the combination of all time-varying parameters, i.e. t¥ =

(t:_g_SH, st g)
For the initial time ¢y = 0, the initial condition of (3.6) and its discrete-time
equivalent (3.24) is given by xo = 2(0) and the past control inputs u_y,...,u_5 5.

3.5 Discussion

In this chapter several discrete-time NCS models have been derived, based on an
exact discretization of the continuous-time NCS model at the sampling instants.
It is assumed that the sensor behaves in a time-driven fashion with constant
or uncertain, time-varying sampling intervals, and that the controller and ac-
tuator behave in an event-driven fashion. Different cases have been considered,
namely a distinction was made between small delays, large delays, and large
delays including packet dropouts and a distinction was made between constant
and time-varying sampling intervals. The number of time-varying parameters
is different for each case. For the small delay case, only the delay 74 is uncer-
tain. For the large delay case, the uncertain parameters are given by the delays
Th—ds Th=d—15 - - s Tp_d 41 with d dependent on 7,;, and h, and d dependent on
Tmax and h. Similarly, for the case with large delays and packet dropouts the
uncertain parameters are given by the delays 7,4, Th—q—1, ... Th—d—341° with
6 the maximum number of subsequent packet dropouts. For the case with
time-varying sampling intervals, including time-varying delays larger than the
sampling interval and packet dropouts, the uncertain parameters are the delays
Th—d, Th—d—1, - - - Ty_gG_541 and the sampling interval hy, with d dependent on
Tmin and Amax and d dependent on Tyax and hAnin. Note that each of the pre-
sented models can be obtained from the NCS model that includes time-varying
delays larger than the sampling interval, packet dropouts, and time-varying
sampling intervals, by adapting the assumptions on the sampling interval hy
and the time-delay 7y.

In the models with packet dropouts it is assumed that the controller depends
on the current state and not on past control inputs. This assumption allows
to neglect the distinction between packet dropouts between the sensor and the
controller and packet dropouts between the controller and the actuator.

In the next chapters, the obtained NCS models will be used for stability
analysis (Chapter 4), controller synthesis for both stabilization and performance
(Chapter 5), and tracking (Chapter 6).
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Stability analysis'

4.1 Motivating examples 4.4 Variable sampling

4.2 NCS model formulation intervals, large delays, and
using the Jordan form packet dropouts

4.3 Small delays 4.5 Illustrative examples

4.6 Discussion

This chapter deals with the stability analysis of the NCS model described
in Chapter 3. Before the stability conditions are presented, two examples il-
lustrating that network effects can lead to instability of the NCS are given in
Section 4.1. The first example considers periodic delays and will demonstrate
the destabilizing effect of time-varying delays, even if the delays are smaller than
the sampling interval and the system is stable for any corresponding constant
delay. Second, an example of the destabilizing effect of time-varying sampling
intervals is given, based on [132].

After these motivating examples, sufficient conditions for the global asymp-
totic stability of a NCS for bounded time-varying delays, a bounded number of
subsequent packet dropouts, and bounded variations in the sampling interval
are presented. These conditions will be obtained using a Lyapunov approach,
and will be written in the form of Linear Matrix Inequalities (LMIs). To derive
the stability conditions, the NCS models, obtained in Chapter 3, are rewritten
based on the Jordan form representation of the continuous-time system matrix
A. The conditions are derived, firstly, for the simplest situation, being the small
delay case (delays smaller than the sampling interval) with a constant sampling
interval (Section 4.3). These conditions are derived for different types of con-
trollers and are based on different types of Lyapunov functions. Additionally,
conditions that guarantee the stability of the intersample behavior are provided,
as the stability of the discretized NCS model does not directly guarantee stabil-
ity of the original continuous-time NCS model. After tackling the small delay
case, the stability conditions are extended such that they can be applied to
time-varying sampling intervals, time-varying delays larger than the sampling
interval, and packet dropouts in Section 4.4. The proposed stability conditions
are applied to a motion control example in Section 4.5. Finally, in Section 4.6,
a discussion on the obtained stability criteria is given.

IThis chapter is partially based on [14], [15], and [16].
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Figure 4.1: Schematic overview of the motor-roller example.

4.1 DMotivating examples

To motivate the study of the stability of NCSs with time-varying delays and
time-varying sampling intervals, we present examples that illustrate the destabi-
lizing effects that these network-induced uncertainties can have on systems that
are globally asymptotically stable without uncertainties being present. Firstly,
we consider an example with time-varying delays and a constant sampling inter-
val and, secondly, an example without delays, but with variation in the sampling
intervals.

The example for time-varying delays is based on a dynamic model obtained
from the document printing domain [7]. In general, a paper path, consisting of
rollers, driven by motors, is used to move a sheet of paper through the printer.
Here, all the motor controllers share the CPU-time of one processor, which is
connected to the motors and sensors via a network that causes unpredictable
time-varying delays in the control loop.

We limit ourselves to one single motor driving one roller, as depicted in
Figure 4.1. Still, the controller is connected to the motor via the shared network.
In the motor-roller model, the motor is assumed to behave ideally and slip
between the paper and the roller is neglected, which gives rise to the following

equation of motion:
nrr

= —F—u"(t 4.1

with Jy; = 1.95 - 10~°kgm? the inertia of the motor, Jg = 6.5 - 10 °kgm?
the inertia of the roller, rg = 14mm the radius of the roller, n = 0.2 the
transmission ratio between motor and roller, z:; [m] the position of the sheet
of paper, and u [Nm] the motor torque. Recall, from (3.1), that it holds that
u*(t) = uy, for t € [sk+ Tk, Sk+1 + Tht+1), with 7 the time-delay smaller than the
sampling interval. For the sake of simplicity, the reference signal in the control
computation is assumed to be equal to zero. This allows for stability analysis,
as is studied in this chapter. However, in practice, a reference signal unequal
to zero is used, to allow for transportation of the sheet of paper in the printer.
The use of a reference signal, unequal to zero, is studied in Chapter 6, where
the tracking problem of NCSs is investigated.

If we assume that the delays 75 are time-varying, but at all times smaller

s (t)
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than the sampling interval h, the continuous-time state-space representation
of (4.1), where the delays are accounted for in the discrete-time input wy is

given by (3.1), with A = (0 1), B = ( n,QR ), C= (1 O), and z(t) =
0 0 TorntTn 0 1

(IST(t) T (t))T. Adopting a state-feedback controller of the form uj, = — Ky,

S

with yp = 2, and K = (Ka Kb), allows to rewrite (3.3) as:

ka1 = AT, (4.2)
i 1-3a2Kb h— 162Ky —7. b
with A(7g) = —aK,b 1—aKpb b |, b= S, & =h—T,
~K, ~K, 0

and B = %Tk — h.

If the delay is constant (73, = 7, Vk), the stability of (4.2) can be determined
by checking that the eigenvalues of /I(T) are within the unit circle for all relevant
constant 7. This system is assumed to have a constant sample-time h = 1ms,
and two possible constant delays, 7 = 0.2ms if the network load is low, and
7% = 0.6ms if the network load is high. A linear feedback gain K = (50 11.8),
results in an asymptotically stable system (4.2) for any constant delay 7 in the
interval [0, Tmax], With Timax = 0.66h, as is illustrated for 7 = 7% and 7 = 7°
and the initial condition &, = (0 1 O)T in the upper plot of Figure 4.2. The
eigenvalues of the matrix 121(7"1) are A\; = 0.996, Ay 3 = —0.097 + 0.5397. The
eigenvalues of A(Tb) are A\ = 0.996, Ay 3 = 0.203 £ 0.927i. The fact that both
matrices are Schur confirms stability. However, the system becomes unstable, if
the delays occur in an alternating sequence (7, 7%, 7%, 7% .. .), as is shown in the

lower plot in Figure 4.2 for the initial condition &y = (O 1 O)T. The instability
of this periodic system can be shown by computing the eigenvalues of the matrix
A(T?)A(r) [31], which are A\; = 0.992, Ay = —1.012, and A3 = —0.267, and
observing that one eigenvalue is outside the unit disk.

In many practical situations this periodic stability test is intractable (as
there are infinitely many periodic sequences possible) and still it will not cover
all possible sequences. Namely, the use of the network results in variations
in the time-delay, which are in general not periodic (see e.g. [85]) and these
would not be included in such a test. Therefore, an alternative route has to be
considered. This thesis will do so by proposing stability conditions for uncertain
time-varying, though bounded, delays.

An example of the destabilizing effect of variations in the sampling interval
is presented in [132]. Briefly, we recall this example in which it is assumed that
time-delays are zero. Consider system (3.1), where A = (; i’), B = (016)’
and the control law u, = —Kxy, with K = (1 6). The discrete-time NCS
representation, including the control law, is, according to (3.2), given by:

Thg1 = A(hy) i, (4.3)

with Z(hk) = eAhr — foh’“ eAsdsBK. Two sampling intervals hj are considered:
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Figure 4.2: Time behavior of system (4.2) for constant 7* = 0.2ms and constant
7% = 0.6ms (upper figure), and the alternating sequence 7, 7o ore b . with
h = 1ms (lower figure).

h® = 0.18 and h® = 0.54 time units. For both constant sampling intervals,
the NCS model is asymptotically stable, because the eigenvalues of A(h®) are
A2 = 0.718 & 0.294¢ and of A(Rb) are A2 = —0.49 £ 0.512i. Note that
the system is even stable for constant sampling intervals h taken from the set
[0.01,0.59]. The stable time-responses for h® and h® of 2! (i.e. the first state of
the vector x) are given in the upper plot of Figure 4.3. For periodic sampling
intervals, e.g. h® h®,h® hP,..., the NCS is unstable, because the eigenvalues
of A(h*)A(h®) are A\; = 0.3007 and Ay = 1.0049. The corresponding unstable
time-response is given in the lower plot of Figure 4.3. Similar to the periodic
delay example, this shows the need for stability conditions for NCSs with time-
varying sampling intervals. Clearly, checking the eigenvalues for the minimum
and maximum sampling interval only does not suffice. In this thesis, we will
present stability conditions that can deal with bounded time-variations in the
sampling interval.

4.2 NCS model formulation using the Jordan
form

For the purpose of stability analysis (and controller synthesis), we will exploit
the Jordan form of the continuous-time system matrix of the NCS model to
rewrite the integrals in the matrices A(ry) and B(7) in (3.3) for the small
delay case, (or equivalently A(t¥) and B(t*) in (3.24) for time-varying sam-
pling intervals, large delays, and packet dropouts). The Jordan form of the
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Figure 4.3: Time response of system (4.3) for: (upper figure) constant h® =
0.18s, h® = 0.54s, and (lower figure) the alternating sequence h®, h.

continuous-time system matrix A is given by 4 = QJQ~! [67], [108] and is
applied to find generic solutions for the integrals and the exponential matrices.
Details on the use of the Jordan form, both for real and complex eigenvalues,
are given in Appendix B. The generic solutions of the integrals and matrix
exponentials are used to rewrite the NCS model of (3.3) that is valid for small
delays (or equivalently (3.24) for time-varying sampling intervals, large delays,
and packet dropouts) in terms of constant matrices and time-varying parame-
ters that depend on 74 (or on t* and hy, for the case with time-varying sampling
intervals, large delays, and packet dropouts). Before we introduce this generic
notation, we study the matrix A and its Jordan form in more detail. Recall that
a Jordan block belonging to the ¥ distinct eigenvalue may exist of different

Jordan blocks J; 1, J;5,...,J; .., with g; the geometric multiplicity of the ith

distinct real eigenvalue or of the ¥ distinct complex eigenvalue with a positive
imaginary part. Firstly, we define the parameter ¢; that denotes the maximum

size of the Jordan blocks that represent the i distinct real eigenvalue or the

it distinct pair of complex eigenvalues:
¢; = max (dim Ji5)s
J€{1,2,....9;} ’

where dim J denotes the dimension of the matrix J. Note that for a pair of
complex eigenvalues A = a + bj, based on the real Jordan form it holds that
a

J = b _ab). Secondly, we define the number of different uncertain time-

varying parameters that occur if the integral f :12 e5ds is solved, with either s;
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or so an uncertain and time-varying scalar parameter, as v

p
v=% g, (4.4)
i=1

with p the number of distinct eigenvalues of A that are either real or pairs of
complex eigenvalues. Note that v is always smaller than or equal to n. Then,
the NCS description for the small delay case, which is valid for all possible
combinations of eigenvalues, is given by:

g1 = (Fo + Z%(m)ﬂ) & + <Go + Z%‘(ﬁc)@) Ug, (4.5)

=1 =1

with «;(7) functions dependent on the time-varying delay 74, the constant
sampling interval h, and one of the (known and constant) eigenvalues of A. The
constant matrices Fy, Go, F;, and G;, for i = 1,2,...,v, and the time-varying
parameters «;, ¢ = 1,2, ..., v, are derived in Appendix B.2. For the large delay
case with or without packet dropouts, the NCS description is given by

8 B
i1 = <Fo + Zai(t?)Fi> &k + (Go + Z%(ﬁ)@) u, (4.6)

i=1 i=1

with 3 = (d 4+ 6 — d)v and t;? defined in (3.7) or (3.15) for the cases without or
with packet dropouts, respectively. The constant matrices Fy, Gg, F;, and G;
n (4.6), for i = 1,2,..., 3, and the time-varying parameters o, i = 1,2,..., 3,
are given in Appendix B.3. For the case with time-varying sampling intervals,
including time-varying delays and packet dropouts, the NCS description is given
by

¢ ¢
Skt1 = (Fo + Z o (th, hk)Fi> &k + <G0 + Z ot hk)Gi> ug,  (4.7)

i=1 i=1

with ¢ = (d+6—d+1)v, t? defined in (3.22), and hj, the time-varying sampling
interval. The constant matrices Fy, G, F;, and G; in (4.7), for i = 1,2,...,(,
and the time-varying parameters a;, i = 1,2,...,(, are given in Appendix B.3.
For each of these general model descriptions, the stability conditions are derived
in the next sections.

4.3 Small delays

First, we consider the stability analysis for time-delays that are upper bounded
by the sampling interval. For the purpose of stability analysis as well as con-
troller synthesis (see Chapter 5) we consider two types of controllers. First,
we consider a controller that depends on the state x; and the previous control
input uj_1, similar to the one proposed in [38]

up = — K¢, = —ka — Kqug_q, (4.8)
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with K = (f Kl) e Rmx(m+n)  Qecond, we consider a state-feedback con-
troller that depends only on the state xy,

up = —Kup, (4.9)

with K € R™*", This control law is a special case of (4.8) with K = (? Om,m).
Therefore, in this section, if we consider (4.8), the same derivations hold for (4.9)
as well. The reason to apply these two types of controllers is to compare their
advantages and disadvantages. A main advantage to apply a controller of form
of (4.8) will be explained in detail in Section 5.1.1, where it is shown that for
such a controller the standard controller synthesis problem is easier to solve
than for (4.9). The reason is that for (4.8) the structured control synthesis
problem is avoided, which is not the case for (4.9).

Based on a given control law (4.8), the NCS model of (4.5) can be subjected
to stability analysis. Different candidate Lyapunov functions can be considered,
to determine whether a given controller gain K in (4.8) stabilizes (4.5). Here,
we consider two different candidate Lyapunov functions. A common quadratic
Lyapunov function approach and an approach based on a specific Lyapunov-
Krasovskii (L-K) functional. A common quadratic Lyapunov approach gives
LMI conditions, which are rather easy to verify, but is known to be somewhat
more conservative in general. For L-K functionals, a general expectation is
that they are less conservative than a common quadratic Lyapunov function
approach (see, for instance, [63] for an approach for switched systems that
studies this difference in conservatism). This expectation is, firstly, based on the
results that are obtained for continuous-time systems with time-delays [24] for
which the applicability of L-K functionals is known to be advantageous, because
L-K functionals can deal with the infinite dimension of the delayed system and,
secondly, it is based on the wealth of research performed on L-K functionals
for stability analysis of discrete-time delayed systems (see e.g. [12; 26; 40; 68;
127]). However, it is not certain whether the L-K functional gives indeed less
conservative stability conditions than the common quadratic Lyapunov function
for discrete-time NCS models. For example, in [37] it is shown that a delay
dependent L-K functional is equivalent to a switched Lyapunov function that is
based on the augmented state vector x, = (:cz :E%Ll), resulting in the same
amount of conservatism for both approaches. To get insight in the possible
advantages of the use of L-K functionals, a candidate L-K functional is compared
to the common quadratic candidate Lyapunov function in terms of conservatism
and complexity.

4.3.1 A common quadratic Lyapunov function based on
the extended state vector &

Here, we consider a common quadratic candidate Lyapunov function that de-
pends on the extended state vector &, defined in (3.3). System (4.5) contains
the uncertain time-varying parameters «;, which typically depend nonlinearly
on 7. These parameters, together with the constant matrices Fy, Gy, F;, and
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Gi, i = {1,2,...,v}, as defined in Appendix B.2, lead to the uncertain lin-
ear system &1 = (F(7) — G(73) K)&, with F(7) := Fy + >.._; a;(7)F; and
G(7) := Go+ Y_/_, a;(7)G;. This gives rise to the set of matrices

]__g _ {(F(T), G(T)) c (R(n-i-m)x(n-i-m) X R(n+m)xm) T E [Tmin77—ma,x]} 3

(4.10)
that contains all uncertainties. The set FG shows that the matrices F(7)
and G(7) always depend on the same value of 7 and also on the same value
of a;(r). This property will be exploited in the derivation of the stability
properties. To guarantee the stability of the fixed point & = 0 of the closed
loop system (4.5), (4.8), it is sufficient to prove that there exists a common
quadratic Lyapunov function V(&) = §£P§k for the uncertain linear system
&or1 = (F(1i) — G(m)K)&, for all (F(1),G(1)) € FG, as defined in (4.10).
Note in this respect that &1 = (F(7) — G(7) K )& represents a switching,
linear discrete-time system. Therefore, stability is guaranteed if the following
LMIs [6] are feasible

P=pP > 0
(F(1k) — G(m)K)" P (F(1:) — G(m)K) = P < —~P, Y7 € [Tmins Tmax)
(4.11)
with 0 < 7 < 1. Due to the definition of F(7y) and G(7%), (4.11) consists of
an infinite number of LMIs. In Theorem 4.3.1, we propose a stability condition
for 7 € [Tmin, Tmax), Yk, with Timax € [0, k), based on a finite number of LMIs
guaranteeing the satisfaction of (4.11).

Theorem 4.3.1 Consider the discrete-time representation of the networked
control system given in (3.3), (4.8) for a given control gain matrix K. Moreover,
consider the equivalent Jordan form based representation (4.5) of (3.3). Let the
sampling interval h > 0 and a minimum and maximum time-delay 0 < Ty, <
Tmax < h be given. Define the set of matrices Hpqg?

Hrg = {<(F_b + Zéiﬁi)’ (Go + Z(Siéi)) 16, €{0,1}, i =1,2,.. .,1/},
1=1 i=1
_ _ B (4.12)
with Fo = Fo + >0, a;F, F; = (@ — ;)Fi, Go = Go + X7, a,Gi, Gi =
(EZ_QI)G“ Qi = MAX 7€ [rmin, Tmax] Vi (T)7 Q; = minTG[Tmimeax] @ (T)7 and F07 G07
F;, G; defined for i = 1,2,...,v in Appendix B.2. If there exist a matrix P €
R+m)x(ntm) and a scalar 0 < v < 1 such that the following LMI conditions
are satisfied
P=PT > 0
(Hpj — Hg ;K)"P(Hp; — Hg ;K)—P < —4P,

for all (Hp;,Hg ;) € Hrg, with j = 1,2,...,2", then (3.3), (4.8) is globally
exponentially stable (GES).

(4.13)

2This set consists of a finite number of matrices and contains the generators of a set that
describes a convex overapproximation of the infinite set of matrices FG (see (4.10)).
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To refer to the controller and Lyapunov combination used in this theorem we
will use one of the following acronyms, SF-CQLF or ESF-CQLF (state-feedback
controller or extended state-feedback controller, with a common quadratic Lya-
punov function).

Proof 3 The proof of Theorem 4.3.1 consists of two parts. First, we exploit a
convex overapproximation of the set G, defined in (4.10). Second, we prove the
stability of the discrete-time closed-loop NCS model (4.5), (4.8), and its equiv-
alent (3.3), (4.8), based on a common quadratic candidate Lyapunov function
for the discrete-time dynamics.

With @; and q;, as defined in the theorem, we can write any «; € [o;, @]
as a; = o, + 6;(@; — o), for some §; € [0,1] and ¢ = 1,2,...,v. Hence, the set
.F_g, defined as

7o - {((FO +Zaim),(ao+25iai)> 5 e (0,1, i = 1,2,...,y} ,
1=1 =1

with Fy, Go, F;, and G; as defined in the theorem, is an overapproximation of the
set FG in the sense that FG C FG. Due to the fact that the new uncertainty
parameters §; can take values in the set [0, 1], the set FG is still an infinite
set of matrices. However, each matrix in this set can be written as a convex
combination of the generators of the corresponding set. The set of generators
of FG is given by Hp¢g in (4.12). Note that Hpe consist of 2V combinations of
matrices, which we denote individually by Hr;, Hgj, j = 1,2,...,2". Based
on these generators, FG can be written as the convex hull of its generators:

FG = co(Hrg) ==

ov

2Y 2Y
{ (Z(@HF,]-), Z(@Ha;-)) DY bi=1,6,€00,1), j=1,2,..., 2“},
j=1 j=1

j=1
in the sense that L
FG C FG = co(Hrg). (4.14)
Next, we show that indeed (4.13) is sufficient to guarantee the satisfaction
of (4.11). Since (4.13) holds for all (Hp;, Hc ;) € Hra, with j = 1,2,...,2",
we have that, by using the Schur complement

(1-y)P (Hr,; —HGJ-K)TP
(P(HF,J' — Hg ;K) P >0, (4.15)

with 0 < 4 < 1. Since ¢; > 0Vj € {1,2,...,2"} and Y7, ¢; = 1, (4.15)
implies
v 1—~)P
0 < Y2 6 (
Zj_l ¢] (P(HF,j _ HG,]K)

_ (. a-wr S 65(Hrj — He ;KT P
S 6 P(Hp; — Hg ;K) P

3This proof is presented here to give insight in the reasoning behind Theorem 4.3.1.

(Hp; — Ha,jK)"'P
P
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Consequently, it holds that

( (1-y)P  (Hr-HGK)'P
P(

e oK) 5 ) >0, V(Hp, Hg) € co(HFg). (4.16)

Based on (4.14), we have that (4.16) implies that

(1—=7)P (F(m) = G(m)K)" P

(P (F(1) — G(1)K) P ) > 0,V7k € [Tmins Tmax)-

Applying the Schur complement again gives (4.11), which shows that V(&) =
¢l P¢y, is a common quadratic Lyapunov function for (4.5), (4.8) which proves
the global exponential stability of the origin £ = 0 of (3.3), (4.8). O

4.3.2 A Lyapunov-Krasovskii functional

To overcome the possible conservatism of the common quadratic Lyapunov func-
tion as considered in Theorem 4.3.1, a Lyapunov-Krasovskii (L-K) functional
that indicates the difference between the current and the previous state (i.e.
xp — Tx—1) is considered. The proposed candidate L-K functional is given by

V(zg,xp—1) = :Ef]s:ck + x{_lR:ck,l + (xp — :ck,l)T T(xp —xp—1). (4.17)

To use this candidate L-K functional, the NCS model of (3.3), with the state
& = (:Ef uffl)T is rewritten based on a state yi = (:c% x%ﬁl)T. The disad-
vantage of this approach is that the number of states increases, which results in
larger LMIs. An advantage of this reformulation is that the system is written in
a form that allows for the application of other candidate L-K functionals, that
are discussed in the literature, see e.g. [55; 87]. For the small delay case, the
applicability of other L-K functionals does not lead to an extension of the so-
lution space, due to the fact that they can be reformulated as (4.17). However,
for the large delays case including packet dropouts, differences between (4.17)
and the available L-K functionals in the literature can be distinguished, see also
[37].

To redefine the state-space NCS model of (3.3), including the controller
(4.9), system (3.2) is rewritten as

h = h =
Tpp1 = ehap— [ ™ eAsdsBK x), — fh*ﬂc eAdsBKxj_1

4.18
Yk = kaa ( )

such that ux_1 is ‘replaced’ by xx_1. For the sake of brevity, only the state-
feedback controller (4.9) is considered. Note that the extended state-feedback
controller (4.8) can be considered as well if the state vector is adapted to xx
instead of & and the controller gain K7 is adapted accordingly, but it will result
in more complicated LMI conditions. The state-space representation of (4.18)
is given by

ot — el — fohiﬂc eAsdsBK ff:_m eA"dsBK
kt1 7 0
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where "
Xk = (acf xz_l) . (4.20)

To derive LMI conditions for stability analysis, based on the L-K function

Vixe) = X{ <P+TT R_+TT> Xk, the Jordan form representation is consid-

ered, similar to the use of (4.5) instead of (3.3) in Section 4.3.1. To obtain the
Jordan form representation for (4.19), the matrices Fy, Go, F;, Gi, i =1,2,...,v
as used in (4.5), are partioned. Then, we write, based on the definitions in Ap-
pendix B.2,

et = QO0Q ™" =: O,

h v
/ e*dsB = Q (@1 + Zai(ﬁc)rl,i> Q™ 'B,
h—Tk

i=1

h*‘l‘;C v
/ e*dsB = Q (Eo + Zai(Tk)Ei> Q 'B,
0

i=1
with ©g, ©1, ¢, I'15, and Z;, i =1,2...,v, defined in Appendix B.2, and Q) a
matrix with generalized eigenvectors that occurs due to the use of the Jordan
form of A. For the sake of brevity, we define

F§ =Q0:1Q7'B, G§ = QEQ™'B,

F* = QT ;Q 'B,G" = Q=,Q 'B, Vie {1,2,...,v}.

Similar to the set FG in (4.10), the set FG* describes all possible system ma-
trices that depend on the time-varying delay 7y:

FG* = {(F””(T),G:” (T)) DT E [Tmin,TmaX]} , (4.21)

with F*(1) = Ff 4+ > 1, ai(T)FF, G*(1) = GE+ >, ;i (1)G¥ for 0 < Typin <
Tmax < h. Then, system (3.3) or its equivalent (4.5) that is based on the Jordan
form, is written as

Yep1 = (60 - GI (Tk)K —F grk)K> ks (4'22)

for all (F*,G*) € FG". Stability conditions of this system with a known con-
troller (4.9) and for 7% € [Timin, Tmax), With 0 < Tiin < Timax < b, can be derived
analogously to the proof of Theorem 4.3.1.

Theorem 4.3.2 (SF-LK*) Consider the discrete-time representation of the
NCS, denoted by (4.19) that considers the control law (4.9), with time-varying
delays 1, k € N taken from a bounded set [Tmin, Tmax], With 0 < Tmin < Timax <

4To refer to the combination of the controller and the Lyapunov functional used in this the-
orem we will use the acronym SF-LK (state-feedback controller, with a Lyapunov-Krasovskii
functional).
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h. Moreover, consider the equivalent discrete-time representation (4.22) that is
based on the Jordan form of A. Consider the set of matrices H%

T = {(Fg+26iﬁf,ég+25iéf) :6; € {0,1}, ¢=1,2,...,y},

i=1 i=1
B - - (4.23)
with F§ = Fg + >3 o, FF, FY = (@ — o)F7, G = Gf + >0, a,GY,
GY = (@ —o)Gf, 1 = 1,2,...v, @; = MAXr €[ Tmin, Tmax] a;(7), and a; =

M€ (7,50, Tiax] Qi (7). R
If there exist matrices P € R"*", R € R™", T € R"*" and a scalar
0 <~ < 1 that satisfy

P=PT" > 0
R=RT" > 0
T=TT > 0  (4.24)
(Hl,j+R—(1—7)(P+T) Hpj+(1-7)T ) < 0
* Hg,j — (1 —’Y)(R—f—T) ’

with
H,; = (éo - H&jf)T P ((:)0 — Héjf)
+ (éo - HE K - I)TT (éo ~ HE R - 1) ,
Hy; =~ (60 - HE F)TP+ (60 - HE K~ 'T) Hi K,
H; ; =(Hj ;K)" (P +T)HE K,

for all (Hf,;, HE ;) € Hipq and j = 1,2,...,2", then (4.19), (4.9) is GES for
any time-varying delay i, satisfying Ti € [Tmin, Tmax) Vk € N.

Proof The proof is given in Appendix A.4. O

4.3.3 Comparison between the common quadratic Lya-
punov approach and the Lyapunov-Krasovskii ap-
proach

The use of the L-K functional results in more complex LMI conditions than the
use of a common quadratic Lyapunov function (compare e.g. (4.24) with (4.13)).
Moreover, it is interesting to compare the conservatism of both approaches. To
do so, we observe that a similar characterization of the stability as that presented
in Theorem 4.3.1 can be formulated based on a common quadratic Lyapunov
function in terms of the extended state xj. Such a characterization guarantees
stability for the NCS described by (4.19) and is presented in Corollary 4.3.3.

Corollary 4.3.3 (SF-CQLF) Consider the discrete-time representation of the
NCS given in (4.19) and its equivalent Jordan form based representation (4.22).
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Let the sampling interval h > 0 and a minimum and maximum time-delay
0 < Tmin < Tmax < h be given. Moreover, consider the set of matrices HGp,
as defined in (4.23). If there exist a matrix P € R®"*?" and a scalar 0 < v < 1
such that the following LMI conditions are satisfied

= (60— HE K -HE K\ -
(1=mP ( 7 0’ > Pl S0, w(Hg,, HE ) € Hig,
* P
(4.25)
with j =1,2,...,2", then (4.19) is GES.

Based on this observation, in Lemma 4.3.4 the difference in conservatism
between the use of a common quadratic Lyapunov function and the use of a
L-K functional to prove stability is discussed.

Lemma 4.3.4 If there exists a L-K functional (Vi) of the form (4.17), such
that AV (xk) < vVik(xr), with 0 < « < 1, then there exists a common
quadratic Lyapunov function of the form X%ﬁXk that satisfies the LMIs (4.25)
in Corollary 4.3.3.

Proof The proof is given in Appendix A.5 0

This lemma states the the characterization of the stability of the closed-loop
NCS model (3.1), (4.9) based on the L-K functional as presented in (4.24) is
never less conservative than the characterization based on the common quadratic
Lyapunov function, as given in (4.25).

For other L-K functionals a similar reasoning holds, because they consist,
especially for the small delay case, of combinations of current and past states
or of combinations of current states and past control inputs, see e.g. [55; 87].
For both groups of L-K functionals, it is possible to rewrite the L-K functional
dependent on either y or &, showing that the L-K functional can be rewritten
as a common quadratic Lyapunov function.

In Section 4.5, the differences in conservatism between the different proposed
theorems will be studied numerically for the motor-roller example.

4.3.4 Intersample behavior

In Theorems 4.3.1 and 4.3.2, sufficient conditions for the asymptotic stability of
the discrete-time NCS model (describing the behavior at the sampling instants
sk, k € N) are provided. However, the behavior of the continuous-time sys-
tem (3.1) between the sampling instants remains unknown. In this section, it
will be shown that the intersample behavior is asymptotically stable as well un-
der the conditions of these theorems. As an example, we study the intersample
behavior under the conditions of Theorem 4.3.1.

Consider the continuous-time system (3.1). To study the intersample be-
havior an additional variable { =t — sj, t € [Sky Sk+1), 18 introduced for which
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it holds that ¢ € [0,h). To determine the time-evolution of the state of the
continuous-time system for ¢ € [sg, Sk+1), the well-known convolution integral
has to be solved. Two different cases can be distinguished, due to the uncer-
tainty of the value of the delay 75, € [0, h), namely 7 >t and 75, < £. Tt holds
that

~ E ~
z(sp +1) = ety + / eA*dsBuy_1, for t < T, (4.26)
0

and

N t—Tg t N
x(sp +1) = ety + / e dsBuy + [ e*dsBuy_y, for t > 7,. (4.27)

0 t—Tk

Recall that it holds that ug = u(sg), ug—1 = u(sk—1), agd x = z(sg). For both

cases, (4.26) and (4.27), an upper bound for |z(sg + ¢)| can be derived, as is
stated in the following lemma.

Lemma 4.3.5 Consider the continuous-time system (3.1) and the continuous-
time state evolutions (4.26) and (4.27), and the discrete-time system (3.3).
Then, the state evolution of the continuous-time system (3.1) can be upper
bounded as follows

|z (s + t)| < colzr| + cxfur| + c2lup—1l, (4.28)

for the positive constants cp, c1, and co, defined in (A.24),

(A.22), (A.21),
(A.18), (A.17), and (A.16) in Appendix A.6, and for all t € [0, h).

Proof The proof of this lemma is given in Appendix A.6. 0

Next, Theorem 4.3.6 shows that the conditions in Theorem 4.3.1 or 4.3.2 un-
der which the discrete-time system is globally asymptotically stable also imply
global asymptotic stability of the intersample behavior.

Theorem 4.3.6 If system (3.3) satisfies the LMI conditions in either (4.13) or
(4.24), then the continuous-time system (3.1) is asymptotically stable as well.

Proof The proof is given in Appendix A.7. O

4.4 Variable sampling intervals, large delays,
and packet dropouts

With the case of small delays as a stepping stone, we consider the case with vari-
able sampling intervals, variable delays that may be larger than the sampling
interval, and a bounded number of subsequent packet dropouts. Recall that
the continuous-time NCS representation is given by (3.12), the discrete-time
NCS representation is given by (3.24), or equivalently, by (4.7) which describes
the discrete-time NCS model based on the Jordan form of the continuous-time
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system matrix A. The situations with constant sampling intervals with or with-
out packet dropouts can be derived easily from the stability conditions that are
presented in this section. We consider the same controllers as in Section 4.3.
However, for the extended state-feedback controller we propose an adaptation
to include past control input information based on &j:

Uk = —ka = —?mk — Kluk_l - Kg’u,k_g e Kg_i_g’u,k_g_g, (429)

with K € Rmx(@+9)m+n_ The standard state-feedback controller is given by
(4.9). Still, (4.9) is a special case of (4.29) if K = (E Omy(ngg)m) is considered.
In contrast to the previous section, there are some limitations on the use of
(4.29) in combination with the proposed model (3.24), which is only valid for a
static and time-invariant controller. In the case of a packet dropout related to
ug, i.e. mp = 1, two situations are possible:

1. yr = z, does not arrive at the controller and thus uj cannot be computed,

2. yr = xp arrives at the controller, and uy is computed, but uz does not
arrive at the actuator.

In the second case, in principle, uy is available in the implementation of the
controller and the update w41, using (4.29), can be made. In the first case,
however, the controller (4.29) cannot be updated anymore, due to the unknown
uy and a deadlock in the controller will occur for ugy1. A remedy might be to use
ug = ug—1 if my = 1, but this results in a controller that depends explicitly on
the time-varying parameter mj. Consequently, we obtain a switching controller,
where the switching depends on time. This contradicts the assumption that the
controller has to be time-invariant in NCS model of Chapter 3. The occurrence
of a deadlock means that controller (4.29), as proposed in [38] for the delays
smaller than the sampling interval, does not function properly in the case of
packet dropouts between the sensor and the controller (first case). The state-
feedback controller (4.9) does not suffer from this problem as it only depends
on the state xj; (and not on the previous control inputs). A similar reasoning
holds for message rejection between the sensor and the controller. For the
computation of uy, based on (4.29), both y, = x; and the previous control
inputs up_1,...,u,_5_5 need to be known. In the case of message rejection of
e.g. yx—1 (because yy, is available in the controller before yi_1 is received at the
controller), the control input w1 is not known to the controller, which makes
it impossible to compute uy. Clearly, similar to the case with packet dropouts,
a deadlock occurs. A remedy might be to wait with the computation of wuy
until yi_1 is available. Then, first u;_; can be computed and then uy can be
computed. A disadvantage of this proposal is the increase of the computation
time, due to the waiting time until the past measurement data arrives, and
therefore an increase of the delay in the control input ux. Moreover, the control
implementation needs to include a check whether all past control inputs are
available; consequently, an additional increase in the computation time can be
expected. In the remaining part of the thesis, we limit ourselves to the less
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complicated controller implementation, in which the waiting on previous data
is not possible. Therefore, in the case of controller (4.29), we adopt the following
assumption:

Assumption 4.4.1 There is no packet dropout between the sensor and the
controller and y;, always arrives at the controller after the moment that w1 is
sent to the actuator, i.e. si + ¢ > sp—1 + 1, +715_q, therefore it should hold
that 756 > 72°  — Rmin + TS ax-

min max

Note that in this assumption 75, is considered, to avoid that a computation of
a control action is stopped, when new measurement data arrives at the controller
during a computation. Without this assumption, the worst case scenario would
result in sending no control action at all to the actuator.

4.4.1 A common quadratic Lyapunov function based on
the extended state vector &

Theorem 4.3.1 can be extended to the NCS model with time-varying sam-
pling intervals, large delays, and packet dropout. Recall that in Theorem 4.3.1
an overapproximation based on the minimum and maximum values of a;(7x),
i=1,2,...,v, was exploited. Because for the large delay case (including vari-
able sampling intervals) a;, ¢ = 1,2,...,¢, depends on tf and hj, instead of
only on 7, the corresponding minimum and maximum values of the functions
a;(t%, hy.) have to be redefined. To determine the minimum and maximum val-
ues of the uncertain parameters ai(tf,hk) in (4.7) (or equivalently (4.6) for
constant sampling intervals), the minimum and maximum values of t? and hg,
that depend on the size of the time-delays, the number of subsequent packet
dropouts, and the size of the sampling interval, need to be defined. Recall that
it holds that hy € [hmm7 hmax). In Lemma 4.4.2, the minimum and maximum
values of t?, je{k—d—96,...,k—d+1}, are described.

Lemma 4.4.2 Consider the time instants tk as defined in (3.22), where s; (with
hj = sj+1 — sj), 7j, and m; are taken from the class S defined in (3.20). The

minimum value oftk je{k—d—056+1,...,k—d}, is given by
k _ min{Tmin — dhmax; hmin} lf] =k—d

and the maximum value oft?, je{k—d—0+1,...,k—d}, is given by

min{Tmax - (k - - ) min» max}’
k LY 3 < <
th ax = ifj e {k— g 5+ ..,k—é—d}, (4.31)
hmax lf] S {k 6 C_l .,k?—C_l}.

Note that t:—E—E = 0 and ty_g41 := hy, which gives for the minimum and

maximum bound ti—g11 € [Pmin, Pmax]. Moreover, Tmax — (8 — D)hmin is by
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definition smaller than (or equal to) hpmax, which guarantees that at least one
value of t? depends on the maximum delay Tmax-

Proof The proof is given in Appendix A.8. O

Remark 4.4.3 If the sampling interval is constant (i.e. hyin = hmax = h), the
minimum and maximum values of t? are slightly simpler. The minimum bound,
defined in (4.30) can be replaced by

k o 7-min_c_lh lfj :k_d
Eimin = { 0 if j <k —d, (4.32)

for j € {kafSJr 1,...,k—d}, as Timin — dh < h, due to the definition of d in
Lemma 3.3.1. This proves the correctness of (4.32). The maximum value of t?
forje{k—d—6+1,k—d—6+2,...,k—d} for constant sampling intervals
h is obtained from (4.33):

h ifj>k—d—0+1
k _ _ J a—o9

tjvm“{ Toax — (A —Dh ifj=k—d—5+1. (4.33)
To explain these bounds, note that based on the definition of din Lemma 3.3.1,
it holds for j =k —d — § + 1 that Tmax—(k:—j—_5)h=7’max—(d—1)h§ h.

For larger values of j, it holds that 7nax — (k—j — d)h > h, which simplifies the
computation of the upper bound of t?. Finally, recall from Lemma 3.3.1 that
tl;zfgfg =0 and t’,j_ d+1 = h, which shows that both parameters are constant
and do not need to be included in (4.32) and (4.33).

To derive the stability conditions, similar to Theorem 4.3.1, the set of ma-
trices FG is redefined, such that the variation of the sampling interval, the
variation of the delay, and packet dropouts are included:

FG = {(F(tk,hk), G(tk,hk)) PR = (g s i),

t? € [t;?,mina t?,max]a k—d—0d< J<k—d h€ [hmina hmax]};
(4.34)

with F(t5, he) = Fy + 325, ai(th, i) Fi, G(6%, hy,) = Go + 8, ai(th, hy,) Gy,
o (th, hy), i = 1,2,...,(, defined in Appendix B.3 by (B.38), (B.39), (B.40),
and (B.41). The constant matrices Fy, Go, F;, and G;, i = 1,2,...,(, are also
defined in Appendix B.3. Note that in (4.34) the parameter j takes values from
j € {k—d—04+1,k—d—0+2,...,k—d+1}, because tl;zfgfg := 0 and tgfdﬂ = hyg,
as defined in Lemma 3.4.1. Moreover, ai(tg?, hi) depends either on only one
uncertain time-varying parameter tf, j € {kz—g—g—i—l, k—d—96+2,..., k—d+1}
in combination with hy or only on hi. Based on Lemma 3.4.1, this definition of
J gives all possible time-varying terms in (3.24). For the case with a constant



56 Stability analysis

sampling interval the number of uncertain parameters is reduced from ( to
8 = ¢ — v, with v as in (4.4). Moreover, the definitions of the matrices Fp,
Gy, F;, and G; are then slightly adapted, as is described in Appendix B.3.
To prove stability of the discrete-time representation of the NCS (3.24), which
includes time-varying sampling intervals, packet dropouts, and time-varying
delays, Theorem 4.3.1 is adapted. Additionally, the stability of the continuous-
time NCS (3.12) can be evaluated based on the study of the intersample behavior
as proposed in Theorem 4.3.6 for the small delay case. Therefore, Theorem 4.4.4
proposes conditions that guarantee the stability of the continuous-time and
discrete-time NCS model. Note that these conditions are also valid for the
large delay case with constant sampling intervals and without packet dropouts,
if the assumptions on the parameter hj; and § are adapted, correspondingly.

Theorem 4.4.4 ((E)SF-CQLF) Consider the continuous-time NCS model
(3.12), (3.21), (3.22) with sequences of sampling instants, time-delays, and
packet dropouts o = {(sg, Tk, mi) }ken € S, with S defined in (3.20) and con-
sider the corresponding discrete-time representation (3.24), (3.25) and its equiv-
alent representation (4.7) that is based on the Jordan form of the continuous-
time system matrix A of (3.12). Moreover, consider a known extended state-
feedback controller (4.29), with d defined in Lemma 3.4.1, including Assump-
tion 4.4.1, or consider the known state-feedback controller (4.9) which is of the

form of (4.29), with K = (f Om,(3+3)m>~ Define the set of matrices Hra:

¢ ¢
Hra = {((F‘Q-FZ&E),(GQ—FZ&ZGZ)) 1 0; € {0,1},i: 1,2,...,C},

i=1 i=1

(4.35)
with Fy = Fo + Y0, a,Fy, Fi = (@ — ;) F;, Go = Go + X5, a,Gy, Gi =
(@; — o;)Gi, and

— k
a = . max ai(tj,hk),
t5 €[5 minst5 max]s 1€ [hmin, hmax] (4.36
: K 36)
Q= . min i (ty, he),
tj e[tjwmin7tj,xnax]7 hi € [hmin;hmax]
the maximum and minimum value of ai(tf,hk), respectively, with t;min and

th defined in (4.30) and (4.31), respectively.

j,max

If there exist a matrix P € R(vH(@+0)m)x(n+(d+6)m) and a scalar 0 < v < 1,
such that the following LMI conditions are satisfied:

(17’7)P (HF,j 7HG,]'K)TP
(P(HF,j — Hg ;K) P >0, (4.37)

for all (Hp;, He ;) € Hrpa, with j = 1,2,...,2¢, then (3.12), (3.21), (3.22),
with the controller defined in (4.29) or (4.9), is globally asymptotically stable
(GAS) for any sequence of sampling instants, time-varying delays, and packet
dropouts o € S.
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Proof The proof is completely analogous to the proof of Theorem 4.3.1 and
Theorem 4.3.6. 0

Remark 4.4.5 Note that for time-varying delays and packet dropouts with a
constant sampling interval, the set S in Theorem 4.4.4 can be replaced by the
set M in (3.14) that defines the sequences of delays and packet dropouts. Then,
the parameter ( is replaced by [, as defined in Lemma 3.3.1. Moreover, it holds
that

FG = {(F(t’“),G(t’“)) cth = (t:_a_sw )y Y €T i U max)s
k33<jgk¢}

with F(t5) = Fy + Y0 ai(th)Fi, G(tF) = Go + Y0, ai(t¥)Gi, a; defined in
Appendix B.3 for i € {1,2,...,58}, and Fy, Go, F;, and G;, i = 1,2,...,0,
defined in the same appendix, based on the remarks that hold for the case with
constant sampling intervals.

Remark 4.4.6 The use of Theorem 4.4.4 removes the clear difference between
packet dropouts and time-varying delays, due to the overapproximation of «;,
1 =1,2,...,(, and therefore of tf. Studying this difference shows that the
maximum number of subsequent packet dropouts and the maximum time-delay
are interchangeable (at least on the level of the derived stability conditions).
For constant sampling intervals, the minimum and maximum values of t? are
defined in (4.32) and (4.33), respectively. Then, the values of Ti,ax and 0 are
interchangeable as long as their summation remains constant. For time-varying
sampling intervals, the value of Tax + 0 remains constant if d + § remains
constant as well (i.e. hyiy should keep the same value).

The validity of this remark can be shown by considering the minimum and
maximum values of ¥ in (4.30), (4.31), (4.32), and (4.33). Clearly, for different

values of Tiax + & = constant (and all other parameters unchanged) the min-
imum and maximum values of t? do not change. This effect is caused by the
chosen analysis approach. To explain that the observed similarity is not true for
a real NCS, consider the following example for constant sampling intervals. The
difference between the situation with small delays and without packet dropouts,
i.e. Tmax = R, Tmin = 0, 5=0Iis compared to the situation without delays and
with maximally one subsequent packet dropout: Tnax = Tmin = 0, 6 =1. The
discrete-time NCS model for 75, € [0, h] is given by (3.2):
h—Ty, h

Tpyr = ey, —|—/ eA%dsBuy, —|—/ e dsBug_1. (4.38)
0 h

— T

The discrete-time NCS model for the case without delays and with 6 = 1 is

given by:
Ah h  As : _
o { ey + fo e*SdsBuy ifmp,=0 (4.39)

el + foh eAsdsBuy_y  if my = 1.
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Clearly, the obtained NCS models differ. If the NCS model is derived according
to (3.16) and Lemma 3.3.1 the following model is obtained (d =0, d+d = 1):

k
h—tf

h—t¥
v = edhay, + J; e*dsBuy + [, F " e dsBuy_1

K k
=ty h—ty

h—t¥ h
= eAly, + Jo eAdsBuy, + Lo eAsdsBuy,_.
k

Implementing ¢¥ gives indeed (4.38) if 7, € [0,h) and my = 0 for the small
delay case and (4.39) if 7 = 0 and my € {0,1}. For analysis, as shown in
Theorem 4.4.4, t’lg is replaced by its upper and lower bound. For both cases,
the lower bound is equal to zero (from (4.32)) and the upper bound is equal to
h (from (4.33)), resulting in the same LMIs for stability analysis. Therefore, in
the stability analysis the difference between packet dropouts and time-varying
delays is partly lost.

The next section describes the adaptation of the stability analysis condi-
tions, based on the L-K functional, presented in Theorem 4.3.2, such that it is
applicable for the large delay case including packet dropouts and time-varying
sampling intervals. Note that Remark 4.4.6 holds for the next section as well.

4.4.2 A Lyapunov-Krasovskii functional

To apply the stability analysis approach based on the Lyapunov-Krasovskii (L-
K) functional, the extended state vector, consisting of the current and past

T
states, is given by xr = (Zf :Ef,l 3357373) . The proposed candidate
L-K functional is given by:
d+5 d+5 .
T T
V(xk) =2 Por+ ) oy R i+ ) (i —2i) T (@i — 0g) -

i=1 i=1
(4.40)
Note that for the sake of simplicity, (4.40) considers only the difference be-
tween the sequential states, instead of the differences between all states in
the extended state vector. Therefore, additional difference equations, such as
Zg:; (:L'k_%+2 — :ck_;)T T; (%—%4—2 — :L'k_%) can be considered as well, but result
in more complex, however less conservative, stability conditions.

Here, we only consider the state-feedback controller (4.9), because no addi-
tional assumptions (as given in Assumption 4.4.1) on the size of the delays are
needed and the complexity of the LMIs remains acceptable. Before the stability
conditions are derived, we first define the NCS model, based on the state vector

Xks as

€Ahk - M()F 7M1E el = ~a+g_1f 7ME+3E
I 0 e 0 0
Xk+1 = 0 I 0 0 Xk, (4.41)
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he—ty_,
By = / e*dsB if p > d,
hk*tﬁfpﬂ
0 if p < d,
for p € {0,1,...,d+ &} and t’tp defined in (3.22), with j =k — p.
To determine the stability conditions, the matrices in (4.41) need to be
rewritten, based on the Jordan form of the continuous-time system matrix A.
Therefore, we adopt the following notation

with My (t)_ 1.5,

¢
Al = <@0 + Zai(tf, hk)FO,i> Q"

i=1

¢
Mo =@ <Eo +) ot hk)Ei> Q™ 'B,

i=1

¢
Ml =Q (@1 + Zai(tf, hk)rl,i> Q*lB,

i=1

¢
MEJrS =Q (@dJr(; + Z Oéi(t?, hk)Fd+57i> QilB,
i=1

with @ a matrix with generalized eigenvectors that appears due to the use of the
Jordan form of A and the matrices ©o, Zo, Lo, =i, ©;, [, 0=1,2,...,d+79,
and the parameters ai(tf,hk), i =1,2,...,(, defined in Appendix B.3. For
brevity of the notation, we define

F&O = Q(—)OQ_17 Fol,q, = QFO,iQ_17
P —Q=0 'B, GI=Q=Q B,
% = Q0,Q"'B. FF,=Qr,,Q B,

with ¢ = 1,2,...,d + 3~an index that denotes the position in the matrix A,
similar to the matrices M; and ¢ = 0,1,...,(, the index that corresponds to the
time-varying parameter «;. Then, define the sets of matrices:

FG* = {(F&(tk,hw,Ff“(tk,hw, . ,Fgg<tk,hk>,cx<thhk>) :

tk - (t:—E—E-H’ AR t]lz—d)a t? € [timina t?,max]ﬂ hk € [hmin; hmax]a

kd3<j§kd}
(4.42)

with F§ (65, hi) == Fo + S5_ ai(th, hi) FS,
G (6%, hi) o= G + 3¢y aa(th, hi)GE, B2 (65 hy) = B2 4+ 570 ) aq(th b ) P2
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for i = 1,2,...,d + 8. Then, the discrete-time NCS description, based on the
state-vector xj and the Jordan form representation of the continuous-time sys-
tem matrix A, is given by:

F —Ff‘(t’“, hk)? —Fg(tk, hk)? o —F;M(tk, hk)?
I 0 0 0

Xk+1 = 0 I 0 0 Xk
0 0 I 0

(4.43)

with F = FF(t* hy) — G*(t* hy)K, for all (F‘”(t Jhi), FE(t% hy), .
F;M(tk,hk),Gx(tk,hk) € FG®. The stability conditions for the case with

time-varying sampling intervals, packet dropouts, and delays larger than the
sampling interval are given in Theorem 4.4.7.

Theorem 4.4.7 (SF-LK) Consider the continuous-time NCS model (3.12),
(3.21), (3.22), with sequences of sampling instants, time-delays, and packet
dropouts o € S, and the state-feedback controller (4.9). Moreover, consider the
discrete-time representation (4.41) and its equivalent, based on the Jordan form
of the continuous-time system matrix A, (4.43) and the set of matrices H.

¢ <
Fo = { (Fg;o D0 Pl + Y 0B B Z OiFii5e
i=1 =1

. (4.44)
G§+Z@G;‘) . 6, €{0,1}, i = 1,2,...,§},

i=1
WIthFoo—Foo"‘Zz VG F = (@ — ) Fy, Ff = + Y0 aF T
F* = (a; )Fﬂc % = +Zl L a,G?GY = (o _i)Gi,forzfl,Q,...,C,
%:1,2,...,d—|—5,and

_ k

a; = max (07 (t] ) hk)a
thelth inoth maxls P €lhmin, hmax]

Q= min ai(t?; hi),
thelth ], Ak €[hmin,hmax]

s mm7 J max

If there exist matrices P € R™™", R; € R™*", T; € R"™", and a scalar
0 <~ < 1 that satisfy

P=PT > 0

R:=RT' > 0 (4.45)
’ +

T =T > 0

( i
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fori=1,2,...,d+ 9, and satisfy

Mo,; Lo, —(G§,P+Hf T)Fs; —(GJ;P+H] T1)F3;

* Mi; L F{;(P+T)F3,
* * Mo ; Lo,
* * * Ms ;
* * * *
* * * *
* * * *
* * * *
*§G9T,jp +H{ TR 5 *§G0TJP +H§ ;T1)F;.5
Fl(P+T)Fg 51 Fl;,(P+T)Fg5;
Fg(]? +T)FG 51, Fij(l? +T)Fg5,
F3 (P -+ Tl )FEJFSiLj FB,j (P =+ TI)FEJrg’j
) <0,
» i
M35 2; Las-z; Fas_o,; (P +TFg35,
* Mgi5.1,5 Liis.q,
* * a+35,j
(4.46)
with
My, ; :Gg)—:jﬁ)GO,j + HajTIHO,j + R —(1—7)P+Ts— (1 —)T,
M, ; =F] (P +T1)F1; + Rz — (1 —7)R1 + T2 — (1 = )Ti + T3,
My ; =F3 (P +T1)F2 + Rs — (1= 7)Rz +1Ts — (1 = 9)T2 + Ty,
Ms,; =F3 (P +T1)Fs; + R — (1 =) R3 + 9Ty — (1 —)T5 + T,
_gpT 5
Mg 5 0, =Fq 5 5, (P+T1)Fq5 5 ; + Rgy5 1 — (1 ="(Rg5 5 +Tq,5 5)

a5+ Tags

Mg 1 =Fg5 1, (P+TOFg5 0 5+ By — (L= (Rg50 + Tayso0) +1Ta 5
Mg,5, :Fngg,j(ﬁ +T)Fg5,;, — (1 =7)(Rz 5+ T343):
Lo =~ Gaijl,j — H0TT1F1,]' + (1 =Ty —To,
Ly, =F1T,]-(1f’ +T1)Fo; + (1 — )12 — T,
Lo ; =F%:]-(F~’ +T1)F3; + (1 —~)T3 — Ty,
Liso =Fy 5 o, (P+T)Fz 5+ (1 -NTa 5, — a5

_wT D
Las1 =Fa5 (P +TOFg5,; + (- NTg5

Go,; = Hio,; — HE K, Hoy = Hio; — HE K — 1, F,, = fH;ig],f, for
all (Hyo ;. Hiy o Hy g 5 HE ) € Hiyg and for j =1,2,...,2°, then the
continuous-time NCS (3.12), (3.21), (3.22), with the controller (4.9) is GAS for
any o € S.

Proof The proof is given in Appendix A.9 0

Remark 4.4.8 For constant sampling intervals o € S is replaced by p € M
and the parameter ¢ is replaced by (. Moreover, the matrix Fy (tk,hk) is a
constant matrix and given by QOoQ ! defined in Appendix B.3 and T is
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equal to zero. The matrices I'; ,, I';,, Zo, Z; are defined according to the

remarks in Appendix B.3. Then, for Theorem 4.4.7, it holds that

Go =0y~ H K, Hy=0, ~ Hi K~ 1, F; = ~H:. &,
for all (H%,LJ’""’HJJ?E-FS]"H&J') € Héy and j =1,2,...,2°.

Remark 4.4.9 Note that adaptations based on other L-K functionals can be
derived in a straightforward manner, by replacing the L-K functional used for

Theorem 4.4.7. In the literature, many other L-K functionals are available, see
g. [24], [87], and [127].

Clearly, the use of the candidate L-K functional results in more complex
LMIs than the use of the candidate common quadratic Lyapunov function.
Moreover, analogous to Lemma 4.3.4, it holds that the L-K functional is not
less conservative than the common quadratic Lyapunov approach. To explain
this, we use, analogously to Corollary 4.3.3, an equivalent of Theorem 4.4.4
that is based on the state vector xj. The LMI conditions of (4.37), however

with P e REFTSHDnx(d+6+Dn need to be considered and Hp;, Hg j, and K

need to be adapted such that the states xy_1,xr_2,... are included instead of
Uk—1,Uk—25- - -
leg‘,(),j —H}?MK . —H;,E+g7jK Héj
1 0 ... 0
Hpj = , . s Hej=1 . |,
. : : (4.47)
0 I 0 0

K= (F Omx(ﬁ—i—ﬁ)n) :

Note that (4.37), based on this adapted version of the common quadratic Lya-~
punov function, will give similar results or less conservative results than the sta-
bility conditions based on the common quadratic Lyapunov function ng{k. For
the comparison of the stability results based on this adapted common quadratic
Lyapunov function and based on the L-K functional, as an example the case
d+ 6 =2 is considered. The state-vector is given by xx = (¢} «]_; xfo)T.
Then, V = xI Pxg, with P € REHIFUnx(d+o+1)n can he compared with

P+ T -1 0
V= X{ T Ri+T+ Ty —T5 Xk- This shows that the L-K func-
0 =T Ry + 1T,

tional is a subset of the common quadratic Lyapunov function for yg, and there-
fore the results of the L-K functional will be more conservative than the results
obtained with the common quadratic Lyapunov function based on yg. In Sec-
tion 4.5, the conservatism of the different theorems will be studied based on an
illustrative motion control example.



4.5. Illustrative examples 63

4.5 Illustrative examples

In this section, we will apply the proposed stability results to several examples,
by using LMITOOL in Matlab. First, we consider the second-order motion
control system, as used in Section 4.1. The effects of delays smaller and larger
than the sampling interval and packet dropouts on the closed-loop stability are
analyzed. Stability regions, that describe the combination of controllers that
stabilize the system for a bounded variation in the delays (with or without
packet dropouts) are determined. Such a region is useful to determine the max-
imum allowable delay variation that is allowed in the network (or in the network
in combination with a processor if the processor is used for other computations
as well) for which the system is still stabilized. Moreover, the effect of different
constant sampling intervals on the maximum allowable delays for which a pre-
viously defined controller can still stabilize the system is investigated. Such a
study is useful in choosing the sampling interval in such a way that the system
can still be stabilized on one hand, and the amount of data that needs to be
sent over the communication network is limited on the other hand. A reduction
of the data that needs to be transmitted may be desirable if the network load
is relatively high. More details on the effect of the sampling interval on the
occupancy of the network and, therefore, the size of the communication delays
can be found in [56; 71; 85]. Second, we consider the example of Section 4.1 that
showed the destabilizing effect that time-varying sampling intervals can have.
For this example, Theorem 4.4.4 is applied to determine a stabilizing controller
in combination with a bound on the variation in the sampling interval. We
would like to stress that the stability conditions proposed in the previous sec-
tions only provide sufficient conditions. Consequently, the infeasibility of the
stability LMIs does necessarily not imply instability.

4.5.1 Time-varying delays

To show the applicability of the presented stability conditions, the stability for
the motor-roller example, as presented in Section 4.1 is studied, for the case
of a constant sampling interval and known bounds for the time-varying delays.
We assume that the sampling interval is given by h = 1ms and that the state-
feedback controller (4.9) is given by K = (Ka Kb) with a constant position
controller gain K, = 50N. In first instance, we focus on the applicability of
Theorem 4.3.1 (SF-CQLF) and 4.4.4 (SF-CQLF), without packet dropouts and
for constant sampling intervals; i.e. we will consider both the case of small and
large delays. All controller gains K that stabilize the system with time-varying
delays 7 € [0, Tmax), With Tmax < 2h, according to Theorem 4.4.4, with § = 0,
v =0, and Amax = Amin = h are determined. Recall that, for 7,.x € [0, h),
Theorem 4.4.4 provides the same results as Theorem 4.3.1. The maximum and
minimum controller gains K} that stabilize system (4.1) for a given variation in
the delay 75 € [0, Tmax] are given by the solid lines in Figure 4.45. The region be-
tween these two lines is denoted as the stability region, which characterizes the

5Tn this figure the x- and y-axis are chosen similar as in e.g. [90] and [133].
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stabilizing controllers for (4.1), with 7 € [0, Tmax]. For comparison, the stability
region for constant time-delays equal to T,a.x is depicted by the dash-dotted
line in Figure 4.4. As expected, the upper bound for time-varying delays is
smaller than the upper bound for constant time-delays. For time-delays equal
to zero, the upper bounds for Kj are equal, which shows that for these de-
lays the stability conditions are not conservative. For larger delays, the upper
bound for time-varying delays cannot become larger, because 7, = 0,Vk is a
possible delay sequence (since we used Tynin = 0). Therefore, the conservatism
for the small delay case remains limited. For the large delay case, the distance
between the bounds for constant and time-varying delays remains similar to
the small delay case. The dashed line in Figure 4.4 gives the values of two
delays, i.e. 7 = 0.2ms and 7° = 0.6ms (for K = (50 11.8)), for which the
example (4.2) is stable for either the constant delay 7 or the constant delay
7°. Moreover, the NCS is stable for all constant delays taken from the interval
[7%, 7°]. If these delays occur in an alternating sequence (7¢,7%,7%, 7% ...) the
system becomes unstable, as was shown in Section 4.1. As expected, for fixed
K, this delay combination is outside the obtained stabilizing region of The-
orem 4.3.1 (SF-CQLF). This observation, in combination with the comparison
between the stability regions for time-varying and constant delays, reveals the
fact that the stability bound is hardly conservative both for the small and large-
delay case. Additionally, the dotted line in Figure 4.4 gives the stability region
of our earlier stability conditions as presented in [16]. These stability conditions
used an overapproximation of the matrix entries that depend on the uncertain
time-varying delays, considering the use of interval matrices, instead of an over-
approximation that is based on the Jordan form of the continuous-time system
matrix A as proposed in this chapter. Clearly, the results obtained by Theorem
4.4.4 (SF-CQLF) (and for 7 € [0, k) also the results obtained by Theorem 4.3.1)
are less conservative than the results obtained in [16]. This difference is caused
by a much tighter overapproximation of the discrete-time NCS model by using
the Jordan form. Moreover, the number of LMIs is decreased for the small delay
case from 27*("+™) in [16] to 2, with v defined in (B.29), where it holds that
v<n.

To obtain an improved understanding of the differences in conservatism be-
tween the stability analysis results using the candidate Lyapunov function and
the candidate Lyapunov-Krasovskii (L-K) functional, the stability regions for
the motor-roller system (4.1), obtained from Corollary 4.3.3 (SF-CQLF) and
Theorem 4.3.2 (SF-LK) for the small delay case and from Theorems 4.4.4 (SF-
CQLF) (with xZPxy and (4.47)) and 4.4.7 (SF-LK) for the large delay case
(with 0 =0, hamin = hmax = h), are depicted in Figure 4.5. We note that
there is no difference between the results obtained using Theorem 4.3.1 or
Corollary 4.3.3 for the small delay case. The same observation holds for the
equivalent conditions for the large delay case. This means that, for this ex-
ample, no difference is found between the use of V(&)T P& or V(xx)T Pxs.
Figure 4.5 shows that Theorem 4.4.7 (SF-LK) gives comparable results as The-
orem 4.4.4 (SF-CQLF), except for delays Timax € [0,0.5]ms and 7ypax > h = lms,
where a small difference between both approaches is observed. This comparison
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= Theorems 4.3.1 & 4.4.4
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Figure 4.4: Minimum and maximum allowable controller gains K; for sys-
tem (4.1), (3.21), (3.22), (4.9), with h = 1ms, K = (K, K3), K, = 50N and
time-varying delays in the interval [0, Timax] for Theorem 4.3.1, Theorem 4.4.4,
and based on [16], as well as for constant time-delays equal t0 Timax.

shows that using L-K functionals (as in Theorem 4.4.7) for discrete-time NCSs
does not necessarily result in less conservative results, compared to a standard
common quadratic Lyapunov function.

The previously obtained results consider a constant sampling interval h =
1ms. To determine the dependence of the stability region on the magnitude of
the constant sampling interval h, the stability conditions of Theorem 4.3.1 (SF-
CQLF) and 4.4.4 (SF-CQLF) are analyzed for different values of h. The ob-
tained stability conditions are depicted in Figure 4.6 by the black lines, including
the corresponding stability regions for constant delays that are depicted by the
gray lines. For increasing sampling intervals, both the stability region for con-
stant and for time-varying delays decrease. The fact that the distance between
the lines for the time-varying delays and the corresponding constant delays does
not change dramatically for increasing values of the sampling interval h shows
that Theorem 4.3.1 and 4.4.4 are not overly conservative (at least for this ex-
ample), as was already concluded for the case with A = 1ms from Figure 4.4.
The maximum stabilizing value of the controller gain K decreases slightly, if
the same maximum delay (Tmax = 2ms) is compared for different values of the
sampling interval h (based on the delay fractions Tyax/h = 2 for h = lms,
Tmax/h = 1 for h = 2ms, and Tynax/h = 0.2 for h = 5ms). The maximum
stabilizing values of K} are 4.3N, 3.45N, and 3.09N, respectively, which shows
that the stability region becomes smaller for larger sampling intervals. Another
way to determine the effect of the sampling interval on the stability region is
to compare the largest maximum delay for which a stabilizing controller can be
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Figure 4.5: Stability region for (4.1), (3.21), (3.22), (4.9) with h = 1ms, K =
(50 Kp), 7 € [0, Tmax], and 0 = 0, based on Theorems 4.4.4 and 4.4.7.

found. Based on Figure 4.7, it is concluded that the largest allowable maximum
delay decreases slightly for increasing sampling intervals. For h = 4ms, it holds
that Tmax = 6.56ms is the largest delay for which a stabilizing controller gain K3
can be found, while for h = bms, T,ax = 6ms is the largest delay. The decrease
of the maximum allowable delay and the decrease of the maximum allowable
controller gain for increasing sampling intervals do not mean that the smallest
sampling interval is the best possible choice, because smaller sampling intervals
result in more data that needs to be transmitted over the network, resulting in
a larger network load (and possible larger delays). Therefore, dependent on the
network load, it may be advantageous to choose a larger sampling interval, such
that less data needs to be transmitted, possibly resulting in a lower network
load and therefore smaller time-delays. More details on the relation between
the sampling interval, the network load, and the size of the delays can be found
in [56; 71; 85] that deal with a communication network and in [112], where a
comparison between different modeling tools for the software that include the
(net)work load to predict the delays in terms of latency and jitter is made.

In the analysis presented in this section, the performance of the NCS, e.g.
in terms of settling time is not considered, while in practice the performance is
influenced both by the time-delay and by the chosen sampling interval.

4.5.2 Packet dropouts

To determine the effect of packet dropouts on the stability region, the stability
analysis results of Theorem 4.4.4 (SF-CQLF) are used for a different number
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Figure 4.6: Stability region for (4.1),(3.21), (3.22), (4.9) for different values of
the constant sampling interval h, based on Theorem 4.4.4 (black lines) and for
constant delays (gray lines), with K = (50 Kp).

of subsequent packet dropouts, in combination with a time-varying delay that
is upper bounded by the sampling interval (h = 1 ms, Timin = 0, Tmax < h).
Similar to the previous paragraph, a state-feedback controller as in (4.9), with
K = (50 Kb) is used. Based on the LMIs of Theorem 4.4.4, the stability
region, given by an upper and lower bound for K3, for § = 0, i.e. no packet
dropouts, 6 = 1 and § = 2, in combination with 7 € [0, Tyayx] is depicted in Fig-
ure 4.8. Clearly, packet dropouts decrease the allowable controller gains that
stabilize the NCS. Note that the allowable controller gain K, for a time-varying
delay upper bounded by the sampling interval without packet dropouts is the
same as the allowable controller gain K for one subsequent packet dropout,
without delays (as denoted by the arrow in the figure). The same holds for one
packet dropout in combination with a time-varying delay upper-bounded by
the sampling interval and two packet dropouts without time-varying delays, as
already discussed in Remark 4.4.6. This similarity is evident from the analysis
as presented in Theorem 4.4.4 (SF-CQLF), as well as for the analysis presented
in Theorem 4.4.7 (SF-LK). Note that this is a consequence of the analysis tech-
niques, while it might not reflect the real stability bounds, as was explained in
Section 4.4.

4.5.3 Time-varying sampling intervals

For time-varying sampling intervals, system (4.3), obtained from [132], is con-
sidered. Here, we consider the case without time-delays and packet dropouts.
Based on Theorem 4.4.4 (SF-CQLF), variations in the sampling interval are
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Figure 4.7: Stability region for (4.1), (3.21), (3.22), (4.9) for different values
of the constant sampling interval h, based on Theorem 4.4.4 (black lines), with
K = (50 Ky).

determined, for which a given controller can still stabilize the system (4.3).
Investigating these bounds provides insight in when the destabilizing effect as
shown in Section 4.1 can occur. For the purpose of stability analysis, we con-
sider the state-feedback controller u, = —Kx. Here, the controllers obtained
from (4.9) and (4.8) are exactly equal, due to the absence of delays (therefore
only the current state is used in the discrete-time NCS model). Based on the
LMIs in Theorem 4.4.4 (SF-CQLF), the controller K = (1 6) stabilizes (4.3)
for h € [0.46,0.54] or h € [0.5,0.56]. For the presented destabilizing variation
in the sampling interval h € [0.18,0.54] (see Section 4.1), indeed, the LMIs of
Theorem 4.4.4 are not feasible. These examples show that Theorem 4.4.4 can
be used to derive bounds on the variation of the sampling interval, guaranteeing
closed-loop stability.

The fact that Theorem 4.4.4 can be used to prove stability for bounded
variations in the sampling interval shows an advantage of the proposed method.
Other criteria, such as [75; 76; 132] use Amin := 0 and are not able to find
a stabilizing controller for system (4.3), while Theorem 4.4.4 gives a minimum
and maximum value of the variation in the sampling interval, i.e. iy and Apax
respectively. This allows for less conservative results compared to the criteria
that consider Ay, := 0.

The derivation of upper and lower bounds for the sampling interval is in-
teresting for a NCS that has to deal with variable sampling intervals. This is
the case if the controller requests for new sensor data on previously determined
(equidistantly spaced) time-instants, which results in variations in the sampling
interval, because the request is transmitted over the communication network.
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Figure 4.8: Upper and lower bounds of the stability region for (4.1), (3.21),
(3.22), (4.9) with K = (50 K3) for 6 = 0,1,2, 7 € |0, Tinax] and h = 1ms.

Another reason to apply this kind of analysis is to design a system with a varia-
tion in the sampling interval, such that the network load (or processor load) can
be decreased, e.g. resulting in a decrease of packet dropouts in wireless networks
as discussed in [89] or a decrease of the time-delays as discussed in the previous
paragraph. Another example to apply variation in the sampling interval deals
with different performance demands in time. In an industrial printer, the mo-
tors are running on an average velocity if no sheet of paper has to be transported
by the motor, but speed up if a sheet of paper needs to be transported by the
motor. In the first case, the performance measure, in terms of accuracy of the
velocity is less strict than in the second case, where the position of the sheet
of paper needs to be controlled. This difference on the performance demands
allows for a larger sampling interval in the first case than in the second case.
For both cases, as well as in the switching situation between different sampling
intervals, the system needs to be stable, and therefore analysis in terms of the
variation in the sampling interval may be useful, because the switching between

the slow and fast sampling intervals is included in the analysis LMIs presented
in Section 4.4.

4.6 Discussion

In this chapter, different stability conditions for discrete-time models of NCSs
with time-varying delays, packet dropouts, and time-varying sampling intervals
are proposed. These stability conditions differ in terms of the type of candidate
Lyapunov function (a common quadratic Lyapunov function or a Lyapunov-
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Krasovskii functional) and the control laws (state-feedback or extended state-
feedback) that are considered. The extended state-feedback controller, which
contains a state-feedback term and terms related to past control input informa-
tion, is only applicable if all previous control inputs are known to the controller.
Therefore, if delays larger than the sampling interval and packet dropouts may
occur, additional assumptions are necessary to be able to apply such a con-
troller. For the standard state-feedback controller these assumptions are not
needed, because it does not depend on the control history.

For a specific example, it is shown that the use of the common quadratic
Lyapunov function based on the extended state did not result in overly con-
servative stability results, as was concluded based on the comparison with the
periodic destabilizing delay sequence and the difference between the case with
constant and time-varying delays. Both in general and based on the example, it
is shown that the common quadratic Lyapunov function gives less conservative
stability results than the Lyapunov-Krasovskii (L-K) functional, if the state-
feedback controller is considered. This difference in conservatism is caused by
the fact that the L-K functional can be rewritten, such that it is a subset of
the common quadratic Lyapunov function (based on the same state vector).
Besides the larger conservatism, the use of the L-K functional results in more
complex LMI conditions, due to the larger number of matrices that need to be
solved for. However, the number of LMIs that are used to describe the time-
varying behavior of the NCS is equal for the Lyapunov approach and the L-K
approach, because it depends on the number of time-varying parameters in the
NCS model.

In studying the stability of a NCS with packet dropouts and time-varying
delays a similarity is found in terms of the effect of packet dropouts and delays
on the stability. Namely, the stability region remains the same if 7,0 + 0 = ¢,
with ¢ € RT an arbitrary constant value larger than or equal to zero. This
might not be the case for the actual stability boundaries.

Finally, an advantage of the presented stability conditions is that the anal-
ysis depends explicitly on the bounds on the sampling interval Apyin, Amax and
the bounds on the delay 7in and Tymax. Therefore, bounds on the sampling
interval and the time-variation of the delays can be found for which the system
can be stabilized. The use of a lower bound on the sampling interval hy,;, is ad-
vantageous for systems that are destabilized if large variations in the sampling
interval occur. Our approach gives a bound for which stability is guaranteed,
while other approaches are not able to find a stabilizing controller, due to the
fact that hmin is always taken equal to zero, (see e.g. [74-76; 132]). The use of
the lower bound on the delay 7, is advantageous if the lower bound on the
delay is known and the system is unstable for the case without time-delays, but
can be stabilized by adding some time-delay or has a smaller stability region
for delays equal to zero.
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intervals, large delays, and

packet dropouts

This chapter deals with extending the stability results for NCSs of Chapter 4
such that they are applicable for controller synthesis. The synthesis conditions
that will be proposed in the current chapter provide constructive conditions to
design a controller that ensures stability. Similar to the stability conditions, the
controller synthesis conditions are given in terms of LMIs, as these are efficient
to solve. Note that the conditions in Chapter 4 are currently not in a LMI
form if they are solved for both the Lyapunov function (or L-K functional) and
the controller. Again, the different situations based on the size of the time-
varying delays, packet dropouts, and time-variations in the sampling interval
are considered. Similar to Chapter 4, for the sake of brevity only two cases,
i.e. time-varying delays smaller than the constant sampling interval and time-
varying sampling intervals, with delays that may be larger than this sampling
interval and packet dropouts are considered. The case with time-delays smaller
than the sampling interval is described to explain the conditions for controller
synthesis, without all the complexity that arises in the case with time-varying
sampling intervals, packet dropouts, and large delays. Similar to Chapter 4, the
different controllers and the different Lyapunov-based approaches are considered
and for each of them controller synthesis conditions are derived. Based on the
obtained LMIs, conditions that guarantee a lower bound on the transient decay
rate are described. This results in a performance measure in terms of the
transient response of the system, which is a performance criterium that is of
interest for many practical control problems.

This chapter is organized as follows. Section 5.1 describes the controller
synthesis conditions and a performance bound in terms of the transient decay
rate for the small delay case. Section 5.2 considers the case with time-varying
sampling intervals, large delays, and packet dropouts. Note that this case in-
cludes the scenarios with time-varying delays larger than the constant sampling
interval with and without packet dropouts as defined in Chapter 3, as well.
Illustrative examples for the controller synthesis conditions and the transient
performance bound are presented in Section 5.3. A discussion on the obtained
controller synthesis conditions for the different controllers and the different Lya-
punov functions is given in Section 5.4.
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5.1 Small delays

In this section, the stability conditions for NCSs with delays smaller than the
sampling interval presented in Chapter 4 will be extended towards controller
synthesis conditions in terms of LMIs. Both the extended state-feedback con-
troller, defined in (4.8) as

Uk = 7K§k = 7?1‘]6 - Kluk,l, (51)

with K = (f K 1) e Rmx(m+n) and the state-feedback controller, defined in
(4.9) as -
Uk = 7K£Ck, (52)

with K € R™*", will be considered. Recall that the NCS for delays smaller
than the sampling interval is described by (3.1):

z(t) = Ax(t)+ Bu*(t),
y(t) = Cz() (5.3)
u*(t) = wug, fort€ [sg+ Tk, Skt1 + Tht1)-

5.1.1 A common quadratic Lyapunov function based on
the extended state vector &

Analogous to the stability analysis conditions presented in Chapter 4, the
discrete-time representation of (5.3) is considered to derive controller synthesis
conditions. Recall, from Chapter 3 that this discrete-time model is given by
(3.3):

£k+1 = {I(Tk)fk + B(Tk)uk (5 4)
ye = C&,
with & = (27 uf )" and 7 € [Tmims Tmax] VE € N, with 7yex < h. In

this section, we present controller synthesis results using a common quadratic
Lyapunov function. In first instance, we focus on synthesis conditions for the
extended state-feedback controller (5.1) and not on synthesis conditions for the
state-feedback controller (5.2). The reasoning behind this choice becomes clear
after presenting the synthesis conditions. Based on the same overapproximation
procedure as exploited in Theorem 4.3.1 (ESF-CQLF), sufficient conditions for
the existence of controllers globally asymptotically stabilizing system (5.3), (5.1)
for 7 € [Tmin, Tmax)s 0 < Tmin < Tmax < h are given in Theorem 5.1.1.
Theorem 5.1.1 (ESF-CQLF) Consider the NCS model (5.3), (5.1) and its
discrete-time NCS description (5.4), (5.1), both parameterized by the time-
varying delays T € [Tmin, Tmax)s With 0 < Timin < Tmax < h. Moreover, consider
the equivalent representation of (5.4) that is based on the Jordan form of the
continuous-time system matrix A, given by (4.5). Consider the set of matrices
Hrq as defined in (4.12).
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If there exist a symmetric matrix Y € RMHm)x(ntm) g matrix
Z e Rmx(ntm) and a scalar 0 < v < 1 such that the following LMIs are
satisfied:

(1-7Y  YH{; - ZTHE s
(HF,jY —Ho,Z v >0,Y(Hp;,He ;) € Hrea, (5.5)

and j = 1,2,...,2Y, then K = ZY ~! gives a control gain that renders system
(5.3), (5.1) GAS and V(&) = &F P&y, with P =Y ~! is a Lyapunov function
for (5.4).

Proof The proof is given in Appendix A.10. O

Note that the use of the extended state-feedback controller, including past
control inputs avoids the so-called structured control synthesis problem, because
all entries in K can be freely assigned [102]. This structured control synthesis
problem, which is in general known to be notoriously difficult [6; 102], is found
if the state-feedback controller u, = —K z, as in (5.2), is considered. This can
be explained by rewriting u; = — Kz, as u = — K¢, with K = (f Ome)-
Then, both Z and Y in (5.5) need to be structured to guarantee a controller
of the form (? 0m><m)~ A possible choice is to use Z = (7 Ome) and

0 Yy
The use of these structured matrices Y and Z, in combination with a similar
partioning as in Section 4.3.2, leading to the system description

Skt1 = ((?)O Fz(()Tk)) §k + (nyk)) Up, (5.6)

for all (F*,G*) € FG*, with FG” defined in (4.21), results in the following
corollary:

Y = (Yl 0 ), then K is obtained from K = ZY ! or K from K = 771_1.

Corollary 5.1.2 (SF-CQLF) Consider the NCS model (5.3), (5.2) and its
discrete-time representation (5.4), (5.2), both parameterized by T, € [Timin, Tmax) s
0 < Tmin < Tmax < h. Moreover, consider the equivalent representation that is
based on the Jordan form of the continuous-time system matrix A (5.6), (5.2)
and the set of matrices Hy.; as defined in (4.23). If there exist symmetric ma-

trices Y1 € R™"™, Y, € R™*™, a matrix Z € R™*", and a scalar 0 < v <1
that satisfy

(1-7% 0 vief - ZT(E;%;,j)T zr
X
_ S 2(HE;) "0 6
oY1 - HE,Z  HEYs Yi 0 ’
A 0 0 Yo

for all (Hy.;,HE ;) € Hig, j = 1,2,...,2", then the controller K =2zy!

P, 0 . _
! P2> &, with P, = Y !

renders system (5.3), (5.2) GAS. Moreover, & < 0

and P, =Y, ', is a Lyapunov function for (5.4).
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The use of this state-feedback controller results in a rather conservative
approach, due to the imposed structure in Y and Z. This will be illustrated
in the examples discussed in Section 5.3. However, in [17; 19], an approach is
presented that avoids the use of the structure in the matrix Y (or equivalently
P). The obtained synthesis conditions, that consider the results presented in
[17; 19], are given in the following theorem.

Theorem 5.1.3 (SF-CQLF?*) Consider the NCS model (5.3), (5.2) and its
discrete-time NCS description (5.4), (5.2), both parameterized by the time-
varying delays T € [Tmin, Tmax)s With 0 < Timin < Tmax < h. Moreover, consider
the equivalent representation of (5.4) that is based on the Jordan form of the
continuous-time system matrix A, given by (4.5). Consider the set of matrices
Hrq as defined in (4.12).

If there exist a symmetric matrix Y € RTm)x(+m) - g matrix Z € RM*",
X 0 with X1 € R™" Xy € R™*" X3 € R™*™ and a
Xo X3
scalar 0 <y < 1 such that the following LMIs are satisfied:

a matrix X =

((1—7)1/ Hp;X —He; (Z 0)

. X+ xT _y ) > 0, V(Hp,j,HGJ‘) € Hra, (58)

j=1,2,...,2" and x defined such that the obtained LMI is symmetric, then
K = ZX[ "' gives a control gain that renders system (5.3), (5.2) GAS and
V(&) = EF P&, with P =Y ~1 is a Lyapunov function for (5.4), (5.2).

Proof The proof is analogous to the proof of Theorem 5.1.1, in combination
with a state-feedback controller instead of an extended state-feedback controller,
and the proof of Theorem 3 in [19]. There, it is used that the following two
conditions are equivalent to prove global asymptotic stability of a system, e.g.
(5.4), (5.1) (for a known controller):

(i) There exists a symmetric matrix P such that

P (Hr,; — Hg ;K)"'P _ .
<P(HF7j _ HG,jK) P > O,V(HFJ,HGJ) S Hpg,

and j =1,2,...,2".
(ii) There exists a symmetric matrix P and a matrix X such that

p (Hrj — He K)"XT o
(X(HF,_]’ _ HG,jK) X +XT _p > Oav(HF,];HG,]) S HFGa
and j =1,2,...,2".

In both cases, the Lyapunov function that is exploited to prove GAS of (5.4),
(5.1) (or equivalently for (5.2), with K = (K 0y,,n)) is given by V(&) =

& Péy..
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Based on a similar reasoning it is proven in [17; 19] that for GAS of (5.4),
(5.2), it is sufficient if there exists a symmetric matrix P and a matrix X such
that <XTH$7]-€ZTH£J H)I?ijTI‘I_G,]JDZ> > O,V<HF,j,HG,j) € Hrg, and
j = 1,2,...,2". Here, the controller is obtained from K = ZX ! and the
Lyapunov function is given by V(&) = &F P&,.. Note that for Theorem 5.1.3,
it is used that Z = (7 0) and X = (§1 )? ), such that K = ZX ! gives

2 3
indeed the state-feedback controller. Note that to determine K there is no
difference between using K = ZX; ! and K = (f 0) = (7 0) X1 due to
the specific shape of X.

To determine whether the use of a Lyapunov-Krasovskii (L-K) functional can
result in less conservative controller synthesis conditions for the state-feedback
controller (5.2) than Theorem 5.1.3, the candidate L-K functional of Chapter 4
will be considered in the next section. However, it is not expected that the
L-K functional results in less conservative results, because Theorem 5.1.3 has a
similar conservatism as the stability conditions based on the common quadratic
Lyapunov function in Theorem 4.3.1 that was slightly less conservative than the
approach based on the L-K functional, as presented in Theorem 4.3.2.

Before exploiting the synthesis conditions based on the L-K functional, the
transient performance of the system including the controller designs as can be
derived with the previous theorems will be discussed.

Transient performance To obtain a performance measure of the derived
controller in terms of the transient behavior of the closed-loop system, the
convergence bound based on the obtained matrix P = Y ! and the corre-
sponding value v can be obtained!. Recall that, if the conditions of Theo-
rems 5.1.1 or 5.1.3 are satisfied, then (4.11) holds; i.e. it holds that AV (&) :=
V(&kt1) — V(&) < =7V (&). We adopt the notation [&;|% = [¢] P&x|. Using
the fact that Apin (P)|&k|? < €% < Amax(P)|&|? and |zx|? < ||CxP*%||2|§k|§3,
with C,, obtained from x; = C,&k, we can derive a lower bound for the transient
decay rate of the discrete-time state xj as:

k2 < (1= )P CoP 2 |260]2 < (1= N |CoP ™ 2 [P Amax(P) &>, (5.9)

It is obvious that the lower bound on the decay rate depends both on P and
7. An optimization algorithm that derives a control gain K (or K according
to (5.5) ((5.7), or (5.8)), with the optimum decay rate (i.e. the largest possible
value of 7) as defined in (5.9), results in a control design tool that combines
stability and transient performance (settling-time) in the face of time-varying
delays 7 € [Tmin, Tmax|-

o—1
Yy

0
a state-feedback controller.

INote that P = < YO’1> needs to be applied if Corollary 5.1.2 is applied to derive
2
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5.1.2 A Lyapunov-Krasovskii functional

To derive a controller synthesis approach for the state-feedback controller, us-
ing the candidate Lyapunov-Krasovskii (L-K) functional defined in (4.17) as
Vixe) =z, T Py, +:ck 1Rep—1+ (zp — x5 1)T T (x — xk—1), a slightly different
approach is followed. In Chapter 4, this candidate Lyapunov function was used
to determine stability of (5.3), (5.2). Recall that in this candidate Lyapunov
function the matrices P, R, and T are chosen to be positive definite, similar to
Theorem 4.3.2. Moreover, the discrete-time NCS description of (5.3) is given
by (4.19):

_ h—j As _ h As ¥7a
Xk“:(e i f dsBK fh_m% dsBK) o (5.10)

with x = (2} xz_l)T. Let us now introduce an additional equation that is
used to derive the controller synthesis conditions. This function is used as a
relaxation function and is needed to obtain LMIs instead of nonlinear matrix
inequalities, as will be shown in the proof of Theorem 5.1.4 in Appendix A.11.

Uy (g, 2r—1) = 2 (:Ele + :cg_lNg) ((xg — 2k—1) — (2 —25—1)) = 0. (5.11)

In Theorem 5.1.4 sufficient conditions are proposed that characterize a sta-
bilizing state-feedback controller for (5.3), (5.2), based on the candidate L-K
functional (4.17) in combination with the additional function ¥;.

Theorem 5.1.4 (SF-LK) Consider the NCS of (5.3), (5.2) and its discrete-
time representation (5.10), (5.2), both parameterized by 7 € [Tmin, Tmax), 0 <
Tmin < Tmax < h. Moreover, consider the equivalent representation based on
the Jordan form of the continuous-time system matrix A, defined in (4.22), and
the set of matrices H as defined in (4. 23) If there exist symmetric positive
definite matrices Y € R7x™, R € RM*m, N1 € Rx", N2 € R™ "™ a matrix
Z € R™*" and scalars 0 < v < 1, #; > 0 that satisfy:

(1—4)YY —R—N, —NT * * ok *
NIT—NQ (1—7)R+N2+N2T * % *
Qlff ~HE 7 ~H} . Z Y x| >0,
Y —HE ,Z-Y ~H} 2 0 6,Y x
ﬁelw ﬁeﬂg 0 0 6,Y
(5.12)

for all (Hg, ;, HE ;) € Hig, j = 1,2,...,2", then the controller (5.2), with the

controller gain matrix K = ZY ~! renders system (5.3) GAS. Moreover, (4.17)
is a Lyapunov function for (5. 10) (5.2), with parameters that can be retrieved
fromY := P~', R:= P"'RP~', N, := P"'N,P~!, Ny := PN, P~ K =
ZY~Y and T~1:= 6, P!,

Proof The proof of Theorem 5.1.4 is given in Appendix A.11. O
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It should be noted that once §; and v are chosen, (5.12) is a LMI. Moreover,
compared to the stability analysis conditions in Theorem 4.3.2, a relation be-
tween the matrices T and P (T := %]5) is introduced to obtain LMI conditions.
This will result in additional conservatism compared to Theorem 4.3.2. More-
over, due to this imposed structure, Theorem 5.1.4 will be more conservative
than Theorem 5.1.3 (SF-CQLF™*), especially if the same state vector (xj) is

considered.

Transient performance The performance in terms of the transient decay
rate can be obtained analogous to (5.9), if & is replaced by xo and if P is
P+T T
-T R+T
functional. Then, it holds that

replaced by Prr = ) to account for the used candidate L-K

zk? < (1= 7)*ICaPrr 2 PIx0 %, (5.13)
with |X0|?3? = X& PrrXx0- Note that, compared to (5.9), the matrix C,. has to

be adapted, such that it corresponds to the dimension of yg, i.e. xx = Cyxk,
with C, € R"*2n,

5.2 Variable sampling intervals, large delays,
and packet dropouts

In this section, the previously derived controller synthesis approaches are ex-
tended, such that they are applicable for systems with variations in the sam-
pling interval, time-varying delays larger than the sampling interval, and packet
dropouts. Recall that in the case of time-varying sampling intervals, the sam-
pling instants sy are defined according to (3.19):

k—1
sk=> hi Vk>1,  s0=0.

1=0

The possible sequences of sampling instants, delays, and packet dropouts are
denoted by o € S, with S defined in (3.20) as:

S = {{(Svalwmk)}’kEN . hmin S Sk+1 — Sk S hmaX7 Tmin S Tk S Tmax

k
m, <6,Vk €N },
v=k—0
(5.14)
and ¢ the maximum number of subsequent packet dropouts. Recall, from Chap-
ter 3, that the continuous-time NCS model for delays larger than the sampling

interval, packet dropouts, and time-varying sampling intervals is described by
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(3.12):
z(t) = Axz(t) + Bu*(t)
5.15
ut) = Calt), 19
where the controller is defined according to (3.21):
u*(t) = u, for t € [sk+t§,sk +t?+1), (5.16)
with ¢¥ defined in (3.22) as:
k—1
t;? = mmin { max{0, 7; — Z hi} + mjhmax,
=
Th1
maX{O, Tj—i—l - Z hl} + mj—i—lhmax7 ey (517)
I=j+1
k—1
max{0, Tp—q — Z hi} + mi—ghmax, hk}a
I=k—d

and th <tk | jelk—d—06,k—d—0+1,....k—d].
5.2.1 A common quadratic Lyapunov function based on

the extended state vector

In this section, constructive conditions are presented for state-feedback con-
trollers (5.2) and for extended state-feedback controllers of the form (4.29):

U = 7K€k = 7?1]9 — Kluk,1 - Kguk,Q e KEJrgukiaig, (518)

with K € Rm*(d+o)mdn ' — [Tmax] and § the maximum number of subsequent
packet dropouts, analogous to Lemma 3.4.1. Similar to Theorem 5.1.1, in first
instance, the focus is on the use of the extended state-feedback controller. Then,
the structured control synthesis problem that occurs for the state-feedback con-
troller (5.2) is avoided. Recall that the control law (5.1), and therefore also
(5.18), is only applicable if Assumption 4.4.1 holds, which states that packet
dropouts and message rejection between the sensor and the controller do not
occur.

Analogous to the previous section, the discrete-time representation of (5.15)
is used to derive constructive conditions. Recall that this discrete-time model
is given by (3.24):

Cor1 = A(tF hy)& + B, hi)uy,
i 5.19
Yk = C&, (5.19)

where t¥ denotes the combination of all time-varying parameters, i.e. tF =
(152787@r Do t§7 d). Based on the same overapproximation procedure as ex-
ploited in Theorem 4.4.4, constructive LMI conditions for the design of a con-
troller that ensures the GAS of system (5.15), (5.16), (5.17), (5.18) are given in
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Theorem 5.2.1. Herein, a stability characterization using a common quadratic
Lyapunov function based on the extended state & is used.

Theorem 5.2.1 (ESF-CQLF) Consider the NCS model (5.15), (5.16), (5.17),
(5.18), and its discrete-time representation (5.19), for sequences of sampling
instants, delays, and packet dropouts o € S, with S as in (5.14). Consider the
equivalent representation (4.7) based on the Jordan form of A and the set of
matrices Hpq defined in (4.35).

If there exist a symmetric matrix Y € R d+0)m)x(n+(d+d)m) =g matrix
Z € Rmx(nt(d+0)m) “and a scalar 0 < < 1 that satisfy

(1-7Y  YHE; - Z"HE, o
(HFJY —Hg ;7 Y >0,Y(Hrj,Hgj) € Hra,  (5.20)
and j = 1,2,...,2%, then & = 0 is a GAS equilibrium point of the closed-loop
NCS (5.15), (5.16), (5.17), (5.18) with K = ZY~'. Moreover, the function
V(&) = &F P&, with P =Y ™', is a Lyapunov function for the discrete-time
NCS (5.19), (5.18).

Proof The proof is similar to the proof of Theorem 5.1.1 0

For the state-feedback controller, similar to the small delay case, struc-
ture in the matrix Y and Z is needed. A possible structure is to use Y =
diag(Yo,...,Yy,5) and Z = (Z O(EJFg)m’(ngg)m) instead of Y and Z as defined
in Theorem 5.2.1. Note that the Lyapunov function is in this case given by
V(&) = &L P&y, with P = diag(Yy ... ,YE;%).

Analogous to the small delay case, the use of the approach in [17; 19], avoids
requiring a particular structure in the matrix Y (or P) as it is transferred into
a slack variable. The equivalent of Theorem 5.1.3 (SF-CQLF*) for time-varying
sampling intervals, large delays, and packet dropouts is given in the following
theorem.

Theorem 5.2.2 (SF-CQLF*) Consider the NCS model (5.15), (5.16), (5.17),
(5.2), and its discrete-time representation (5.19), (5.2) for sequences of sampling
instants, delays, and packet dropouts o € S, with S as in (5.14). Consider the
equivalent representation (4.7) based on the Jordan form of A and the set of
matrices Hpc defined in (4.35). o o

If there exist a symmetric matrix Y € R d+0)m)x(nt(d+d)m) =g matrix
7 € R, g matrix X = (0 Y with X, € R, X, € R@Omxn
Xo X3
Xy € RUAHOmx(d+o)m and g scalar 0 < v < 1 that satisfy

<(1 — "}/)Y HFJ'X - HGJ' (7 0)

N Yoty > >0, V(Hp;, He,j) € Hra,  (5.21)

and j =1,2,...,2¢, then z =0 is a GAS equilibrium point of the closed-loop
NCS (5.15), (5.16), (5.17), (5.2) with K = ZX;'. Moreover, the function
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V(&) = &L PE, with P =Y~ is a Lyapunov function for the discrete-time
NCS (5.19), (5.2), (5.2).

Proof The proof can be derived analogously to the proof of Theorem 5.1.3,
which is based on the proof of Theorem 3 in [19]. O

The synthesis conditions based on the L-K functional can be derived analo-
gously to the small delay case in Theorem 5.1.4 (SF-LK). However, the results
are not discussed here, because, based on the restrictions on the structure, as
used in Theorem 5.1.4 and based on Lemma 4.3.4 it is to be expected that the re-
sults will be more conservative than the results of Theorem 5.2.2 (SF-CQLF*).
The illustrative examples, in Section 5.3, will reveal this observation on the
conservatism. For the sake of completeness, the LMI conditions for the L-K
functional for time-varying delays, time-varying sampling intervals and packet
dropouts are given in Appendix C.

Transient performance The performance measure in terms of the transient
decay rate, as described in (5.9), holds if the matrix C, is adapted to the

.. . T T T T - .
new definition of &, with & = (:Uk Up_ g o-- uk_3_3> and d defined in
Lemma 3.4.1.

5.3 Illustrative examples

To illustrate the applicability of the proposed controller synthesis conditions
and to make a comparison between the different approaches, the obtained con-
troller synthesis conditions are applied to the motor-roller example, as has been
considered in Chapter 4. In this example, a motor drives a roller that is used
to transport a sheet of paper through the paper path of an industrial printer
(see also the schematic overview of the motor and roller in Figure 4.1). For
the sake of simplicity, the system does not follow a prescribed trajectory, but
has to move towards zero, i.e. the reference trajectory is assumed to be equal
to zero. Such a simplification allows to study the stability of the controllers
that are obtained from the different presented controller synthesis conditions in
this chapter. Note that in Chapter 6, the tracking problem of this motor-roller
system, where the reference signal may be unequal to zero, is studied.

Moreover, a fourth-order motion control example is considered to show the
usefulness of the control design approach for more complex systems. This system
consists of two rotating discs that are coupled via a spring and a damper. Only
one disc is actuated, while, for both discs, the position and the velocity are
measured.

In both the second-order and the fourth-order example, the performance in
terms of the predicted transient decay rate is compared to the transient decay
rate obtained with simulations.
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Table 5.1: Obtained controllers for Theorem 5.1.1 (ESF-CQLF) and 5.1.2 (SF-

CQLF) for different values of v and Tiax for h = lms.

Y | Tmax K (Theorem 5.1.1) K (Corollary 5.1.2)

0 | 0.4h | (0.041 0.264 —0.030) (0.034 0.191)

0 | 0.6n | (0.039 0.255 —0.029) | (0.0003 0.004)

0 | h | (0.041 0263 —0.036)

0.01 | 0.4h | (3.715 0.578 —0.005 (13.716  1.681)
(
(
(

0.01 | 0.49h | (3.724 0.573 —0.004) | (80.989 11.321)
0.01| h (4.716  0.617 0.008) -
0.1 | 0.4h | (197.892 2.829 0.267) | (403.624 6.845)
0.1 | 0.44h | (197.175 2.825 0.273) | (619.878 11.604)
01| h (165.030 2.52  0.306) -

5.3.1 DMotor-roller example

For the sake of comparison, the different proposed controller synthesis methods
are used to construct stabilizing controllers, using LMITOOL. First, the small
delay case is considered. The results for several maximum delays Tmax, with
Tmin = 0 and Tyax < h and several values of v for Theorem 5.1.1 (ESF-CQLF)
and Corollary 5.1.2 (SF-CQLF) are given in Table 5.1. Here, the maximum de-
lay for which Corollary 5.1.2 gives a stabilizing controller is given for different
values of 7. For Theorem 5.1.1, stabilizing controllers are derived for all delays
up to the sampling interval, as is given in Table 5.1. Then, from the number
of cases for which a stabilizing controller is derived, it can be concluded that
the results of Theorem 5.1.1 (ESF-CQLF) are less conservative than those of
Theorem 5.1.2 (SF-CQLF), which was expected, due to the structure used in
the Lyapunov function in the latter case. In Table 5.2 some stabilizing con-
trollers obtained from Theorem 5.1.3 (SF-CQLEF*) are given. It is obvious, by
comparing Tables 5.1 and 5.2 that the avoidance of the demands on the struc-
ture of the P-matrix, as proposed in Theorem 5.1.3, results in less conservative
results than Corollary 5.1.2, where the structure on the P-matrix was needed.
The difference between the use of Theorems 5.1.1 (ESF-CQLF) and 5.1.3 (SF-
CQLF*) cannot be determined based on the presented results. Moreover, in
Table 5.2, some stabilizing controllers obtained from Theorem 5.1.4 (SF-LK),
including the value of the parameter 61, are given. Here, the maximum value of
Tmax, IN combination with ~, for which a stabilizing controller can be obtained
is included (e.g. for v = 0, only for Tmax < 0.99h and for v = 0.1 only for
Tmax < 0.81h a stabilizing controller can be obtained). Based on these results,
it can be seen that the use of the L-K functional results in more conservative
results than the use of the common quadratic Lyapunov function without de-
mands on the structure of the P-matrix, because for increasing demands on the
transient response (an increase of the parameter v) Theorem 5.1.4 (SF-LK) is
not able to find a stabilizing controller, while Theorem 5.1.3 (SF-CQLF*) still
finds one. Some difference in conservatism between Theorems 5.1.3 and 5.1.4
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Table 5.2: Obtained controllers for Theorems 5.1.3 (SF-CQLF*) and 5.1.4 (SF-
LK) for different values of vy and Tiax for h = lms.

% | Tmax | K (Theorem 5.1.3) || K (Theorem 5.1.4) | 6
0 | 0.4h (0.045 0.280) (0.891 4.307) 1
0 | 0.4h 0.045 0.280 (2.812 6.985 10
0 | 04h §0.045 0.280% (4.711 7.878 20
0 | 0.99h §0.041 0.252 (0.939 2.931) 1
0 h 0.412  0.252 - 1
0.01 | 0.4h 3.419 0.577 42.466 5.927) | 1
0.01 | 0.98h §3.200 0.5253 §28.522 5.002) | 1
0.01| h (3.221 0.527) - 1
0.1 | 0.4h | (196.366 2.598 (329.252 5.252) | 1
0.1 | 0.81h | (171.015 2.338 (286.395 5.328) | 1
0.1 h (156.703 2.188) - 1

is indeed expected, because in the latter theorem, the matrix 7" cannot be cho-
sen independently of P, due to the assumption that 7-! = 6, P~1 (which was
needed to obtain LMI conditions). Note that the results of Theorem 5.1.4 (SF-
LK) are slightly better than those obtained with Corollary 5.1.2 (SF-CQLF),
where a specific structure on the P-matrix is needed. Finally, from the last two
columns of Table 5.2 it is concluded that for #; many possible values exist (in
Theorem 5.1.4). Here, the choice of #; is made based on trial and error. It
can be seen that the choice of #; has an influence on the obtained controller,
although it is hard to provide a systematic procedure for how to select 6. This
is another disadvantage of Theorem 5.1.4 (SF-LK).

The applicability of Theorems 5.2.1 (ESF-CQLF) and 5.2.2 (SF-CQLF*) for
systems with time-delays larger than the sampling interval is studied using the
results depicted in Table 5.3. Note that the equivalent of Theorem 5.1.4 (SF-
LK) for large delays, as given in Appendix C, does not give feasible solutions,
as was expected, because for 7 = h in Table 5.2 no feasible solution was found.
In Table 5.3, it is assumed that there are no packet dropouts, i.e. & = 0, and
that the sampling interval is constant (h = 1ms). Note that, due to the sim-
ilarity between packet dropouts and delays, it holds that e.g Tax = 1.2h and
& = 0 can be replaced by Tax = 0.2k and 6 = 1. Clearly, Theorems 5.2.1
and 5.2.2 are applicable for delays larger than the sampling interval. However,
Theorem 5.2.2 (SF-CQLF*) gives less freedom in the controller design which
results in the fact that for 7. = 2h and v = 0.1 no stabilizing controller is
found, while using Theorem 5.2.1 (ESF-CQLF) we still find a stabilizing con-
troller. Note that for this specific example a large value of v was considered.
For smaller values of v both theorems obtain stabilizing controllers. Although
Theorem 5.2.1 (ESF-CQLF) is applicable for a slightly larger range of delays,
one limitation has to be considered, because it is only applicable if Assump-
tion 4.4.1 holds. This limits the applicability for NCSs with, firstly, large delays
if message rejection between the sensor and controller needs to be taken into
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Table 5.3: Obtained controllers for Theorems 5.2.1 (ESF-CQLF) and 5.2.2 (SF-
CQLF¥*) for different values of v and Ty for h = 1ms.

Y | Tmax K (Theorem 5.2.1) K (Theorem 5.2.2)
0 | 1.2h (0.014 0.181 —0.007 0.001) 0.011 0.147)

0 | 14h (0.014 0.188 —0.009 0.005) éo.on 0.152)

0 | 2h (0.012° 0.229 —0.028 0.023) 0.010 0.184

0.01 | 1.2h (15.499 1.672 0.393 0.270) 9.446 1.013

0.01 | 1.4h (15.147 1.641 0.397 0.297 9.687 1.037)

0.01 | 2h (15.802 1.699 0.387 0.242 8.658 0.937)

0.1 | 1.2h (146.322 2.519 0.395 0.143) (96.050 1.641)
0.1 | 14h 158.951 2.724 0.436 0.193 (86.867 1.541)
0.1 | 2h 159.036 2.836 0.460 0.313 -

0.05 | 2.8k | (42.231 1.446 0.209 0.224 0.142) | (19.432 0.741)

account, and secondly, packet dropouts, because in general, it is expected that
the occurrence of packet dropouts in the network between the controller and ac-
tuator and between the sensor and controller is similar (hence, packet dropouts
between the sensor and controller may occur). Note that this assumption is not
necessary for the state-feedback controller for which Theorem 5.1.3 (SF-CQLF*)
holds, which is applicable for packet dropouts and message rejection occurring
anywhere in the network.

In the previous examples, it was assumed that the sampling interval was
constant. Next, some examples with a time-varying sampling interval will be
described. First, consider system (4.1) without delays. Then, the extended
state vector &, does not contain past control inputs, i.e. £, = zj, because the
only control input that can be active in the sampling interval sk, sg4+1) is given
by ur. Therefore, the structured control synthesis problem does not occur if
Theorem 5.2.1 is used to design a state-feedback controller. However, Theo-
rems 5.2.1 (ESF-CQLF) and 5.2.2 (SF-CQLF*) will not give the same results,
because only one feasible controller is obtained when solving the controller syn-
thesis LMIs, while many stabilizing controllers exist. For the sake of brevity,
the L-K functionals are not used here, because the past control inputs (or past
states) are not part of the system description itself, which makes the use of
L-K functionals unnecessary (and leads to too complex LMIs). For different
values of Amin, hmax, and 7, the stabilizing controllers obtained from both com-
mon quadratic Lyapunov based theorems are given in Table 5.4. Note that for
increasing values of v, the controller gains increase rapidly.

If variation in the delay is added, the state vector & contains past control
inputs. Therefore, Theorem 5.2.1 (ESF-CQLF) is used to design an extended
state-feedback controller and Theorems 5.2.2 (SF-CQLF*) and C.0.1 (SF-LK)
are used to design a state-feedback controller. Some results are given in Ta-
ble 5.5 for h € [0.8,1.2]ms and 7 € [0.08,0.72Jms. For v = 0.05, Theo-
rem C.0.1 (SF-LK) does not give a feasible solution, while Theorems 5.2.1 (ESF-
CQLF) and 5.2.2 (SF-CQLF*) still give a stabilizing controller. This shows that,
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Table 5.4: Obtained controllers for Theorems 5.2.1 (ESF-CQLF) and 5.2.2 (SF-
CQLF*) for different values of v, variable sampling intervals, and no delays.

Y | hmin (ms] | hmax [ms] | K (Theorem 5.2.1) | K (Theorem 5.2.2) |
002 1.0 10.0 (2275 0.89) (1957 0.88)
0.02] 08 1.2 (39.46  6.36) (101.20 7.57)
0.08 0.8 1.2 (767.06  10.8) (573.72 8.07)
0.2 0.8 1.2 (2090.00 11.52) | (1427.26 8.50)

Table 5.5: Obtained controllers for Theorems 5.2.1 (ESF-CQLF), 5.2.2 (SF-
CQLF*), and C.0.1(SF-LK) for different values of v, with h € [0.8,1.2]ms
and T € [0.08,0.72]ms.

v | K (Theorem 5.2.1) | K (Theorem 5.2.2) | K (Theorem C.0.1) | 6;
0.01 | (10.66 1.13 0.12) (776 0.89) (40.47 5.42) 2
0.02 | (17.07 1.07 0.07 (1121 0.79) (72.36 4.94) 2
0.03 | (21.34 1.01 0.05 (15.81 0.81) - 2
0.03 §21.34 1.01 0.05§ (15.81 0.81 (150.89  6.76) 5
0.05 | (33.56 1.07 0.04 (28.33 0.91 - -

analogous to the case with constant sampling intervals, Theorems 5.2.1 (ESF-
CQLF) and 5.2.2 (SF-CQLF*) are less conservative and therefore applicable for
a larger range of delays than Theorem C.0.1 (SF-LK). Moreover, analogous to
the small delay case with constant sampling intervals, the choice of the param-
eter #; has an influence on the stabilizing controller and a suboptimal choice
may even result in the fact that no stabilizing controller is found, while for other
values of 6, a stabilizing controller is obtained, see v = 0.03 in Table 5.5. We
note that, for time-varying delays and sampling intervals, Theorem C.0.1 (SF-
LK) gives a feasible solution if the following configuration is used: Tmin = 0,
Tmax = 0.98Amin, Amin = 0.8mS, Apax = 1.2ms and v = 0. The obtained con-
troller is given by K = (1.53 3.46). This means that adding variation in the
sampling interval leads to a slightly smaller value of 7,.x for which a stabilizing
state-feedback controller can be designed, compared to the constant sampling
interval case, see the results in Table 5.2. Therefore, the additional variables,
which are introduced to describe the variation in the sampling interval, do not
result in more conservatism, compared to the constant sampling interval case.
It is clear that for increasing values of the parameter v, it is more diffi-
cult to design a stabilizing controller. Moreover, a larger value of v results in
larger controller gains. The next paragraph will give examples to determine the
usefulness of the parameter v to predict the transient decay rate of the NCS.

Transient performance analysis In this paragraph, the prediction of the
transient decay rate for the different controller synthesis conditions is used,
based on a comparison with the obtained value of v based on Theorems 5.1.1
(ESF-CQLF) and 5.1.4 (SF-LK) for the small delay case and Theorem 5.2.1
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(ESF-CQLF) for the large delay case. Corollary 5.1.2 is not considered here, be-
cause its applicability is rather limited as concluded in the previous paragraph.
For the sake of brevity, Theorem 5.1.3 (SF-CQLF*) and 5.2.2 (SF-CQLF*) are
not considered. However, their results will be comparable to the results pre-
sented in the remaining of this paragraph.

First, the transient decay rate obtained from Theorems 5.1.1 (ESF-CQLF)
and 5.2.1 (ESF-CQLF) and (5.9) is investigated. To show the applicability for
delays larger than the sampling interval and packet dropouts, controllers are
designed that guarantee stability for Tmin = 0, Tmax = 0.8h, and § = 2, for the
constant sampling intervals h = 0.01s and A = 0.001s. For the sampling interval
h =0.01lsand v = 0.1, the controller K = (2.137 0.326 0.067 0.180 0.159)
is obtained using the LMI conditions (5.5) and Theorem 5.2.1. The corre-
sponding time-response of the position signal is depicted in the upper plot of

Figure 5.1 for the initial condition & = (1 0 0 O O)T. To obtain this
response, a randomly time-varying delay is chosen (see the second plot in Fig-
ure 5.1) and the moment of packet dropout is determined in a random fashion,
but it is guaranteed that at maximum 0 subsequent packet dropouts occur.
The occurrence of the packet dropouts is depicted by means of my, see (3.11),
in the lower plot of Figure 5.1. For h = 0.001s and v = 0.05, the controller
K = (42.231 1.446 0.209 0.224 0.142) is obtained, using the LMI con-
ditions in Theorem 5.2.1. Note that this controller is equal to the last con-
troller in Table 5.3, due to the fact that the same controller can be applied as
long as Tmax + 0 = constant, as was concluded in Remark 4.4.6 in Chapter 4.
The corresponding time-response, the delays, and the values of my, denoting
whether a packet is lost or not, are depicted in Figure 5.2 for the initial con-

dition & = (1 0 0 0 O)T. The analytical transient decay rate of both
controllers, based on (1 — ) according to (5.9), is given by the dashed lines in
the figures. Note that for a fast transient decay rate, the value of 1 —~, which we
will denote as the optimum transient decay rate, should be small. Figures 5.1
and 5.2 show that the analytical transient decay rate is not an overly conserva-
tive estimate of the transient decay rate of the time-response itself. To obtain
an improved understanding of the accuracy of the prediction of the analytical
transient decay rate, the optimum decay rate, i.e. the smallest value of 1 — ~,
for which Theorem 5.1.1 (ESF-CQLF) gives a feasible solution, i.e. a controller
design, and the transient decay rate based on simulations of (4.1), (5.18), in
combination with the designed controller are compared in Figure 5.3 for time-
delays smaller than the constant sampling interval and no packet dropouts. This
shows that the analytical transient decay rate (1 —-y) has a slightly larger value,
i.e. a slightly slower time-response, than the transient decay rate based on sim-
ulations of the time-response of (4.1), (5.18), but the prediction is sufficiently
accurate to use it for controller design. Indeed, (5.9) gives a lower bound on
the transient decay rate of the system, which means that the transient response
of the system is at least equally fast or faster than the analytically obtained
bound on the response.

For Theorem 5.1.4 (SF-LK) the transient decay rate is obtained in a similar
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Figure 5.1: Time-response (solid line) of (4.1) and lower bound for transient
decay rate (dashed line) obtained from (5.20) (ESF-CQLF) and (5.9), with time-
gelays and packet dropouts, for h = 0.01s, v = 0.1, Timin = 0, Tmax = 0.8h, and
0 =2.

fashion. An example that shows a comparison between the analytical transient
decay rate based on (5.13) and the transient response obtained from simula-
tions of (4.1), (5.2) is given in Figure 5.4. The solid line in the upper plot of
Figure 5.4 depicts the time-response of (4.1), (5.2) for 7, € [0,0.6h], with the
controller K = (293.121 3.598) obtained with Theorem 5.1.4 and the initial

condition xog = (0.1 0 0.1 O)T. Here, v = 0.15 is used in combination with
01 = 5. The dashed line depicts the analytical transient decay rate based on
(5.13). The lower plot gives the time-delay during the simulations. Figure 5.4
shows that the bound on the transient response based on (5.13) is not overly
conservative compared to the time-response of system (4.1), (5.2). Similar to
Figure 5.3, Figure 5.5 depicts a comparison between the optimum decay rate,
i.e. the smallest value of 1 —y, for which Theorem 5.1.4 gives a feasible solution
and the transient decay rate obtained from the time-response of (4.1), (5.2). For
Theorem 5.1.4 (SF-LK) the parameter ¢; = 5 is considered. Figure 5.5 shows
that the predicted analytical transient decay rate 1 —~ is a useful estimation of
the practical transient decay rate that is based on the simulations. Again, the
transient decay rate, based on the simulations, is slightly smaller, i.e. the tran-
sient response is slightly faster, than the analytical transient decay rate 1 — =,
with v obtained from Theorem C.0.1 (SF-LK) in Appendix C.

Summarizing, relations (5.9) and (5.13) are useful to predict the transient de-
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Figure 5.2: Time-response of (4.1) (solid line) and lower bound for transient
decay rate (dashed line) obtained from (5.20) (ESF-CQLF) and (5.9), with time-
delays and packet dropouts, for h = 0.001s, v = 0.05, Tmin = 0, Tmax = 0.8h,
and 0 = 2.
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Figure 5.3: Comparison of the transient decay rate of controllers obtained with
Theorem 5.1.1 (ESF-CQLF), (5.9) and based on simulations of (4.1), (5.18)
(with h = 1ms).
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Figure 5.4: Time-response (solid line) of system 4.1 and lower bound of transient
decay rate (dashed line) obtained from (5.12) (SF-LK) and (5.13), for time-
varying delays, with Tyin = 0, Tmax = 0.6h, v = 0.15, 61 = 5, and h = lms.
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Figure 5.5: Comparison of the transient decay rate of controllers obtained with
Theorem 5.1.4 (SF-LK) and based on simulations of (4.1) (with h = 1ms).

cay rate of the NCS. Moreover, solving Theorems 5.1.1 (ESF-CQLF), 5.1.2 (SF-
CQLF), 5.1.3 (SF-CQLF*), or 5.1.4 (SF-LK) for the small delay case, or Theo-
rems 5.2.1 (ESF-CQLF), 5.2.2 (SF-CQLF*), or C.0.1 (SF-LK) for the case with
time-varying delays, packet dropouts and/or time-varying sampling intervals,
for a maximum value of v is useful to design a controller that, firstly, guaran-
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Figure 5.6: Schematic overview of the spring-damper model [22].

tees stability for time-varying delays and packet dropouts and, secondly, has
an optimal time-response in terms of the transient decay rate. Note that, in
general, the maximum value of « will result in infinite controller gains, there-
fore an extension to optimal control (see e.g. [60; 64; 84; 85; 97; 121], and the
overview papers [35; 77; 96]), where the control input is accounted for as well,
is recommended.

5.3.2 Fourth-order motion control system

To show the applicability of the presented results to more complex systems,
the controller synthesis approach of Theorems 5.1.1 (ESF-CQLF, small delays),
5.2.1 (ESF-CQLF, large delays) and 5.2.2 (SF-CQLF*, large delays) are applied
to a fourth-order model, obtained from [22] describing two rotating discs that are
coupled via a spring and a damper. A schematic overview is given in Figure 5.6.
The state-space model is given by:

0 1 0 0 0
_E o_p kb 0
R — 2 2 2 2
&= Ax+ Bu= N 5 h Tzt o |® (5.22)
K bk b 1
Jl Jl Jl Jl Jl

with & = (92 0, 6, él)T, the state vector, u the control input, that is equal
to the control torque T,, J; = lkgm?, Jo = 0.1kgm?, the inertias of the discs
around their respective centers, k = 0.091N/m the torsional spring stiffness,
and b = 0.0036Ns/m the torsional damping coefficient. The output data of
the system is obtained based on a constant sampling interval. Moreover, it is
assumed that packet dropouts do not occur. The eigenvalues of the matrix A
in (5.22) are A1 2 = 0 and A3 4 = —0.0198 £1.0003:. Therefore, the Real Jordan
form, as described in Appendix B, is applied to rewrite the NCS in the form of
(4.5) or (4.6).

For a constant sampling interval of h = 2ms, v = 0.01, and 71, € [0, h], we
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Figure 5.7: Time-responses of (5.22), (5.18), (5.23) for Tmin = 0, Tmax = h,
0 =0, and h = 2ms.

obtain the stabilizing controller (5.1), with
K = (118.279 113.887 31.348 5.141 f0.706) , (5.23)

based on Theorem 5.1.1. The corresponding time-response is depicted in the
upper plot of Figure 5.7 for the initial condition zy = (0.5 0.5 0.1 O)T and
u—1 = 0. This shows that the system is indeed stable. The variation in the
delays is depicted in the lower plot of this figure.

For the large delay case, with 7, € [0,1.4h] and h = 2ms, the value ~ has
to be decreased to 0.001 to obtain a feasible solution based on Theorem 5.2.1,
with hy := h and & := 0. The extended state-feedback controller (5.18), with
d =2 and

K= (-1346 0.768 2.784 2.792 0.299 0.133), (5.24)

stabilizes system (5.22) for delays 7, € [0,1.4h]. The corresponding time-
response is depicted in the upper plot of Figure 5.8 for the initial condition
To = (0.5 0.5 0.1 O)T, u—1 =0, and u_s = 0. The corresponding variation
in the delays is depicted in the lower plot. Here, for the sake of simplicity,
the delay is only implemented between the controller and the actuator, thereby
avoiding the possibility of message rejection between the sensor and the con-
troller. The system is stable, but the transient decay rate is smaller than in the
upper plot of Figure 5.7, which corresponds to the decrease of the parameter
from 0.01 for the small delay case to 0.001 for this large delay case.
Analogously, for the state-feedback controller with 7, € [0,1.4h], h = 2ms
and v = 0.001 a feasible solution based on Theorem 5.2.2, with hy := h and



5.4. Discussion 91

Figure 5.8: Time-responses of (5.22), (5.18), (5.24) for Tyin = 0, Tmax = 1.4h,
6 =0, and h = 2ms.

0 := 0, is obtained. The state-feedback controller (5.2), with d = 2 and
K =(—1.008 0678 2139 2.042), (5.25)
stabilizes system (5.22) for delays 74, € [0,1.4h).

5.4 Discussion

To solve the controller synthesis problem, we have proposed different types
of control laws: an extended state-feedback controller that considers both the
state and past control inputs as feedback variable and a state-feedback con-
troller. Different candidate Lyapunov functions are used to study the stability
of the resulting closed-loop systems. For the extended state-feedback controller
a candidate common quadratic Lyapunov function that is parameterized by a
single unknown matrix P with its dimension equal to the extended state vector
&, can be used. For the presented motion control examples feasible solutions
and thus stabilizing controllers are obtained, both for the small delay case and
the large delay case with and without packet dropouts. Note that for the state-
feedback controller, the same approach, with a common quadratic Lyapunov
function with a single unknown matrix P, results in a structured control syn-
thesis problem. However, an improvement, based on the results of [17; 19] is
presented that avoids this structured control synthesis problem. The conser-
vatism of the obtained results is comparable to the conservatism in the case of
the extended state-feedback controller. The second approach to avoid the struc-
tured control synthesis problem for the state-feedback controller is the use of
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the candidate Lyapunov-Krasovskii (L-K) functional. However, here, additional
conservatism is introduced to obtain LMIs instead of BMIs, which are generally
more complicated to solve. Due to this additional conservatism, only feasible
solutions for the small delay case are obtained. Therefore, the conservatism of
the L-K approach is worse than the conservatism in the case of, firstly, the com-
mon quadratic Lyapunov function, based on the approach presented in [17; 19],
with the same state-feedback controller, or secondly, the common quadratic
Lyapunov function in combination with the extended state-feedback controller.
Note that the L-K functional gives in less conservative results than the use of
the common quadratic Lyapunov function that contains the structured control
synthesis problem.

In general, looking back at the different approaches for the state-feedback
controller, it is concluded that, analogous to Chapter 4, the L-K functional can
be rewritten as a common quadratic Lyapunov function, which can be used
in Sections 5.1.1 and 5.2.1. Compared to Corollary 5.1.2, that includes the
structured control synthesis problem, the L-K functional reduces the conser-
vatism. However, it is shown that this structured control synthesis problem can
be entirely avoided by exploiting the approach presented in [17; 19], as used
in Theorems 5.1.3 and 5.2.2, resulting in less conservative conditions for the
common quadratic Lyapunov function based on the extended state vector than
for the L-K functional.

The advantage of the extended state-feedback controller that contains the
control input history is the fact that the structured control synthesis problem
is avoided. This gives the possibility to use a common quadratic Lyapunov ap-
proach to solve the control synthesis problem, without adding additional terms
to the LMIs, as is the case in e.g. Theorem 5.1.3 (SF-CQLF*). Recall, from
Chapter 4, that this extended state-feedback controller is only applicable if
Assumption 4.4.1 (which states that message rejection and packet dropouts be-
tween the sensor and controller do not occur) is valid, which is a disadvantage
compared to the state-feedback controller that is always valid.

The lower bound on the transient decay rate, as provided by e.g. (5.9) or
(5.13), is a useful tool to predict the transient performance of the controlled
system. For the motor-roller example it is shown that this theoretical decay
rate, both for the extended state-feedback controller and the state-feedback
controller, is not extremely conservative. This is concluded based on a compar-
ison of the theoretical decay rate and the transient decay rate of the system, as
obtained from simulations. Optimization the LMI conditions with respect to
in the different controller synthesis conditions gives a controller that guarantees
stability in combination with the fastest transient decay rate. Note that, for
the stability conditions in Chapter 4, the use of the parameter v, results in the
same transient decay rate conditions. A disadvantage of optimizing + in the
stability or controller synthesis conditions is that the controller gains become
large. The use of optimal control strategies that consider both the transient
response as well as the control input, based on weighting functions, would be
useful to avoid unrealistically high control inputs.
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6.1 Small delays 6.3 Tracking control performance
6.2 Variable sampling 6.4 Illustrative examples
intervals, large delays, and 6.5 Discussion

packet dropouts

The previous chapters discussed the stability and stabilization of equilibria
for NCSs. In practical applications, it is often desired that the dynamical system
tracks a prescribed time-varying reference signal. Within the context of NCSs,
we study these tracking problems in this chapter, where we allow for the most
general case including time-varying delays, time-varying sampling intervals, and
packet dropouts. A typical tracking controller consists of a feedforward part,
which induces the desired solution, and a feedback part, which should induce
asymptotic stability of the desired solution. The uncertain, time-varying sam-
pling intervals, time-varying delays, and packet dropouts cause inexact feed-
forward, which induces a perturbation on the tracking error dynamics. As a
consequence, exact reference tracking can never be obtained. Therefore, we
consider an approximate tracking problem in terms of input-to-state stability
(ISS) of the tracking error dynamics with respect to this perturbation. We will
present sufficient conditions for ISS, which provide bounds on the steady-state
tracking error as a function of the plant properties, the control design, and the
network properties.

To study the tracking behavior of NCSs, a distinction is made between
the small delay case and the case with time-varying sampling intervals, packet
dropouts, and delays larger than the sampling interval. To present the sufficient
conditions for ISS for both cases, we illustrate the results by a mechanical
motion control example showing the effectiveness of the proposed strategy and
providing insight in the differences and commonalities between the modeling
approach considered in this thesis and the modeling approach based on delay
impulsive differential equations in [74], [111], where the tracking problem was
also considered.

The outline of the chapter is as follows. In Section 6.1 the tracking problem
for a NCS with time-varying delays smaller than the constant sampling interval

IThis chapter is based on [110] and [111] that consider time-varying sampling intervals
in combination with delays smaller than the sampling interval. In these papers, besides ISS
conditions based on the discrete-time NCS model as proposed in this thesis, ISS conditions
based on a model in terms of delay impulsive differential equations for NCSs are proposed in
relation to the tracking problem of NCSs.
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is described. In Section 6.2 the tracking problem for a NCS with time-varying
delays larger than the uncertain and time-varying sampling intervals and packet
dropouts is described. In Section 6.3, the tracking control performance, in
terms of an ultimate bound on the tracking error is described. In Section 6.4,
illustrative examples are presented and in Section 6.5 the obtained results are
summarized.

6.1 Small delays

In this section, the tracking problem for a NCS with time-varying delays smaller
than the constant sampling interval is studied. Recall that the NCS is described
by:

z(t) = Az(t)+ Bu*(t),
yt) = Cal) (6.1)
u*(t) = wuk, fort€ [sg+ Tk, Spt1 + Tht1)

with A € R™*" B € R"™ and C' € R"*", the system matrices, u*(t) € R™ the
continuous-time control input, x(t) € R™ the state at time ¢ € R, y(t) € R” the
output, s the sampling instants with s, := kh, k € N, uy, := u(si) € R™ the
discrete-time control input based on the measurement data at (sensor) sampling
instant sg, and 75 the time-varying delay. The feedback part of the controller
is based on (4.9), which is a state feedback controller uy = —Kxy. Of course,
(4.9) will be adapted to include the reference signal in the feedback law. The
extended state-feedback controller (4.8) (ur = —K¢) is not considered in this
chapter to avoid the limitations of Assumption 4.4.1 (i.e. no message rejection
and packet dropouts between the sensor and controller). To study the tracking
problem for the small delay case, firstly, the tracking problem and the tracking
controller are discussed in Section 6.1.1 and, secondly, certain ISS properties of
the tracking error dynamics are discussed in Section 6.1.2.

6.1.1 Tracking problem

To study the tracking problem of NCSs with delays smaller than the constant
sampling interval, the tracking control design, closed-loop system, and tracking
error dynamics are discussed, subsequently.

Tracking control design We want the system to asymptotically track a
desired trajectory x4(t). The proposed control law consists of a feedforward
part and a feedback part. To determine the feedforward signal, and the error
that is caused by the difference between the zero-order-hold implementation
of the feedforward signal and the ideal feedforward signal, the control signal
construction is studied in more detail. Here, we assume that there exists a
feedforward uff (¢) that induces the desired trajectory z4(t); in other words for
a given z4(t), there exists a feedforward u}/ (t) that satisfies

#(t) = Az(t) + Buf (t). (6.2)
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Additionally, we assume that z%(t) is at least C2, guaranteeing that u/f (¢) is at
least C', which we will need in Section 6.3.1. We propose the following tracking
control law for (6.1):

g (2, 2 (sk), ull (sx)) = ulf (s1) — K (z, — 2%(s1)) (6.3)

which consists of the superposition of a sampled feedforward component uff (sy,)
with a linear tracking error feedback component with feedback gain matrix
K € R™*". Due to the constant and known sampling interval, the controller
can compute the control law (6.3) at time s; + 77°. An alternative control law,
although not considered in this chapter, could be:

up = ull (s, + 7)) - K (zp — :cd(sk)) , (6.4)

if the delay 77¢ is known to the controller due to the use of time stamping of
the measurement data.
Clearly, the implemented continuous-time feedforward u/f(¢) in (6.1), (6.3)
is given by
u (t) = ull () fort € [sp + Th, ki1 + Thr1), (6.5)

and differs from the exact feedforward u/f(t) due to the zero-order-hold and
the delays. Therefore, the implemented feedforward is decomposed in an exact
feedforward part u// (t) and a feedforward error Au'’ (t):

uff (t) = uf (1) + AuT (1), (6.6)
where the feedforward error is simply defined by

Auf (t) = ulf (sp) —uff (t) fort € [sp + 7oy ski1 + Thi1)- (6.7)

Closed-loop system Applying the control law (6.3) to system (6.1) yields
the following closed-loop NCS dynamics:

i(t)=Ax(t)+ By (x5 — 2% (sx)) +Baufl (t)+ BoAu' (t), (6.8)

for t € [s, + Th, Skt1 + The1), and with By := —BK and B := B. The initial
condition z(0) := (z7(0) :ET(sfl))T for this system consists of both the initial
state at time so = 0, i.e. ©(0) = zg, and the hold state z(s_1) at time s_; < 0
due to the fact that in the time interval ¢ € [0, 7], the feedback part of the
control action is given by u_; = —K(x(s_1) —2%(s_1)). So, the network delays
cause the initial state to involve a past state.

Tracking error dynamics The tracking error e is defined by e = x — 2. By
combining (6.2) and (6.8), the continuous-time tracking error dynamics can be
formulated as follows:

é(t) = Ae(t) + Bre(sy) + BoAul (), for t € [sp + 7, 5641 + Thp1),  (6.9)
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with initial condition €(0) := (e”'(0) eT(s,l))T

As the exact tracking lim;_, o e(t) = 0 is almost impossible to obtain, due
to the presence of a nonzero Au'/(t), we consider the approximate tracking
problem. In approximate tracking, the aim is to ensure ultimate boundedness
of the tracking error, i.e. limy_. le(t)] < e, with [e(t)] = |2(t) — 2%(t)| and
some small € > 0. Some tracking error is to be expected in the NCS setting,
as the implemented feedforward signal u#f (¢) in (6.5) will never equal the exact
feedforward uf/ (t). The reasons for non-exact feedforward are, firstly, the fact
that the control signal (and therefore also the feedforward signal) will be passed
through a zero-order hold and, secondly, the fact that the network delays (in
particular the controller-to-actuator delay 75%) in general cause the feedforward
to be implemented too late. Thereby, a feedforward error Autt (t) is introduced.
However, as we will show in the next sections, for h — 0 and 7 — 0, the
feedforward error tends to zero, and therefore, the tracking error tends to zero
(i.e. ¢ — 0). In the next section, sufficient conditions for the input-to-state
stability (ISS) of the continuous-time tracking error dynamics (6.9) with respect
to the input Aulf (t) are proposed. The ISS property of the tracking error
dynamics will be used to guarantee that the controller solves an approximate
tracking problem.

Moreover, since such ISS properties of linear sampled-data systems with
time-varying delays are of interest in a wider context, we consider systems of
the form

2(t) = Az(t) + B1z(sk) + Baw(t) fort € [sk + Tk, Sk+1 + Tht1), (6.10)

with initial condition z(0) := (27(0) zT(s_l))T. Herein, the time-varying
input w(t) may be the feedforward error (as above). Alternatively, in the scope
of the disturbance rejection problem one may consider it to represent external
perturbations or, in the scope of the design of observer-based output-feedback
schemes, it may represent the observer error perturbing the closed-loop system
(where the ISS-property is shown to be instrumental in providing a separation
principle) [91] .

6.1.2 Input-to-state stability

In this section, sufficient conditions for the ISS of the continuous-time dynamics
of the form (6.10) with respect to the input w(¢) (including the continuous-time
tracking error dynamics (6.9)) are proposed. The approach followed in this
chapter is based on an analysis using a discrete-time NCS model. Another
approach, where the dynamics are analyzed using delay impulsive differential
equations is described in [110; 111}, and [74].

Analogous to Definition 2.2.4, we will call system (6.10) uniformly ISS if its
solutions satisfy

12(t)] < B(12(0)], ) +~( sup [w(s)]), (6.11)

0<s<t
with functions § € KL and v € K that are independent of the choice of the
delay 7, and z(0) := (27(0) zT(sfl))T, the initial condition of (6.10). Note
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that the term uniformly refers to the fact that ISS holds for the same functions
0 and ~ independent of the delay. We would like to have the ISS property for
any sequence of delays such that mnin < 7% < Tmax < b, Vk € N.

Under the assumption that 75, < h, Vk, the discretization of (6.10) at the
sampling instants s; gives the discrete-time system:

h*‘l’k h
gl = ez + / e dsByzy + / e*dsB1zp_1 + W, (6.12)
0 h

—Tk

where wy, = foh e Bow(h + s — s)ds. Since 7, < h, Vk, the extended state

for the system (6.12) is defined by vy, := (2} z,ffl)T, similar to xy in (4.20).
The discrete-time state-space model is then given by:

l/}kJrl = /I(h,’l‘k)l/}k + Bu‘)k, for m, € [TminaTmax];Tmax < h, (613)

with ¥y € RQn,

h—T s h s
A(Tk) — eAh + f() ’ eA dSBl fh*‘rk eA dSBl s B = I . (614)
1 0 0

Later, we will use that z; = C ¢y, with C, = (I O) being an n X 2n-matrix.
Similar to Chapters 4 and 5, the Jordan form of the continuous-time system
matrix A is considered in the analysis. The equivalent representation of (6.13),
(6.14) that is based on the Jordan form of the continuous-time system matrix
A is given by:

¢k+1 = F(Tk)wk + Bwk, for Tr € [Tmin, TIIlax]7Tmax < ha (615)

with F(r;) = Fo+ >, a; (1) F; and the matrices Fy, F;, i = 1,2,...,v, given
by:

Jo (Q@0Q1+QEOQIB1 Q@1Q131>
0 — I 0 )

6.16
o ( ZQ'B1 QI'y,,Q 'B ) (6.16)
v 0

)

0

with ©¢, Z¢, ©1, Z;, I'1;, ¢ = 1,2,...,v, defined in Appendix B.2 with B;
replaced by —BK. Note that, compared to Appendix B.2 and Theorem 4.3.1,
the matrices Gy and G;, i = 1,2,...,v, as used in (B.35) are equal to zero,
because their values are already included in Fy and F;, ¢+ = 1,2,...,v. The
matrices F'(7) in (6.15) form the set of matrices F

F = {F(Tk) Tk € [TminaTmax]}a (617)

analogously to (4.10).
Before the conditions for the ISS of system (6.10) are formulated, recall that
global asymptotic stability of the fixed point 1 = 0 of the discrete-time system
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(6.13), or equivalently (6.15), for the case that w; = 0, Vk can be guaranteed
based on the stability results obtained in Theorems 4.3.1, and 4.3.2. Note that
for the applicability of Theorems 4.3.1 for (6.13), we need that P € R27*2n
instead of P € R*+m)x(+m) and that the matrices Hr;, j € {1,2,...,2"},
are based on the matrices Fy and F;, i = 1,2, ..., v, defined in (6.16) and that
the matrices Hg ; are empty. Theorem 4.3.2 can be applied if the matrices
Hg . J € {1,2,...,2"}, are based on a partioning of the matrices Fy and F;,
i =1,2,...,v, defined in (6.16) and that the matrices Hg ; are empty. For
the sake of brevity, we consider in this chapter only the common quadratic
Lyapunov approach of Theorem 4.3.1, because it gives good results for the
stability conditions of the state-feedback controller on which we will focus here.
Based on the stability results of Theorem 4.3.1, we will show (see Lemma 6.1.1
and Theorem 6.1.2) that the ISS of (6.10) is guaranteed if the following (infinite)
set of matrix inequalities is feasible:

P=P">0
F(r)TPF(+.) — (1 — NP F(r)T(+.)PB (6.18)
(PR =P FO P <0, ¥ i )

with Tmax < h and F(73,) = Fo + > ., (1) F;, for some 0 < v < 1 and x > 0.
The following lemma formulates sufficient LMI conditions for the feasibility
of (6.18) and shows that these LMI conditions guarantee ISS of the discrete-
time NCS model (6.13), (6.14).

Lemma 6.1.1 Consider the discrete-time NCS model (6.13), (6.14) and its
equivalent model (6.15), (6.16) that is based on the Jordan form of A, both
with delays T, € [Tmin, Tmax), With Tmax < h. Define the set of matrices Hp:

Hf{FO+Z(SzE 616{0,1},21,2,,1/}, (619)

i=1

with FO - FO + Z;jzl giFliy E = (az - QZ)E, ai = ma'XTE[Tmin,Tmax] 0&1'(7'),
Q; = Min¢pr 701 06i(7), and Fy, Fi, fori=1,2,...,v, defined in (6.16).

If there exist a symmetric matrix P € R*"*2" and scalars 0 < v < 1 and
k > 0 that satisfy:

P=P'>0
H} PHp;—(1-y)P  HE PB ‘
YAT - L <0,VHp ; 1,2,...,2"
( BTPHp, BTPB — kI ,VHrj € Hp,j € {1,2,...,2"},

(6.20)

then the matrix inequalities (6.18) are feasible. Moreover, V (¢y,) = ¥} Py,
is an ISS-Lyapunov function for system (6.13), (6.14) and, consequently, this
system is input-to-state stable for bounded inputs wy.

Proof The proof is given in Appendix A.12. O
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Let us now present the result on the ISS of the continuous-time dynam-
ics (6.10).

Theorem 6.1.2 Consider the sampled-data system (6.10), with uncertain time-
varying delays Ti, € [Tmin, Tmax), With Tmax < h. Suppose there exist a matrix
P and scalars 0 < v < 1 and k > 0 for which (6.18) is satisfied. Then, the
system (6.10) is uniformly input-to-state stable (ISS) for T, € [Tmin, Tmax], With
Tmax < h with respect to the time-varying input w(t). The functions 3 and ~y
n (6.11) can be obtained from:

_ e max{g1,0,91,1,91,2} fort € [0,s2)
B(z(0)], 1) = 12(0) { 91,k for k > 2, t € [sk, Skt1)
v( sup |w(s)|) = g2 sup |w(s)],
0<s<t 0<s<t
(6.21)

with

g1,0 = €1 + C2,

911 = 1| CP72 | \/FAmax(P) + c2,
g1,k = HCZP_%H (Cl \/ ﬁk)\max(P) + C2 \/ ’Yk_l)\max(P)) ) k > 2; (622)

G = co (1+<cl+cQ ic. P-5|\f)

c1, c2, and ¢, are defined in (A.77), (A.78), (A.80) in Appendix A.13, and
y=1-7.

Proof For the proof, see Appendix A.13. O

Note that 3(s,t) satisfies all the conditions of a class-KL function except that
for fixed s it is only non-increasing and not continuous everywhere, because for
S0 <t < sg and s, <t < spt1, Vk > 2 the function ((s,t) is constant and it
decreases only at t = s, Vk > 3, as depicted by the solid line in Figure 6.1.
However, it is easy to construct a 3(s,t) € KL from ((s,t), as depicted by the
dashed line in Figure 6.1. The function v(supg< <, |w(s)]) is a class C-function,
therefore inequality (6.11) is satisfied. o

Clearly, this result implies that the state z of the sampled-data system is
globally uniformly ultimately bounded and the asymptotic bound is given by
limsup,_, . [2(t)] < g2 sup;sq |w(t)], with g as in (6.22). Note that all parame-
ters in (6.22), (A.77), (A.78), and (A.80) are known and depend on the system
dynamics (matrices A, By, and Bs), the constant sampling interval, the maxi-
mum and minimum delays Tyuax and 7min, respectively, and the parameters -,
k, and matrix P obtained from (6.20).

Remark 6.1.3 An asymptotic bound for the state at the sampling instants can
directly be derived from (A.74) in Appendix A.13 and the fact that limy_,oc Dy, =
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S0 5'1 52 8'3 8'4 S5 S6

Figure 6.1: Example of the function 3(s,t) and ((s,t)

limy oo Zle =1 =1/, yielding

. _1 R _ _1 K
limsup |z;| < ||C.P™2]|, /= sup |@k| < ¢w]|C. P2, /= sup |w(t)]
= gz sup [w(t)].
>0

This bound can in many practical cases (e.g. for sufficiently small sampling
intervals) be sufficient and it is typically much less conservative than the bound
based on the intersample behavior, since go < go. The difference between go
and g, originates from the need to upper bound the intersample behavior of
z(t), thereby introducing additional conservatism.

6.2 Variable sampling intervals, large delays,
and packet dropouts

The tracking problem and ISS conditions, derived in the previous section for
the small delay case, are adapted, such that they are applicable for NCSs with
time-varying sampling intervals, delays larger than the sampling interval, and
packet dropouts. Recall that the NCS model for this case is given by (3.12)

(t) = Aux(t) + Bu*(t)
yt) = Cux(t) (6.24)
u*(t) = wyfort € [sp+ 15,5, +t5,,),

where sj, is defined as s, = Zf;ol h;, Vk > 1, with sg = 0, and tf is defined in

(3.22) as:

k—1
t;? = min { max{0, 7; — Z hi} + mjhmax,
I=j
k—1
maX{O, Tj+1 — Z hl} + mj+1hmaxv RN (625>
I=j+1
k—1

max{0, Tp—q — Z hi} + mi—ahmax, hk}v
I=k—d
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with t? < t?H and j € [k—d—6,k—d—6+1,...,k —d]. Moreover, 0 =
k k k k —
beasShasn S ShoaStan =l

6.2.1 Tracking problem

Similar to the small delay case, the control signal construction, closed-loop
system, and tracking error dynamics are described.

Control signal Both message rejection and packet dropouts may result in
the fact that the control signal, including the feedforward signal is never used
to actuate the plant. This requires some adaptation in the control signal con-
struction compared to the small delay case. It is obvious that the desired
continuous-time dynamics, as described by (6.2) and the tracking control law
(6.3) are not affected by variations in the sampling time, packet dropouts, and
message rejection. The implemented feedforward of (6.5) has to be adapted, to
allow for message rejection and packet dropouts:

u(t) = ulf (s;) fort € [sp+th, sp +15,)), (6.26)

for tf defined in Lemma 3.4.1. Note that this is not the only possible description
for the feedforward signal. In [74], the following notation is used: u/f(t) =
u{f(sk) for t € [tg,tg+1), with ¢ the actuator update times and k a sequential
number that is not changed if a packet is dropped (or rejected). Based on (6.26)
and (6.6), the feedforward error is defined as:

AuH (t) = ulf (s;) —ull (t) fort e [sp +15, s, +t5, ). (6.27)

Closed-loop system Due to the possibility of delays larger than the sampling
interval and the use of packet dropouts, the closed-loop NCS dynamics of (6.8)
needs to be modified as well. Applying the control law (6.3) to system (6.24)
yields the following closed-loop NCS dynamics:

i(t)=Ax(t)+ B (zj — x%(s;)) +Boull (t)+ BoAu™ (1), (6.28)

fort € [skth?,skth?H), je{k—d—4,...,k—d} and with B; :== —BK and
B := B. The initial condition is given by z(0) := (27 (0) 27 (s—1) 27 (s—2) ...
acT(s_a_g))T, with z(s_1), 2(s_2), ..., #(s_5_5) the hold states at the times
S g 3<...<s1< 0.

Tracking error dynamics Due to the new definition of the feedforward sig-
nal and the closed-loop system, the tracking error dynamics (with the tracking
error e = ¥ — 2%) needs to be redefined. By combining (6.2) and (6.28), the
continuous-time tracking error dynamics can be formulated as follows:

&(t) = Ae(t) + Bie(s;) + BaAul! (t), (6.29)
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for t € [sp +t5, sp +t%,)), j € {k—d—0,...,k — d} and with initial condition
_ T
e(0) == (eT(0) eT(s—1) eT(s—2) ... eT(s_3.3)) -

Analogously, the generic form (6.10) for sampled-data systems is, for this
extended case, given by

2(t) = Az(t) + B1z(s;) + Baw(t) fort e [si + t?, Sk + t§+1)a (6.30)
with tf defined in Lemma 3.4.1 for j € {k—d—9, ..., k—d} and initial condition

20):= (27(0) 2T(s1) 2T(s) ... 2T(sz )"

6.2.2 Input-to-state stability

To prove ISS of system (6.30), (6.25) over all admissible sequences of sampling
instants, delays, and packet dropouts o € S, the relation (6.11) should hold for
functions B and v that are independent of the choice of the sequence o € S.
Recall that it holds that o := {(sg, Tk, M) treny € S, with S defined in (3.20) as

S = {{(SkaTkamk)}keN : hmin § Sk+1 — Sk § hmaxa Tmin S Tk S Tmax
k
m, < 0,Vk € N}.

v=k—§

(6.31)
Similar to the previous section, ISS conditions of (6.30), (6.25) will be proven
based on a preliminary analysis of the discretized NCS model. The exact dis-
cretization of (6.30), (6.25) for sequences of sampling instants, time-delays, and
packet dropouts ¢ € § at the sampling instants s; can be derived similar to
the discrete-time NCS model (3.23), which results in the following discrete-time

system:

k—d hkft;?
Zh+1 = eAthk + Z eAsdsBlzj + wy, (632)
jmk—d—5 7t
where wy, := foh’“ eASBQw(hk + si — s)ds. Note that the extended state for the
T
system (6.32) is defined by ¢y = (Z,CT 2L, .. Zg,g,g) , similar to the

definition in xj in (4.43). The discrete-time state-space model in terms of this
extended state is given by:

Urg1 = A", by + By, (6.33)

there Yy, € RUHd+On ¢k — (1f:_3_3+17 o tE ) e [ st e for k—d —
5+ 1 § ] § k *da hk S [hminahmax]a
eAhk -+ NO Nl NQ - NE—}-E
1 0 0o ... 0 s
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hkftllzip
- / edsB, ifp>d
h

N, = (6.35)

k*tzfpﬂ
0 if p<d,
for p € {0,1,...,d+ 6} and ¢} defined in (6.25) with j = k — p. The relation
between zp and vy that we will need later is given by zp = C,k, with C, =
(I 0 ... 0) being an n x (d+ 0 + 1)n-matrix.
The representation of (6.34) based on the Jordan form of the continuous-time
system matrix A is given by:

U1 =F(*, hi)p + Bay, with t° = (7 5 = . 5y,

d
t? € [t?,minﬂt?,max]v k—d— 34» 1 § ] § k — da hk S [hmin; hmax]a
(6.36)

F@tF hy) = Fo + Z§=1 ai(tf,hk)Fi and the matrices Fy, Fy, i = 1,2,...,(,
given by:

© QO1Q7'B; ... QO35 ,Q7'B1 Q05.;Q7'B
I 0 0 0
Fy=]0 I 0 0 7
0 0 I
0 (6.37)
I QriQ'Bi QI2;Q 'Bi ... Ql;,5.Q "B
0 0 0 0
E: ;
0 0 0 0

with © = QOoQ '+Q=,Q B, and I = QFO,iQ_1+QEiQ_lBl. The matrices
00,20, 05,1 =1,2,...,d+6, Lo, T, 1 =1,2,...,d+6,and Z;,i = 1,2,...,(,
are equal to their definitions in Appendix B.3. The matrices Fy and F; in
(6.37) are a combination of the matrices Fy, F;, Go, and G;, i = 1,2,...,(, in
Appendix B.3. Moreover, the matrices F(t¥, hy) in (6.36) form an infinite set
of matrices F, analogous to (4.34):

k k k k k k k
F = {F(t ’hk) it = (tk—a—g—i-l’ < 'atkfd)ﬂ tj € [tj,minﬂtj,max]a

k*d*g‘i’lgjgk*dv hk € [h’min;hmax]}'

Stability of this system can be guaranteed based on Theorem 4.4.4 if the matrix
P € RvH(d+d)m)x (nt(d+6)m) ig replaced by P € R(@+3+Dnx(@d+3+n Noreover,
the matrices Hpj, j € {1,2,.. .,24}, are based on the matrices Fy and Fj,
i=1,2,...,(, defined in (6.37) and the matrices Hg j, j € {1,2,...,2%}, are
equal to zero. Similar reasonings hold for Theorem 4.4.7.
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The following lemma formulates sufficient LMI conditions for the ISS of
(6.36), (6.37) (and equivalently for (6.33), (6.34), (6.35)).

Lemma 6.2.1 Consider the discrete-time NCS model (6.33), (6.34), (6.35) and
its equivalent (6.36), (6.37) that is based on the Jordan form of A, both with
sequences of sampling instants, delays, and packet dropouts o € S, as defined
in (6.31). Define the set of matrices Hp:

¢
Hf{FO+Z(SzE 516{0,1},21,2,,4}, (638)

=1
with Fy = Fo + Y5, o, Fy, Fy = (@ — o) F;

— k

a = . max ai(tj,hk),
t; e[tj,xnin’tj,rnax]7hke[h‘“in7hlnax]

a, = min ai(tf, hi),
thelth oth o) Pk € Pmin, hmasx]

min’”j,max
s s

and Fy, F;, fori=1,2,...,(, defined in (6.37_)._ o
If there exist a symmetric matrix P € R(@+T0+Dnx(d+o+hn and scalars 0 <
v < 1 and k > 0 such that the following matrix inequalities are satisfied:

P=pP">0
Hl PHp;—(1—~)P  HL.PB , ¢
[ il B <0,VHp; € Hp, j € {1,2,...,2%},
( BTPHp, BTPB — kI Py € Hry J et J

(6.39)

then the discrete-time NCS model (6.33), (6.34), (6.35) is ISS with respect to
the input wy.

Proof The proof can be derived analogously to the proof of Lemma 6.1.1 in
Appendix A.12. O

Before the ISS of the continuous-time system (6.30), (6.25) is derived, we
present a lemma that gives the upper bound on the intersample behavior of
(6.30), (6.25).

Lemma 6.2.2 The upper bound on the intersample behavior of (6.30), (6.25)
denoted by z(sy +t) with t € [0, hy), is given by:

|2(sk + )| <colzk| + c1lzr—1] + calzu—2| + ... + cg 512, _g_5]
+ Cw Sup |U}(S)|, fort e [0, hk), (640)
sp<s<Sk4y1
with

" { max(co, ¢ +¢o)  ifd=0 (6.41)

malx(eAxnaxhrnax’ 1) ifd>0
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I rnax(e)‘“"”‘Tma"7 1) ifd =0 and Tmax < hmax
0= max(etmaxhmax 1) jf ((5 =0 and Tmax > hmax) or (5 > O)

_ rnax(e>\maxhmax7 e/\maxﬂ'msn) if Amax # 0
“= { 1 if Amax = 0 (6.42)

Amax

fo— B S R i A £0
(hmax - 7—min) if )\max =0

cp, forpe {1,2,...,d+ 45— 1}:

ekmax(hmax*A(Tn‘,infihmax)),1 If )\Inax # O and p= C_l and d > 0
ekma;:::xa)(71 If )\max 7é 0 aﬂd 14 > C_l
min (775, Pmax) if Amax = 0 and
¢, = || B pef{d+d+1,...,d+d—1}
(hmax - (Tmin - dhmax)) if )\max =0 and p = C_l and d >0
hmax If )\max =0 and _
pef{d+1,...,0 +d}
0 if p < d,
_ (6.43)
WIth T;;ax = Tmax — (p - 5 - 1)hlnin and
eAmaxhmax _ 1 .
— if Amax # 0
CEJFS = ||B1H Amax . f (644)
(Tmax - (d - 1)hmin) if )\max - 0;
Amaxhmax _ | .
e TS W
cw = || B . 1 Amax 6.45
151 { hunax if Amax = 0. (6.45)
Proof The proof is given in Appendix A.14. O

Let us now present the result on the input-to-state stability of the continuous-
time dynamics (6.30), (6.25).

Theorem 6.2.3 Consider the sampled-data system (6.30), (6.25), with se-

quences of sampling instants, delays, and packet dropouts ¢ € S. Suppose

there exist a matrix P and scalars 0 < v < 1 and k > 0 for which (6.39) is sat-

isfied. Then, the system (6.30), (6.25) is uniformly input-to-state stable (ISS)

for o € S with respect to the time-varying input w(t). The functions  and ~y
6.11) can be obtained from

in (
B(Iz(0)],1) =
12(0)| max{91,0791,1791,2,...,gLEJrgH} fort € [0,55,5,1); o
Lk fort € s, sp+1), k> d+0d+1,

V( sup fw(s)]) = g2 sup [w(s)],
0<s<t 0<s<t

(6.46)



106 Tracking control

with
91,0 =Co+c1+c2+ ...+ .7,

gi,1 = C()chpiéHw/"_y)\max(P) +c1+...+ CEJFS,

G1ay5=C-P2 (cO\/v’fAmx(P) 0 cl\/ﬁk—lxmx(m T

Ca+o-1 ’YArrlax(P)) + Ci+ss (647)

+
g = lC.P73| <c0\/wkxmax(P) o175 A (P) + .

+ ciys f‘y’“d%\max(P)>, k>d+d+1,

1 R
gQZCw(1+(CO+Cl++Ca+E)|CZP é”\/;),

€o,C1, - - -, Cq,5 defined in (6.41), (6.42), (6.43), (6.44), ¢,y defined in (6.45), and
¥y=1-7.
Proof For the proof, see Appendix A.15. O

Note that 3(s,t) satisfies all the conditions of a class-KCL function except that
for fixed s it is only non-increasing and not continuous everywhere, because for
so <t < g,z and s <t < spp, Vh > d + 6 + 1 the function B(s,t) is flat
and it decreases at t = s, Vk > d + 6 + 2. However, it is easy to construct a
B(s,t) € KL from B(s,t). The function v(supy<,<; |w(s)|) belongs to the class
K, thus inequality (6.11) is satisfied. o

Theorem 6.2.3 implies that the state z of the sampled-data system is glob-
ally uniformly ultimately bounded and that the asymptotic bound is given by
limsup,_, o |2(t)] < g2 sup;sq |w(t)|, with g2 as in (6.47).

Remark 6.2.4 Analogous to the small delay case, an asymptotic bound for
the state at the sampling instants can directly be derived from (A.108) and the
fact that limy_,oo D = 1/+. This results in exactly the same relation as for the
small delay case, given in (6.23).

The ISS-conditions obtained in this section depend explicitly on the values of
hmin and Timin. The ISS-conditions proposed in [74], [111] for the model based on
delay impulsive differential equations do not explicitly depend on the values of
hmin and Tyin. Consequently, the latter approach towards modeling NCSs may
result in more conservative conditions in comparison to those obtained using
the discrete-time approach as proposed in this thesis, when 0 < Amin =~ Amax
or 0 < Tmin ™ Tmax- A comparison between the approach described in [74] and
the approach of Theorems 6.1.2 and 6.2.3 will be given in Section 6.4, based on
the motor-roller example.
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6.3 Tracking control performance

The results in Theorem 6.1.2 and Theorem 6.2.3 on the ISS property of NCSs
(or equivalently sampled-data systems) can directly be used in the scope of
the tracking problem of NCSs as stated in Sections 6.1.1 and 6.2.1. Namely,
when applied to the tracking error dynamics (6.9) for the small delay case and
(6.29) for the case with time-varying sampling intervals, large delays, and packet
dropouts, the satisfaction of the conditions of Theorems 6.1.2 and 6.2.3 guar-
antees that the approximate tracking problem is solved and an ultimate bound
on the tracking error can be provided. In Section 6.3.1, a bound on |Au/ (t)],
i.e. sup,cp |Au’ (1)], based on the properties of the exact feedforward Auf’ (t),
Tmins Tmax, Pmins Pmax, and 9§ is provided. Using this knowledge, the results of
the previous section are used to solve the approximate tracking problem and to
explicitly construct the bound on the tracking error in Section 6.3.2.

6.3.1 Feedforward error

In Section 6.1.2, it is shown that the ultimate bound on the tracking error
depends linearly on the bound on the feedforward error. Let us therefore study
how the feedforward error depends on the properties of the exact feedforward,
the network delays, the packet dropouts, and the sampling intervals.

For the sake of simplicity, we start with the small delay case. Each scalar
component of the exact feedforward u//(¢) is denoted by uZJ; (t),i=1,...,m.
In the time interval ¢ € [sg + Tk, Sk+1 + Tk+1), the delayed zero-order hold
feedforward signal is given by u//(t) = u/(s;). Consequently, each component
of the feedforward error Auiff (t) in this time interval satisfies:

Au{f(t) = UZ{;(Sk) - uzfz(t) YVt € [sk + Tk, Sk+1 + Tht1)s (6.48)
i=1,...,m, analogous to (6.7). Using the mean value theorem, we can write
ou't
Al () = ull(sn) — w (1) = 2| (s - 1),
v (6.49)

= |Auf ()] <Oy 4lse —t], Vi€ [sk+ T Skr1 + Thr1),

with t* € [sg, t], since t > s and

dully(t)|
Y1, =sup|———|, i=1,...,m. (6.50)
te]R dt
Note that such ¥4, ¢ = 1,...,m, are well-defined due to the assumption that

#4(t) is at least C2, guaranteeing that ul/(t) is at least C'. Moreover, ¥ ;,
i=1,...,m is a bounded value.
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Based on (6.49), we can provide the following bound for each component of
the feedforward error on R:

|Auf (#)] < 91 max(| 7 + b |), i€ {1,...,m}, Vi € R,

= |Auf (t)] <913 (Tmax + ) =: Ros, i € {1,...,m}, Vt € R.
(6.51)

m
= |Auf ()] < |Y RZ, = Ry, Vt € R.

i=1

For the case with time-varying sampling intervals, large delays, and packet
dropouts the definition of the feedforward error can be derived analogously. The
duration of the feedforward signal u/f(t) = ul’(s;) is more complicated to de-
rive than in the small delay case, because it is possible that ugf (sx) or the next
feedforward signal ugf (Sk+1) is not implemented due to packet dropout or mes-
sage rejection. Because we are interested in an upper bound of the feedforward
signal, we will consider the worst case scenario. Then, the longest duration
of the feedforward signal u//(s;) needs to be considered, because this results
in the largest feedforward error. Note that if u/f(s;) is not implemented, an
older feedforward signal, e.g. ugf (sk—1) is active until the next input is imple-
mented, resulting in the fact that Aul/(sx_1) needs to be considered instead of
Auff (s1,). The longest period during which u/f (t) = u/f (s)) may hold, is given
by t € [sk+Tk, S 511+ Thy5e1)> Which includes the maximum number of packet
dropouts after ¢ = s;. Note that in the case of message rejection it is possible
that s, 5.1+ This01 > Spqsao + Thaspo bub thenstill s, 5. + 7 5. | needs
to be considered to derive the upper bound on the feedforward error, because
it represents the worst case situation. Based on this worst case duration of the
control signal, the feedforward error Au//(¢) will be derived.

Analogously to the small delay case, each component of the feedforward
error Au{f (t) satisfies:

Ault () = ufﬁ(sw — uffz(t) Vit € [k + Thy Sp 501 T Thas41)s (6.52)
i=1,...,m, analogous to (6.48) and (6.7). Using the mean value theorem, we
can derive

|Auf (8)] < 01 ilse —tl, V€ [sk+ Thy Sppsi0 + Tersi): (6.53)

with t* € [sg, t], since t > s, and

oul’ (t)

U1, = sup Bn

T teRr

‘, i=1,...,m, (6.54)

where ¥4 4,1 =1,2,...,m, is bounded. Analogous to (6.51) and based on (6.53),
the bound for each component of the feedforward error on R, dependent on the
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network properties, such as delays, time-varying sampling interval, and packet
dropouts, is given by:

|Au (1)) < 91 max(m + (3 + 1)hy), i € {1,...,m}, Vt € R,

= AU (#)] < 914 (Tmax + B + Dhmax) =: Ro, i € {1,...,m}, Vt € R.

(6.55)

Note that (6.51) can be retrieved from (6.55) by considering 6 = 0 and hyay = h-

6.3.2 Solution to the approximate tracking problem

Let us now state the following corollary, based on Theorem 6.2.3 and the bound
on the feedforward error defined in the previous section, on the steady-state
tracking performance achieved by applying the tracking controller (6.4), and
ulf (t) satisfying (6.2), to the NCS (6.24), for time-varying sampling intervals,
packet dropouts, and delays that may be larger than the sampling interval.

Corollary 6.3.1 (Tracking error) Consider the NCS (6.24), with sequences
of sampling instants, delays, and packet dropouts o € S and S defined by (6.31).
Moreover, consider the controller (6.4) and u}’ (t) satisfying (6.2). If the LMIs
(6.39) are feasible, with By = —BK and B = B, then the tracking error
dynamics (6.29) is uniformly input-to-state stable (ISS) with respect to the
feedforward error Au®f (t) over the class S of sampling-delay-packet dropouts
sequences (6.31). Moreover, the tracking error is globally uniformly ultimately
bounded with the asymptotic bound computed from limsup,~ |e(t)| < g2Ro,
with g2 given in (6.47) and Ry given in (6.55). N

Note that this corollary is also valid for the small delay case, where the
LMI conditions in (6.39) are replaced by the LMI conditions (6.20). Then, the
parameters Ry and g, in Corollary 6.3.1 need to be replaced by their definitions
in (6.51) and (6.22), respectively.

6.4 Illustrative examples

The motor-roller example, as considered in (4.1) in Chapter 4, is used to il-
lustrate the usefulness of the ISS conditions. In this example, a motor drives
a roller that is used to transport a sheet of paper through the paper path of
an industrial printer. In this section, we apply the proposed results on ISS to
upper bound the steady-state tracking error. This information can be used to
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Figure 6.2: Tracking error bounds for a constant sampling interval h = 5x 10 3s
and time-varying and uncertain delays in the set [0, Tiax]-

derive requirements on e.g. the maximum sampling interval or the maximum
delay allowed to guarantee a certain steady-state tracking performance.
Consider the motor-roller system, described by

) = g (6.56)

w*(t) = uy, for t € [sp+ 5, sp +t5,,),

nrr

with ¥ defined in (6.25), for j € {k—d—9¢,...,k—d}, J; = 1.95-10 "kgm? the
inertia of the motor, Jg = 6.5 - 10~°kgm? the inertia of the roller, rgp = 14mm
the radius of the roller, n = 0.2 the transmission ratio between motor and
roller, x5 [m] the position of the sheet of paper, and u [Nm] the motor torque.
Moreover, consider the control law (6.4), with K= (50 1.18) and a harmonic

desired trajectory: zq(t) = (Agsin(wt) Agqw cos(wt))T, with Ag = 0.01 and

w = 2m. The exact feedforward is given by uff(t) = fAdT‘”Q sin(wt), with
b= Ty

Consider first the case of a constant sampling interval, but with time-varying
and uncertain delays in the set [0, Tmax]. Figure 6.2 depicts the error bounds
as provided in Corollary 6.3.1 for 7h.x < h and the error bound obtained
with the delay impulsive differential model in [74; 111]. Note that for the
discrete-time modeling approach also the bound for the tracking error at the
sampling times s, (g2Ro) is included by means of the dotted line. Figure 6.2



6.5. Discussion 111

shows that by using the discrete-time approach, ISS can be guaranteed up
to Tmax = 0.94 h, but using the delay impulsive approach ISS can only be
guaranteed up to Tpax = 0.33 h. So, the discrete-time approach allows to prove
ISS for a larger range of delays. However, the delay impulsive modeling/analysis
approach provides much tighter (ISS) bounds on the tracking error (note that
the scale of the vertical axis is logarithmic). Note that the overestimation
of the bound on the tracking error for the discrete-time modeling approach is
significantly worsened due to upperbounding the intersample behavior (compare
the solid and dotted lines in Figure 6.2).

Next, the case in which the sampling interval is variable, i.e. b € [hmin, Pmax],
and the delay is zero is considered. Figure 6.3 depicts the error bounds as pro-
vided in Corollary 6.3.1 and the error bound obtained with the delay impulsive
differential model in [74; 111]. Note that, in this example, hpin = Amax/1.5, so
hmin 7 0 is used. Using the discrete-time modeling approach, ISS almost up to
hmax = 1.34 x 107 2s, which is the sampling interval for which the system with
a constant sampling interval (and no delay) becomes unstable (see the dashed
vertical line in Figure 6.3) can be assured. This fact shows that the proposed ISS
conditions are not conservative from a stability perspective. Using the delay im-
pulsive modeling approach, ISS can only be guaranteed up to hpax = 9 x 107 3s.
However, the delay impulsive approach clearly provides significantly less con-
servative bounds on the tracking error. Moreover, Figure 6.3 shows that the
bounds on the tracking error increases progressively for increasing hpax (and
humin)- This increase is due to, firstly, the fact that the ISS gain go increases for
increasing hpmax and, secondly, the fact that the bound on the feedforward error
Ry in (6.55) increases for increasing Amay. This type of plot is instrumental
in determining an upper bound on the maximum sampling interval needed to
guarantee a minimum level of steady-state tracking performance.

Comparing the two modeling approaches and related ISS results in this
example, it is concluded that the discrete-time modeling approach seems to
allow to prove ISS for larger ranges of sampling intervals and delays, whereas the
delay impulsive modeling approach clearly provides much tighter (ISS) bounds
on the tracking error.

6.5 Discussion

In this chapter, a solution to the approximate tracking problem of NCSs (or,
more general, sampled-data systems) with uncertain, time-varying sampling
intervals, packet dropouts, and delays that are allowed to be larger than the
sampling interval is presented. The uncertain, time-varying sampling intervals,
network delays, and zero-order hold cause an inexact feedforward, which induces
a perturbation on the tracking error dynamics. Sufficient conditions in terms of
LMTIs for the input-to-state stability (ISS) of the tracking error dynamics with
respect to this perturbation are given. Note that the LMIs are an adaptation of
the stability analysis LMIs as derived in Chapter 4. These ISS results provide
bounds on the steady-state tracking error as a function of the plant properties,
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Figure 6.3: Tracking error bounds for variable sampling intervals h &
[Amins Pmax] and no delays, where hpax = 1.5hmin.

the control design, and the network properties. Such error bounds can readily
be used to formulate design rules regarding the maximum sampling interval,
the maximum delay, or the maximum number of packet dropouts allowed to
guarantee a certain steady-state tracking performance.

The results are illustrated on a mechanical motion control example showing
the effectiveness of the proposed strategy and providing insight in the differ-
ences and commonalities between the discrete-time modeling approach and a
modeling approach that is based on delay impulsive differential equations, as
described in [74; 111]. More specifically, in the presented motion control ex-
ample, our discrete-time modeling approach allows to prove ISS (and thus a
bounded tracking error) for larger ranges of sampling intervals and delays. On
the other hand, the delay impulsive modeling approach provides much tighter
(ISS) bounds (and therewith tighter bounds on the tracking error).
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Experimental validation of the stability
of NCSs with delays'

7.1 NCS model 7.4 Experimental results
7.2 Stability 7.5 Discussion
7.3 The experimental set-up

This chapter presents a comparison between theoretical and experimental
results on the stability and transient performance of NCSs with time-delays
that are either constant or time-varying. These delays are allowed to be larger
than the constant sampling interval, and packet dropouts are not considered.
The experimental study is performed on two typical motion control examples: a
single inertia system and a motor-load system. Firstly, the single inertia system
is used for validation of the stability region for constant delays. This region,
e.g. presented in [133], describes the stabilizing controller gains for different
constant delays. Secondly, an experimental example, for the single inertia sys-
tem, is presented showing that the time-varying nature of network delays (even
below the sampling time) can induce closed-loop instability (as was previously
indicated in theoretical studies in e.g. [118] and in the motivating example in
Section 4.1). Thirdly, for both set-ups, validation of the results on the stabil-
ity and transient performance of NCSs with uncertain, time-varying delays, as
derived in Chapters 4 and 5 is performed.

The outline of this chapter is as follows. In Section 7.1, the discrete-time
NCS representation of Chapter 3 is adapted for the output-feedback case, since
in both setups the entire state cannot be measured. In Section 7.2, the stability
conditions of Chapter 4 are adapted such that they are applicable for the output-
feedback case. Moreover, stability conditions for both constant and periodic
delays are discussed. The two experimental set-ups are introduced in Section 7.3
and measurements for the validation of both stability and transient performance
results are presented in Section 7.4. Finally, in Section 7.5 a discussion on the
obtained results is given.

7.1 NCS model

The NCS model, for the static output-feedback case can be obtained from the
state-feedback case. Recall that the continuous-time NCS model for any control

I This chapter is based on [13].
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input and for time-varying delays larger than the constant sampling interval and
no packet dropouts is given by (3.6):

z(t) = Ax(t)+ Bu*(t)
yt) = Cux(t) (7.1)
u*(t) = w,forte [sk—l—t?,sk +t§+1),

where t? is defined, as in (3.7), by

th = min { max{0,7; — (k — j)h}, max{0,7j41 — (k —j — 1)h},...,
max{0, 7 — dh},h }.

B B (7.2)
with t? < tfﬂ and j € [k—d,k—d+1,...,k —d]. Moreover, 0 =: t’I:7E <
tZ—EH < ... < t’;_g < tllz—d+1 := h. The corresponding discrete-time NCS
model is given by (3.8), i.e.

k—d  p—th
Tpi1 = el + Z eASdsBuj
. —J h—tk (7.3)
j=k—d i+l
Yk = ka;

with t? as defined in (7.2). To make the model of (7.3), in combination with a
static output-feedback controller, suitable for the stability analysis, it is rewrit-
ten in the following state-space notation that includes the output yy:

M1 =A%) + B(tF)ug, (7.4)
with
T T
m= (e )" = (Ig uly ol ol yg,l) , (7.5)
- A(tF) 0\ 4 B(tF)
AtFy = (72 B(tF) = :
= (18 0). B = (P5Y). (7.6
where A(t*F), B(t*), and C are equal to their definitions in (3.9), which are
eAh Ml Mg ce ME MO
0 0 o ... 0 I
Aghy=| 0 L0 0 B = 0| (77
0 0 I 0 0
C=(C 0 0), and

(7.8)
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for p € {0,1,...,d} and t’;fp defined in (7.2), with j = k—p. Finally, t* denotes
the combination of the time-varying parameters, i.e. t¥ = (t278+1, ey tﬁid).

Remark 7.1.1 Note that for constant delays 7, A and Bz are constant matrices
and depend on the parameter 7* := 7 — (d — 1)h, with d = [7]. The matrices
M, in A(t*) and B(t*) are then given by:

h—1"*
/ eMdsB ifp=d—1,
0

M, = h — 7.9
’ / eMdsB ifp=d, (7.9)
h

—*

0 ifp<d—1,

for d > 1. These adaptations result in exactly the same constant delay model
that is presented in e.g. [4; 133].

7.2 Stability

In this section, the stability results for constant, periodic, and arbitrary varying
time-delays for a NCS with output-feedback are derived. Consider the control
law:

Uk = —K’I]k = Klyk - Kgyk_l, (710)

with K = (leC 0 ... 0 ng). For constant time-delays, the stability
of the NCS can be derived based on the eigenvalues of the controlled system
Mk+1 = Ang, with B

A= A- BK, (7.11)

and A, B defined in (7.6), (7.7), (7.9).

For periodic delays with a known sequence, the stability can be obtained
based on the eigenvalues of the system matrices of the periodic system (i.e. the
product of the matrices corresponding to the periodic repetition of the delays),
see [31] for more details. Note that in Section 4.1 an example for the periodic
delay sequence 11, T2, 71, T, . . . iS given.

For time-varying delays, Theorem 4.4.4 can be used if the system matrices
are adapted such that system (7.4) is evaluated. Below, the adapted version of
this theorem will be described. First, the discrete-time NCS representation (7.4)
is rewritten based on the Jordan form of the continuous-time system matrix A.
It holds that

163 153
Epy1 = (Fo + Z ai(tf)Fz) M + (Go + Z ai(tf)Gz) U, (7.12)
i=1

i=1

with ai(tf), i=1,2,...,0, defined in Appendix B.4 by (B.38), (B.39), (B.40),
and (B.41) if only § uncertain parameters are considered and hy is replaced
by h. The constant matrices Fy, Go, F;, and G;, ¢ = 1,2,...,3, are also
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defined in Appendix B.4. Note that in (7.12) the parameter j takes values from
je{k—d+1,k—d+2,...,k— d}, because tiia = 0and tf_, ., = h, as
defined in Lemma 3.2.1.

To derive the stability conditions, similar to Theorems 4.3.1 and 4.4.4, where
a common quadratic candidate Lyapunov function is used, the set of matrices
FG is redefined, such that the output dependent part C' is included and the
sampling interval is constant, as is the case in the experiments:

55 = { (P60 ) 16 = 0yt ), € s

with F(th) = Fo + 320 i (th)Fy, G(t%) = Go + 320, ou(t¥)G;, Then, analo-
gous to Theorem 4.4.4, Theorem 7.2.1 proposes conditions that guarantee the
stability of the continuous-time and discrete-time closed-loop NCS model.

Theorem 7.2.1 Consider the continuous-time NCS model (7.1), (7.2) with
delays T, € [Tmin, Tmax| and consider the corresponding discrete-time represen-
tation (7.4), (7.6), (7.7), (7.2), and its equivalent representation (7.12) that is
based on the Jordan form of the continuous-time system matrix A of (7.1).
Moreover, consider a known controller (7.10). Define the set of matrices Hpq:

B B
Hra = {(F0+25ipi7 Go+z5iéz‘) 10; € {0,1}72':172,---’5},

i=1 i=1

with FO = FO + Zf:l QZE) E = (al 721')&7 GO == GO + Z?:l QiG’h G’L -

a; — ;)G a; = (%), . = mi (th

(@i — )Gy, and @ = maxyepr 0 0ill), @ = Wingreps 0,0 ),
. .o . . k . . k k

the maximum and minimum value of o;(t}), respectively, with t7 . and t7 .

defined in (4.32) and (4.33), respectively. ~
If there exist a matrix P € R(Hdmtr)x(ntdmtr) and a scalar 0 < v < 1,
such that the following LMI conditions are satisfied:

(L=7)P (Hp; — He ;K)TP
(P(HF,J' — Hg ;K) P >0, (7.13)

for all (Hr;,Hg ;) € Hpa, with j = 1,2,...,28, then (7.1), (7.2), with the
controller defined in (7.10), is GAS for T, € [Tmin, Tmax]-

Proof The proof is analogous to the proof of Theorem 4.3.1 and Theorem 4.3.6.
O
Transient performance The lower bound on the transient decay rate can
be derived analogously to (5.9), with & replaced by 1. This gives:
_1
jek* < (1 =) ICaP ™2 2[00l (7.14)
with |n9|% = nd' Pno and C, defined such that it holds that xj = C,n.
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Figure 7.1: Overview of the experimental motion control set-up.

7.3 The experimental set-up

Two representative experimental motion control systems, with, respectively,
second-order and fourth-order continuous-time dynamics are considered. The
experimental set-up, depicted in Figure 7.1, exists of two identical servomotors,
with the same inertia mounted on each drive shaft. A rubber belt connects
both inertias. The first study is performed on the system with the rubber belt
removed (i.e. a single actuated inertia remains, as is encountered in many motion
control systems, e.g. the motor-roller example as considered in the previous
chapters). The second study is performed with the belt mounted, yielding
a typical motor-load motion control setting with a flexible coupling (the belt).
Herein, the left motor is used for actuation and the position of the right motor is
measured through an incremental encoder with a resolution of 2000 increments
per revolution. In both set-ups the angular velocity is estimated by numerical
differentiation with a backward difference method. This estimation is explicitly
included in the control law, which results in the use of an output-feedback
controller. A constant velocity is used as a reference signal.

The time-delays are artificially induced in the control system in order to be
able to perform tests with well-defined sequences of delays, needed to validate
the output-feedback control designs. This results in an academic experimen-
tal setting, where we have known and guaranteed bounds on the variation of
the time-delays. To achieve both predictable time-varying and constant de-
lays in the set-up, a high-performance measuring device is used: TUeDACS
[109], [1]. The controller is implemented with the Real-Time toolbox of Mat-
lab/Simulink. The time-delays are implemented within Simulink, being frac-
tions of the sampling interval. Hereto, two different sampling rates are used.
Firstly, the Simulink block, including the controller, is executed at 5 kHz, which
allows for time delays of ﬁs. Secondly, the plant is effectively sampled at 500
Hz by removing nine out of ten data packets obtained at the 5 kHz rate. This
combination of sampling rates allows for time-delays of 10,20, ...,90,100% of
the sampling interval of the plant (h = 2ms). To ensure correct implementation
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Figure 7.2: Schematic overview of the single inertia set-up.

of the delays, the actuation is performed at 5 kHz again. For constant and
periodic time-delays, the constant minimum time-delay that is always present
in the set-up is equal to 0.04ms (i.e. 2% of the sampling time). For time-varying
delays, this minimum time-delay is equal to 0.28ms (i.e. 14% of the sampling
time). Note that this minimum time-delay includes both the controller compu-
tation and the transmission of the signals and is derived if no additional possibly
time-varying delays are implemented in the Simulink block. The time-variation
in the delays is obtained at random, with a discrete uniform distribution, with
7 €{0,0.1h,...,2h} or obtained based on a previously defined sequence of these
delays. The additionally implemented time-delay is introduced after the con-
trol computation, thus it represents the controller-to-actuator delay. Because
all delays are combined into one single delay in the NCS model, see Chapter 3,
this implementation is suitable to validate the stability results. Note that the
total delay, as used in the stability analysis conditions, is thus the combination
of both the minimum delay and the bounds on the variation of the delay.

Next, the dynamics of both set-ups will be presented. The single inertia
set-up is depicted in Figure 7.2 and it is modeled by (7.1), with = = (9 é)T,
A= (8 (1))7 B = <£), C= (1 0), k}” =2.15-10° rad/Vs?, k,, the motor
constant, and J the inertia (see [83]).

The motor-load configuration is depicted in Figure 7.3 and it is modeled by
(7.1), with the state vector defined as x = (91 6, 65 éQ)T, and the system
matrices defined by

0 1 0 0 0
2k 2 2k 20 Em
_ J T T T — J —
A 0 0 / 7| B S| c=(0 010,
W 2 2k 2w? 0
J J J J

with k,, the motor constant, J the inertia of the first and second motor (i.e.
both motors have the same inertia), k& the spring stiffness of the belt, b the
viscous damping coefficient modeling the dissipation in the belt, and r the
radius of the inertias, which are connected via the belt. A frequency domain
parameter identification procedure gives the following parameter values: kTW =
2.04-10%rad/Vs?, £ = 5.1-107%s, and kr? = 0.42Nm, see [5].
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Figure 7.3: Schematic overview of the motor-load set-up.

7.4 Experimental results
For both experimental set-ups, the following output-feedback controller is used:

C
U = — (Kl KQ) (Czkxykkl) == ((Kl + %)C 0),3 _%) My (7.15)
h

with K7 and K5 the controller gains. Let us now discuss the experimental results
for the cases of constant delays, periodic delays, and random time-varying delays
in the following sections.

7.4.1 Constant delays

For the validation of the results for constant delays the focus is, for the sake
of simplicity, on the set-up with a single inertia. For a fixed controller gain
K; = 17V /rad, measurements are performed to determine all stabilizing con-
troller gains K that stabilize the NCS of (7.1), (7.15) for constant time-delays.
The experimentally obtained minimum and maximum stabilizing controller
gains, denoted by K, and K, respectively, are depicted in Figure 7.4 by the
star and plus-signs, respectively. For comparison, the border of the analytical
stability region obtained by analysis of the eigenvalues of the controlled system
is depicted by the solid line, which shows that the analytic model provides an
accurate prediction of the stability region in practice.

7.4.2 Periodic Delays

The experimental time responses of the position error (e = 0,5 — 6, with ,..f
the reference position) for the constant time-delays 71 = 0.02h and 75 = 0.42h,
with K = (17 0.23)7 are depicted in the upper and lower plot of Figure 7.5.
Both responses are clearly stable. Note that, on a model level, the eigen-
values of the discrete-time system matrices are given by {A;} = {0.301 +
0.715i,—0.0004,0.854} for /1(71), and {\;} = {—0.105,0.529 + 0.832¢,0.855}
for A(ry), with A(7) defined in (7.11). Clearly all eigenvalues are within the unit
circle which confirms the experimentally observed stability properties. In Fig-
ure 7.6, the time-response for the periodic delay sequence 71, 7o, T2, T1, T2, T2, - - -
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Figure 7.4: Analytical and experimental stability region for the single inertia
system with constant time-delays, h = 2ms, and K7 = 17V /rad.

is depicted. According to the eigenvalues of the periodic system matrix
A(72)A(12)A(m1), with A(-) defined in (7.11), this system is unstable (the eigen-
values are {\;} = {—1.006,—0.566,0,0.624}). From Figure 7.6, it is observed
that the time-response does not converge to zero and remains bounded. How-
ever, in the time-interval [1.1,1.3]s a divergent error signal is observed, indi-
cating an unstable behavior of the system. For ¢ > 1.3s, the amplitude of the
error remains bounded, which is caused by the saturation of the control input
(i.e. the control input is limited to [—2.5,2.5]V, as depicted in the lower plot
of Figure 7.6). This saturation avoids that the error escapes to infinity. More-
over, the system becomes nonlinear, due to the saturation of the control input,
which is not considered in the analysis of Theorem 7.2.1. The divergence of the
error for control inputs smaller than the saturation level shows that the original
system, without saturation, is indeed unstable.

This example of the destabilizing effect of periodic delays, both analytically
and experimentally, motivates the controller design for time-varying delays.

7.4.3 Randomly Time-Varying Delays

Figure 7.7 depicts the stability region of the controlled single inertia system for
randomly time-varying delays (dashed line), obtained with Theorem 7.2.1, and
for constant delays (solid line), with K7 = 1V/rad and h = 2ms. The controller
gain K is reduced to K7 = 1V/rad, such that stabilizing controllers can be
found for delays larger than the sampling interval. Note that the previously used
controller gain K; = 17V /rad, does not allow for delays larger than the sampling
interval, because the region for constant delays is already limited to delays
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Figure 7.5: Time-response of the single inertia system for 71 = 0.02h (upper
plot) and 75 = 0.42h (lower plot), with K = (17 0.23) and h = 2ms.

15 ‘
0.05 : :
1] |
. o A AAAAA
g
o 02 0.05 11 12 13 |
0
1 1.2 1.4 16 18 2
t [s]

| WHW W | WH ”VW‘N ." |

1 12 1.4 16 18 2
t[s]

Figure 7.6: Time-response of the single inertia system, for the periodic delay
sequence T, Ta, T2, with 71 = 0.02h, 72 = 0.42h, K = (17 0.23), and h = 2ms.

smaller than the sampling interval, as can be seen in Figure 7.4. Figure 7.7
shows that the conservatism of the stability conditions in Theorem 7.2.1 is
limited (compare hereto the solid and dashed lines). The gray lines depict
the measurements that are performed to validate the stability region. Both
random delay sequences with a uniform distribution between 7y and Tyax
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Figure 7.7: Stability region for the single inertia system for constant delays
(solid line) and time-varying delays according to Theorem 7.2.1, with K1 =
1V/rad, Timin = 0.28ms, h = 2ms.

(denoted by x), and a periodic sequence Tiin, Tmaxs Tmin; Tmax, - - - are used for
validation purposes. These measurements show a stable configuration, which
is in agreement with Theorem 7.2.1. Two examples of such time-responses for
random variations in the delay are depicted by the solid line in the upper plot of
Figure 7.8 and 7.9 in terms of the error. Additionally, the middle plot gives the
control input and the lower plot gives, for a smaller time-scale, the delays that
are used in the experiments. Note that in Figure 7.9, the control input does not
converge to a constant value. This is caused by the measurement error of the
encoder in combination with a relatively high value of the controller gain Ks.
In Figure 7.8 this effect is much smaller, due to the choice of the controller that
is less close to the largest stabilizing controller gain K5 that can be found for
this delay combination. However, the control input does not converge to zero,
due to the presence of Coulomb friction in the motor.

Additionally, several measurements for time-varying delays are performed
to evaluate the possible conservatism of the transient decay rate in (7.14). Two
time-response measurements are depicted in Figures 7.8 and 7.9. In the upper
plots the measured time-response is depicted by the solid line and the estimated
decay rate according to (7.14) is depicted by the dashed line. To obtain a
better understanding of the relation between the analytical transient decay rate
(1 —~) obtained with (7.13), (7.14) and the experimental decay rate, a range of
measurements are compared in Figure 7.10 for varying controller gains Ko. The
plot depicts the analytical and experimental decay rate 1 —~. The experimental
decay rate is estimated based on the time-response and the relation |ex|? < (1—
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Figure 7.8: Experimental time response of the single inertia system for 7 €
[0.28, 1.08]ms, K1 = 1V/rad, K2 = 0.01Vs/rad, v = 0.034, h = 2ms and the
corresponding lower bound of the decay rate as in (7.14).

7)¥|eo|?. Except for values near the stability boundary, there is a clear match
between the experimental results and the model results. Based on this fact, we
can claim that the parameter « represents a useful measure in terms of transient
performance, which can be used in the controller design with Theorem 7.2.1.

To show the applicability of Theorem 7.2.1 for more complex systems, the
stability region for the motor-load set-up is validated. The analytical stabil-
ity regions for constant and time-varying delays are depicted in Figure 7.11
for K1 = 0.05V/rad. Similar to the single inertia system, measurements for
different uniform and periodic delay configurations are performed (depicted by
the gray lines with 7y, = 0.14h and Tmax = 0.94h denoted by x). Again,
it is concluded that no unstable measurements occur inside the stability re-
gion for time-varying delays. During the measurements, it is noticed that for
K5 = 0.021Vs/rad the system became unstable, which indicates that the upper
bound of K5 obtained from the conditions in Theorem 7.2.1 is not overly con-
servative. In the experiments, for lower values of Ky (K3 < 0.021Vs/rad), no
instability was found for either constant or time-varying delays. This indicates
that the obtained analytical upper bound on K for constant and time-varying
delays show a small difference with their experimental equivalents. This differ-
ence is partly caused by an inaccuracy of the estimated parameters, resulting
in a difference between the model and the experiments.

As an example, the error signal (e = 63 ,cr — 62, with 6,5 the reference
signal and 0y the measured angle of the right motor), the control input, and
the delay are depicted in Figure 7.12 for K; = 0.05V/rad, K3 = 0.01, v = 0.01,
T € [0.28,3.88]ms, and A = 2ms. This shows that the system is indeed stable.
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Figure 7.9: Experimental time response of the single inertia system for 7 €
[0.28, 1.08]ms, K1 = 1V /rad, Ky = 0.2Vs/rad, v = 0.019, h = 2ms, the corre-
sponding lower bound of the decay rate as in (7.14).
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Figure 7.10: Comparison of the analytical and experimental decay rate (K1 =
1V/rad, 7, € [0.28, 1.08]ms, h = 2ms) of the single inertia system.

Moreover, the analytical transient decay rate, obtained with (7.14), is depicted
by the dashed line. This shows that for this configuration, the analytical decay
rate is a useful estimate of the transient performance of the system in practice.
Analogous to the single inertia system, the convergence ratio based on the
analytical results and based on the measurements are compared in Figure 7.13
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Figure 7.11: Stability region for constant delays Tmax(solid line) and time-
varying delays according to Theorem 7.2.1 of the motor-load system, with
K7 = 0.05V/rad, Tiin = 0.28ms, h = 2ms.
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Figure 7.12: Experimental time response of the single inertia system for 1, €
[0.28, 3.88|ms, K1 = 0.05V/rad, K = 0.01Vs/rad, v = 0.01, h = 2ms, the
corresponding lower bound of the decay rate as in (7.14).

for different values of Ko (K71 = 0.05V /rad, 7, € [0.28, 3.88]ms, and h = 2ms).
This shows that for small values of K5 the analytical transient decay rate is an
accurate estimate of the practical transient performance. For larger values of
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Figure 7.13: Comparison of the analytical and experimental decay rate (K; =
0.05V/rad, 7, € [0.28, 3.88]ms, h = 2ms) of the motor-load system.

Ko, i.e. Ko > 7Vs/rad, the difference between the estimated decay rate and the
time-response during the experiments is slightly larger, although still acceptable.
The main difference between the analytical and experimental results is found
for the values of K5 for which the smallest value of 1 — «, i.e. the optimum
transient decay rate resulting in the smallest settling time, occurs. For the
experiments, a larger value of K5 is obtained than based on the analysis tools.
This is caused by the inaccuracy between the model and the experimental set-
up, as was already noticed in the validation of the stability region, where the
region for constant and time-varying delays is smaller than the stability region
in the practical situation. Still, due to the small difference, the analytical decay
rate is useful for controller design.

7.5 Discussion

In this chapter, the stability of NCSs is experimentally investigated for constant
and time-varying delays. To the author’s knowledge, this is the first time that
the theoretical stability region for constant delays is validated. It is shown that
there is a clear match between the measurements and the analytical stability
region for constant delays. For time-varying delays, first, the destabilizing effect
of time-variations in the delay is validated on the single inertia system for peri-
odic time-delays. This observation shows, in combination with the theoretical
example in Section 4.1, the value of the research on the stability of NCSs with
time-varying delays, as presented in this thesis. Second, for time-varying delays,
the stability conditions of Chapter 4 are adapted for the output-feedback case
and validated on two representative motion control examples, i.e. a single inertia
and a motor-load set-up. In both cases, the controllers that guarantee stability
for time-varying delays are validated on the set-up. Moreover, the performance
measure in terms of transient decay rate, as described in Chapter 5, is validated
and shown to be predictive if the plant model is an accurate description of the
experimental set-up.
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Conclusions and recommendations

8.1 Conclusions 8.2 Recommendations

In this chapter the main conclusions, regarding the work in this thesis will
be presented (Section 8.1) and recommendations for future work will be given
(Section 8.2).

8.1 Conclusions

The conclusions are divided in two parts. Firstly, in Section 8.1.1, conclusions
regarding Networked Control Systems (NCSs) are presented. Here, the model,
stability, controller synthesis, and tracking conditions are discussed, as well as
the experimental results. Secondly, in Section 8.1.2, conclusions regarding the
design of high-tech systems are presented, based on the obtained results for
NCSs.

8.1.1 Networked Control Systems

In this thesis, NCSs consisting of a linear continuous-time plant and a discrete-
time controller are considered. Due to the use of the communication network
and a possibly shared processor, the NCS has to deal with time-varying delays,
which can be smaller and larger than the sampling interval, time-varying sam-
pling intervals, and packet dropouts. The basis of the thesis is a discrete-time
NCS model that includes the combination of these effects. The starting point
of the proposed model is the standard discrete-time NCS model that describes
a NCS with time-varying delays smaller than the constant sampling interval
and no packet dropouts (see e.g. [85; 133]). In the literature, an extension for
time-varying delays larger than the sampling interval exists, where it is assumed
that all data (both from the sensor and the controller) arrives in a sequential
order (see [101; 124]). Note that if the variation of the delays is larger than
one sampling interval, the sequential order cannot be guaranteed. Therefore,
an improved model that includes message rejection, i.e. the rejection of data if
newer data is already available, is presented in this thesis. Moreover, an ex-
tension is presented such that the effects of packet dropouts and variations in
the sampling interval are included in the NCS model. Due to the assumption
that the variation in the delay and sampling interval is bounded and that the
number of subsequent packet dropouts is bounded, a time-varying discrete-time
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NCS model with a state of finite dimension is obtained. The dimension of the
(extended) state of the discrete-time NCS model depends on both the ratio be-
tween the maximum time-delay and the minimum sampling interval, and the
maximum number of subsequent packet dropouts.

Based on this model, stability conditions are presented. Two different con-
trollers are used, i.e. a state-feedback controller that depends on the state of the
continuous-time plant at the sampling instants and an extended state-feedback
controller that depends on the extended state vector that contains, besides the
current state, a number of past control inputs related to the maximum time-
delay and the maximum number of subsequent packet dropouts. A disadvantage
of the extended state-feedback controller is, however, that packet dropouts and
message rejection between the sensor and the controller are not allowed, to
guarantee the existence of all control inputs in the extended state-feedback con-
troller. For the state-feedback controller this restricting assumption is not nec-
essary, due to the dependence of the control law on the most recent state of the
continuous-time system only. For both controllers, based on different candidate
Lyapunov functions, conditions in terms of linear matrix inequalities (LMIs)
are presented that guarantee global asymptotic stability of the NCS. First, a
common quadratic candidate Lyapunov function that depends on the extended
state vector is considered. This method is applicable for both controllers. Sec-
ond, a candidate Lyapunov-Krasovskii (L-K) functional is considered to obtain
stability conditions for the state-feedback controller. A disadvantage of the L-
K approach is the increased conservatism compared to the common quadratic
Lyapunov approach, if the same extended state vector is considered. Moreover,
the LMIs become more complex; however, the number of LMIs that deal with
the uncertain time-variations in the NCS remains the same. The difference in
conservatism is explained, based on the structure of the Lyapunov functions. It
is shown that the L-K functional can be rewritten as a common quadratic Lya-
punov function, if the same state vector is considered. An illustrative example,
where a comparison of the two candidate Lyapunov functions, with respect to
the state-feedback controller is given, confirms this observation.

The obtained stability conditions are adapted, such that controller synthe-
sis conditions are obtained. The advantages and disadvantages of the differ-
ent control laws and both Lyapunov-based approaches are studied. First, the
common quadratic candidate Lyapunov function that depends on the extended
state vector is considered to derive synthesis conditions for both controllers.
For the extended state-feedback controller, constructive LMI conditions are ob-
tained, where the conservatism is comparable to the stability analysis results.
Ilustrative examples show that both for small delays, large delays and packet
dropouts stabilizing controllers are obtained. For the state-feedback controller,
analogous to the extended state-feedback controller, stabilizing conditions are
derived, however, the results are extremely conservative due to the demands on
the structure of the Lyapunov matrix in the Lyapunov function. This structure
is needed to guarantee that a state-feedback controller is obtained. The illus-
trative example confirms this fact, because only for a limited number of small
delays stabilizing controllers can be derived. An improvement that avoids the
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structure in the Lyapunov matrix, but still allows to derive a state-feedback
controller is presented based on the results of [19]. The conservatism is in
this case comparable to the conservatism for the stability analysis results for
the state-feedback controller. The illustrative example confirms this fact, be-
cause stabilizing controllers for small delays, large delays, and packet dropouts
are obtained. Second, the Lyapunov-Krasovskii functional is also considered
to characterize stabilizing controllers. Again, the structured control synthesis
problem is avoided. However, additional assumptions are needed to obtain syn-
thesis LMIs instead of nonlinear matrix inequalities. Therefore, compared to
the stability analysis results for the L-K approach, the conservatism is increased.
The illustrative examples show that only for the small delay case stabilizing con-
trollers are obtained. Comparing the different approaches for the state-feedback
controller shows that the L-K approach is less conservative than the standard
synthesis conditions, based on the common quadratic Lyapunov function, but
more conservative than the synthesis conditions, where the structure in the Lya-
punov matrix is avoided by applying the results presented in [19]. Therefore,
the use of the L-K functional to derive stabilizing controllers is not advisable,
even more because the conditions are more complex than the approaches based
on a common quadratic Lyapunov function.

The approximate tracking control problem is solved for NCSs with time-
varying delays, time-varying sampling intervals, and packet dropouts. These
effects cause an error in the feedforward signal, which perturbs the tracking error
dynamics. Sufficient conditions in terms of LMIs for input-to-state stability
(ISS) of the tracking error dynamics with respect to this feedforward error are
given. Based on these LMI conditions, we formulated an ultimate bound for
the tracking error that depends on, firstly, the plant properties, secondly, the
controller, thirdly, the desired trajectory and, fourthly, the network properties,
such as delays, dropouts, and the sampling interval. Such conditions can be
used as a design tool during the multi-disciplinary design of high-tech systems,
because it gives a bound on the tracking error depending on several factors that
can be influenced by the design, such as bounds on the delays, sampling interval,
and the occurrence of packet dropouts, or for a given desired tracking error, it
gives the demands on the variation in the delays and sampling interval and
the bounds on the occurrence of packet dropouts. Using illustrative examples,
a comparison between the proposed discrete-time model and a model based
on impulsive differential equations, as described in [74; 111], is given. It is
shown that, for a typical motion control example, the discrete-time modeling
approach allows to prove a bounded tracking error for larger ranges of sampling
intervals and delays than the impulsive differential equations. On the other
hand, the delay impulsive modeling approach provides much tighter bounds on
the tracking error.

Experiments are performed on a single motor set-up and on a motor-load
set-up. For the first time, an example is shown where a periodic variation in
the delays destabilizes the system, while the system is stable for the constant
upper and lower bound of these delays. This example motivates the necessity to
include variations in the delays during the controller design. Moreover, the sta-
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bility analysis results, as proposed in this thesis, are validated on both set-ups
for time-varying delays, constant sampling intervals, and no packet dropouts.
Note that in the literature, hardly any experimental validation of stability anal-
ysis and controller synthesis results is available. The performed experiments
show that the stability results, as proposed in this thesis, are useful in practical
applications to design stabilizing controllers that can deal with variations in
the delay. Additionally, it is shown that the transient decay rate, that can be
obtained based on the LMI conditions is a useful prediction of the transient
decay rate in practice.

8.1.2 High-tech systems design

The previous conclusions are related to Networked Control Systems. As men-
tioned in the introduction, the analysis and design conditions are also useful
in the broader scope of the design of high-tech systems, such as wafersteppers,
electron microscopes, and copiers in which control systems operating over com-
munication networks play an important role. The bounds on the variation of
the sampling interval, the variation of the time-delays, and the number of sub-
sequent packet dropouts can be obtained from measurements on the network,
but also from measurements on the software implementation in the high-tech
system or from models of the software implementation, see e.g. [21; 112]. Recall
that the processor that is used for the control computation under considera-
tion, may be used for other software tasks leading to variations in the starting
moment of the control computation and therefore to delays in the control loop.
Moreover, the processor may be shared between multiple controllers, resulting
in the use of a communication network between the processor and the plants.
This may lead to above mentioned variations in the delay and sampling interval
or packet dropouts. During the design process of high-tech systems that include
these aspects, the bounds on the time-variation in the delays and sampling in-
terval (or bounds on the latency and jitter in software engineering terms) can
be used to decide if the controller should be adapted such that it can handle
these variations or that adaptations in the software (and its architecture) are
needed to decrease these variations. For the software related adaptations, one
can think of using multiple processors instead of one shared processor (i.e. a
change in the architecture) or using a faster processor. A comparison between
different architectures is discussed for instance in [112]. An adaptation in the
controller may, based on control engineering knowledge, lead to a decrease of
the performance (e.g. a larger tracking error or a slower transient response),
while a change in the software architecture is often related to the cost-price,
especially if the number of processors is changed. The approach presented in
this thesis is helpful to make these tradeoffs more explicitly.
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8.2 Recommendations

First, recommendations concerning the stability analysis and controller synthe-
sis results, as presented in this thesis will be discussed. We will discuss the
number of LMI conditions that are needed, possible solutions to decrease the
conservatism of the stability and synthesis conditions, and ideas to avoid the
assumptions on delays and packet dropouts between the sensor and controller
that are needed for the extended state-feedback controller.

e Although the number of LMIs that need to be solved for stability anal-
ysis and controller synthesis is reduced compared to previous results in
[16], still many LMIs need to be solved, especially when packet dropouts
and delay variations larger than two times the minimum sampling inter-
val occur (because the number of LMIs increase exponentially with v that
depends on the dimension of the continuous-time system matrix A). A
reduction of the number of LMIs would be favorable in terms of numerical
tractability with reasonable computation time. Moreover, a further reduc-
tion of the conservatism is still advantageous. In [28], a reduction of the
number of LMIs is proposed, based on a geometric study that contains a
comparison between the region where the system may be active due to the
variations in the delays and the region enclosed by the generators. This
leads to a removal of the generators that describe the region where the
system can never be active for the given variations. Due to the analogy
with the model proposed in this thesis, such a reduction may be possible
for the analysis and synthesis results proposed in this thesis. This will,
due to the removal of part of the generators, result in less LMIs that need
to be solved for and a reduction of the computation time. Moreover, the
conservatism will be decreased, or, if none of the removed generators was
limiting for conservatism, remain the same.

e In this thesis, all results are based on the use of a common quadratic Lya-
punov function, or Lyapunov-Krasovskii functionals that can be rewritten
as a common quadratic Lyapunov function. A delay-dependent quadratic
Lyapunov approach, where a different quadratic Lyapunov function is
used for each generator, leads, in general, to less conservative results.
However, the number of LMIs increases rapidly, because, for each genera-
tor all possible combinations of subsequent Lyapunov functions need to be
considered. This may lead to numerical problems in the LMI solver, due
to the large number of equations that need to be solved for. Especially
for delays larger than the sampling interval and a number of subsequent
packet dropouts, this problem may arise, due to the number of generators
that are needed to describe these uncertainties. Due to the increase of the
number of LMIs it is unclear, if for this kind of systems, delay-dependent
quadratic Lyapunov functions give indeed results that are computation-
ally feasible. Here, we focussed on a common quadratic approach exactly
for this latter reason.
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e A solution to overcome the assumption for the extended state-feedback

controller, which states that, firstly, all data is received by the controller
in a sequential order (i.e. no message rejection) or that you have to wait
until all x;, I < k have arrived, and secondly, that no packet dropouts
occur between the sensor and controller, can be the use of a model based
predictor that determines the unavailable states if a packet is dropped (or
rejected) between the sensor and the controller. Then, the extended state-
feedback controller can always be computed and the assumption on the
validity of this controller can be avoided. If such a model based predictor is
used, one should decide if the predictor behaves in an event-driven fashion
or in a time-driven fashion (possibly with a time-skew between the sensor
and the processor, where this predictor and the controller are evaluated).
If the predictor acts in an event-driven fashion, besides the computation
of possibly lost (or rejected) data, it can be used to estimate the current
state of the system, based on the received measurement data and their
known delay (which can be achieved by means of time-stamping). This
may improve the accuracy of the control input if the delays are large,
compared to the response-time of the system. However, the performance
of the predictor needs to be considered as well. If the predictor acts
in a time-driven fashion, its prediction of the states can be used by the
controller to derive a new control input if a certain time (e.g. the average
delay) has passed, without receiving new measurement data (due to large
delays or packet dropouts). This may result in a better performance. Note
that in both cases the stability of the system, including the predictor,
needs to be studied as well.

Additionally, recommendations concerning the use of NCSs in general can be
given. These recommendations deal with possible extensions in the model, and
therefore also in the analysis and synthesis results, that are needed to apply
NCSs in practice. Moreover, possible improvements to the experiments are
mentioned briefly.

e In this thesis, the focus is on the network effects, however, the effect

of quantization is not included. Analogous to the deteriorating effect of
delays, it is well known that a controller that is globally asymptotically
stabilizing for a system without quantization, may fail if a quantization
with a finite number of quantization levels is used, see e.g. [58] and the
references therein. The combination of the network effects, as considered
in this thesis, and quantization are needed to get a complete overview
of the different aspects that occur in NCSs and guarantee stability in
practical applications. Note that in [79] quantization and protocol design
are combined, however without delays.

In this thesis, the bounds on the variation of the delay and the sampling
interval and the maximum number of subsequent packet dropouts are as-
sumed to be known. These bounds need to be obtained based on measure-
ments or models of the software and communication network. If protocol
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design is included in the control design, it will be possible to find a sta-
bilizing controller, in combination with a protocol, that guarantees that
data is transmitted within some bounds on the delay, sampling interval,
and the number of subsequent packet dropouts, such that the overall sys-
tem is stable. Note that the approaches discussed in e.g. [18; 80; 81; 104]
consider already this combination, however, without delays.

e The approach presented in this thesis is limited to a system that has one
actuator and all sensor data is obtained at the same sampling instant and
sent in one packet. In practice, multiple actuators and sensors can be
present. Then, data from different sending sources needs to be combined
to derive the control inputs. The effect that the data is obtained at differ-
ent time-instances, or that only part of the data is available, need to be
accounted for. In this case the use of an observer that derives the state
of the system at one time-instant, based on the part of the data that is
available, would be of interest. In the literature such effects are studied
in e.g. [76; 80].

e The experiments in this thesis are limited to a NCS with network delays.
Experimental validation of the stability and tracking results for NCSs with
network delays, packet dropouts, and variations in the sampling interval
is advisable. A next step could be to apply to proposed results to a real
NCS, instead of the set-ups that are considered in the Chapter 7, where the
delays are added artificially. Then, before validation, measurements need
to be performed to derive the upper and lower bounds on the variation
of the sampling interval and the delays and the maximum number of
subsequent packet dropouts, as these are needed in the stability analysis
and controller design.

The above presented recommendations focussed on the field of NCSs. How-
ever, the presented results may be applicable for sensor-based event-driven con-
trol, as studied in e.g. [94]. For this kind of controllers, the sampling interval
is in general not equidistantly spaced. Consider for instance a controller that
is evaluated at every encoder pulse. Then, the sampling instants are velocity
dependent, which results in an uncertain, and time-varying sampling interval.
The analysis of the achievable tracking error, as proposed in this thesis, based
on the variations in the sampling interval, may be useful during the design
of such a sensor-based event-driven controller. For event-driven controllers, in
general, the sampling interval is one of the design parameters. Applying the
analysis and synthesis conditions proposed in this thesis is possible, however,
the results will be rather conservative, because no additional demands on the
tracking error can be taken into account. An example of such a demand is that
no new control input is computed if the tracking error is inside a specified error
bound (see e.g. [3]), which may result in large sampling intervals.

Finally, for high-tech systems design, one can think of combining the pro-
posed discrete-time model with a software model that predicts the latency and
jitter. However, this may be complicated, because then all the software, includ-
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ing non-control related tasks, that are executed on the same processor, need
to be modeled, or accounted for otherwise. Probably, an approach as consid-
ered in TrueTime [9] can be helpful to achieve this. Such a combination would
show much correspondence with combining the proposed NCS model and anal-
ysis techniques with protocol design, because the protocol design is part of the
software implementation.

The list of recommendations indicates that there are still many issues to be
resolved before all the advantages, such as ease of maintenance and flexibility
of wired and wireless networked control systems can be harvested. Part of the
solution will lie in the improvement of the employed communication networks
and protocols, resulting in increased reliability and reduction of the end-to-end
latencies and packet dropouts. However, the solution cannot be obtained in a
(cost-effective) manner by only improving the communication infrastructure. It
is important to take a systems perspective on reliability and to develop control
algorithms that are robust to communications imperfections. This requires de-
veloping models of network characteristics which are compatible with controller
analysis and synthesis methods, which lead to controllers that can deal with
unreliable communication. This latter aspect is recognized widely in academia,
which makes the networked control a lively research area at present. The re-
sults presented in this thesis form a significant contribution to this exciting and
challenging research field, which will expand over the years to come, both in
theory as in applications.
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A.7 Proof of Theorem 4.3.6 A.15 Proof of Theorem 6.2.3

A.8 Proof of Lemma 4.4.2

A.1 Proof of Lemma 3.2.1

From the definition of d in the lemma, we have that the control input u,_7is
always available before or exactly at t = si := kh as ST g < S g Tmax <
sk. Moreover, u, _7 is the oldest control input that can be active in the sampling
interval [sg,sg4+1). To prove this, consider any previous input w; for some
j<k-— d. From the definition of E, we have that dh > Tipax and thus:

G+ Dh+ 741 <+ Dh 4+ Tmax < 5,3 + Tmax < Sk-

This implies that the control input u;1 arrives before time s; and thus u; will
not be active in the sampling interval [sk, sky+1). To prove that newer inputs
uj, j >k — d are not necessarily available before s;, we determine the latest
time at which u, 7 1 might be implemented, which is equal to s, 5 +1 1 Tmax-
Based on the definition of d it holds that dh — Tiax € [0,h), i.€. Tmax > (d—1)h.
Using this fact and that fact that s, g, , = sk — (d — 1)h gives:

Sp_d+1 T Tmax > Sk.

This proves that u; 5, , might be implemented after sy, implying that the older
input u, 5 might indeed be active in [sy, sp41).

From the definition of d in the lemma, it follows that the input u;_g repre-
sents the most recent control input that might be implemented during the sam-
pling interval sk, sg+1). Indeed, as dh < Tinin, we have that sg_g+ Tmin < Sk+1,
which implies that the input u;_g might be available for implementation before
time sgy1. To show that there is no more recent control input that might be
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active in the interval [sy, sx+1), consider the control input u;, for some j > k—d.
From the definition of d, we have that:
$j+Tj > 8j + Tmin > Sk+1 Vj >k —d.

Therefore, the control input u;, j > k — d, cannot be implemented in the
sampling interval [sy, spy1). Hence, the control inputs u, 5,...ur_q are the
only control inputs that can be active in the sampling interval [Sky Skt1)-

The times t? with j € [k—d, ..., k—d] will be constructed in such a manner
that sp + t? is the time at which the control input u; becomes active in the
sampling interval [sy, si4+1). Hence, tf_, is given by:

tp_4=min [h,74_g — dh]. (A.1)

Note that, by definition, 7,_q — dh > 0, Vk. In principle, if 7,_4 — dh € [0, h]
then s,_q + T,—g is the time at which uj_g is implemented. If 7,_4 — dh > h,
then wuj,_4 might be active after s;y;. Since, we are only interested in the
interval [sg, si+1) we take the minimum of this value and h in (A.1). Next, as
up—q—1 can only be active before uy_4 is available (otherwise message rejection
will occur), tf_, | is given by:

ti—g—l = min [tﬁ_g, max{0, 7p—qg—1 — (d + 1)h}} . (A.2)

Similarly to tﬁ_d, if _g—1 — (d+1)h €0, tﬁ_d] then sy — (d+ 1)h+ Tp—g—1 is
the time at which up_g_1 is implemented. In case 7,_4—1 — (d + 1)h < 0, then
up—q—1 might be active before s,. Since, we are only interested, here, in the
interval [sg, Sp+1), we take the maximum of this value and 0 in (A.2). For the
other values of tf, the recursion can be derived similarly, yielding:

t? = min [t;ﬁrl,max{O,Tj — (k fj)h}}  fork—d<j<k—d,
with t’,z_ d+1 ‘= h. Recursive substitution of these relations yields the charac-
terization of (3.7).

A.2 Proof of Lemma 3.3.1

To prove that u, - 5 is the oldest input that can be active during the sampling
interval [sy, si+1) we consider, firstly, the case without packet dropouts and,
secondly, the case with the maximum number of subsequent dropped packets.
From the definition of d in Lemma 3.3.1, we have that the control input (I
is always available before or exactly at ¢ = s, := kh, provided u, 7 is not
dropped (i.e. m;_5 =0), as s, 5+ 7,3 < S, + Tmax < sx. Hence, in the
case that w,_ - is not dropped, no control inputs u; with j < k — d will be
active in [sg, Sk+1), as also stated in Lemma 3.2.1. To prove that newer inputs
uj, j >k — d are not necessarily available before sj, the same reasoning as in
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the proof of Lemma 3.2.1 in Appendix A.1 can be used. This implies that the
older input w, 7 might indeed be active in [sg, sx4+1). Next, we consider the
case with packet dropouts and we will show that u, 5 is the oldest input that
can possibly be active in [sg, sg+1). Note hereto that, from (3.13), it follows
that at least one of the control inputs u,_5_5, U G 10 UG is not lost. If
Uy, _7,, is indeed implemented after sj (which is possible as just shown), then at
least one of the inputs u;_3_5,up_3_5.1,---,u,_gz will be active in the sampling
interval [sg, sk41). The fact that the maximum number of subsequent packet
dropouts equals ¢ implies that u,_4_5 is the oldest control input that might be
implemented in the sampling interval [sy, Sk11).

The proof that uj_g represents the most recent control input that might
be implemented during the sampling interval [sj, sx4+1) is equal to the corre-
sponding part of the proof of Lemma 3.2.1 in Appendix A.1. Hence, the control
inputs u,_5_3,...,ur—q are the only control inputs that can be active in the
sampling interval [sy, Sg41)-

The times t¥ with j € [k — d—96,...,k—d] will be constructed in such a
manner that s + t? is the time at which the control input u; becomes active

in the sampling interval [sy, sx+1). Hence, tﬁfd is given by:
t],:_d = min [h, Ti—a — dh + mk,dh} . (A3)

Indeed, as in the proof of Lemma 3.2.1, if my_q = 0, then s + 7,_q — dh is
the time at which wuj_g4 is available at the plant. If 7,4 — dh > h, then uy_q4
might be active after sp41, but not in [sg, sx+1). Since, we are only interested in
the interval [sg, Sk+1) we take the minimum of this value and h in (A.3). Note
that, by definition, 7,4 — dh > 0. Finally, if u,_4 is lost, i.e. mp_q = 1, then
the expression for t¥ , in (A.3) becomes h, which means that the input is not
used in [sg, Sg4+1). Next, as up_g—1 can only be active before uy_g4 is available,
th 4, is given by:

tr_g_1 =min [t;_s,max{0,7e_g—1 — (d + 1)} + my_a_1h|. (A.4)

Similarly to t§_,, if max{0,7x—g—1— (d+ 1)k} +mg_g—1h € [0,tF_,) (note that
if the packet befonging to sk—g—1 is dropped, the value of max{0, T;_d_l —(d+
1)h} + mg_4—1h becomes h >tk ) then sy + 7_g—1 — (d + 1)k is the time at
which uj_g—1 is available at the actuator. In case Tk—d—1 — (d+ 1)h < 0, then
up—g—1 might already be active before s;. Since, we are only interested, here,
in the interval [sk, sp4+1), we take the maximum of this value and zero in (A.4).
For the other values of t?, the recursion can be derived similarly, yielding:
t? = min [t§+1,max{0, 7 — (k= j)h} + m;h]

for k —d -6 < j < k—d, m; satisfying (3.13) and with t£7d+1 := h. The
elaboration of this recursive relation yields the characterization of (3.15).
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A.3 Proof of Lemma 3.4.1

This proof follows the same reasoning as the proof of Lemma 3.3.1 in Appendix
A.2. To prove that u, 5 5 is the oldest control input that might be active during
the sampling interval [sk, Sk+1), we consider, firstly, the case without packet
dropouts, and secondly, the case with packet dropouts. From the definition of d
in Lemma 3.4.1, we have that the control input u,_5 is always available before
or exactly at sg, if uk 7 is not dropped. To prove this, we use the relation

S = 5, 5+ Zl 47 i, which provides the upper and lower bounds on sy,

given by s, 5 + Ahmin < s < 5, + Ahmax- Combining the lower bound
on sp and s, 5+ 7, 5 < S g+ Tmax gives: s, 5+ 7 5 < S g+ Tmax <
Sk — Ahmin + Tmax < Sk, due to the definition of d = UL‘“&] Hence, in the case
that the control input u,_ is not dropped (i.e. my,_5 = 0), it might be active
before s;, and no older control inputs u;, with 7 < k — d will be active in the
sampling interval [sy, sx41). To show that u, - can be active in the sampling
interval [sg, Sg4+1), we need to show that Uj_gyq can become active after sj if
no packets are dropped.

To do so, note that the upper and lower bounds of s in terms of Sj_g4q1 are
given by s; 5., + (d—1)hmin < s < Sp_dy1 T (d —1)hmax and both the upper
and lower bound can be achieved. The largest time at which u, 5 , can be
implemented is equal to s, 7. ; + Tmax- Combining the largest implementation
time of u,_g,, and the smallest value of sj; gives s; a+1 + Tmax = Sp_gy1 T
(d — 1)hmin. Based on the definition of d, it holds that d — 1 < max d, which
gives that w5, , might be implemented after sj. This proves tﬁnat in the case
without packet dropouts wu,_; can indeed be active in the sampling interval
[sk, sk+1). To prove that u, 5 5 is the oldest control input that can possibly be
active in [sy, sk+1), the case with packet dropouts needs to be considered. This
proof follows the same reasoning as the proof of Lemma 3.3.1 in Appendix A.2.

From the definition of d in Lemma 3.4.1, it follows that the input uj_g
represents the most recent control input that might be implemented during
the sampling interval [sy, si41). To prove this, consider the smallest time at
which wup_g might be implemented, which is given by s;_4 + Tmin. Based on
the definition of d, which gives that Timin < (d + 1)hmax, we can conclude that
Sk—d + Tmin < Sk—d + (d + 1)hmax. Combining this with the tight bounds on
Sk+1, given by:

Skh—d + (d 4 Dhmin < sk41 < Sp—ag + (d + 1) hmax

yields that it might hold that s;_g + Timin < sk+1. Consequently, ui_q might be
implemented before si41. More recent control inputs always arrive after sg1,
as we will show next. Consider j > k — d. Then, we have that s; + Tmin is the
earliest time at which u; might be implemented. To determine if this moment
may occur before sj 1, consider the upper bound on sj 1, in terms of s;, given
by sk+1 < 8 + (k — j 4+ 1)hmax. Combining these results gives that

Sj + Tmin < S5 + (k -7+ 1)hmax (A5)
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should hold if u;, j > k—d, is implemented in the interval [sy, sx+1). Due to the
definition of d = [ ;= |, (A.5) is never correct for j > k —d. This proves that
Uug—q is indeed the most recent control input that can be active in the sampling
interval [sg, sg41).

The times ¢ with j € {k—d—3,...,k—d} are constructed in the same way
as in Appendix A.2. The time ¢ _, is given by

k—1

tﬁ_d = min hk’ Tk—d — Z hl + mk*dh’max . (AG)
I=k—d

Indeed, if my_q = 0, then s + T4—g — Zf;kl_d h; is the time at which uy_g is
available at the plant. If 7,4 — Zf;klfd h; > hy, then uj_g might be active
after sg41, but not in [sy, sk41). Since, ‘we are only interested in the interval
[Sk, Sk+1) we take the minimum of this value and hy in (A.6). Note that, by
the definition of d, 7,—q — Z;:kl_d h; > 0. Finally, if uy_g is lost, i.e. mp_q = 1,
then the expression in (A.6) gives_ hi, which means that the input is not used in
[Sk, Sk+1)- Next, as u—g—1 can only be active before uj_q4 is available, t’;_d_l
is given by

k—1
tﬁ_d_l = min tﬁ_g,max 0, Th—d—1 — Z hi p +Mi—dg—1hmax | - (A7)
l=k—d—1
Similarly to tﬁ*d’ if maX{O, Th—d—1 — f=_k1—d—1 hl} + Mp—d—1lmax € [0, tllzfd)’
then sy + Tp—ag—1 — f;l_d_l h; is the time at which ur_4—1 is available at

the actuator. In case 7,_g—1 — Zf;klfd h; < 0, then ug_g—1 might be active
before sj. Since, we are only interested, here, in the interval [sy, sk11), we take
the maximum of this value and zero in (A.7). For the other values of t¥, the
recursion can be derived similarly, which leads to

k—1

k : k §

tj = min thrl?maX O,Tj - hi p + mjhmax )
I=j

for k—d—6 < j < k—d, m; satisfying (3.13), and with tﬁfdﬂ := hy. The
elaboration of this recursive relation yields the characterization of (3.22).

A.4 Proof of Theorem 4.3.2

The proof of Theorem 4.3.2 consists of two parts. First the convex overestima-
tion of the set FG”, defined in (4.21), is explained, and, second, the stability
of the discrete-time NCS model (4.5), (4.9) is proven. Similar to the proof of
Theorem 4.3.1 an overapproximation of the set FG* can be made. Therefore,
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define the set FG"

FG' = {(F§+Zéff, 6§+Zéﬁf) = [O,l],i:1,2,...,y},

i=1 i=1 ( )

VVIth}?()fly‘()“i’ZZ 1OLF F ( ) G()—G0+ZZ 1an,andG
(@ — a;)G7, with @; = maxX ¢ rad az(T) and o; = minq¢pr o0 0i(7).
Similar to the proof of Theorem 4.3.1, the set FG is still an infinite set of
matrices. However, each matrix in this set can be written as a convex com-
bination of the generators of the corresponding set, which are defined as the
set Hf in (4.23). The separate matrices in H% are denoted individually
by (HI{ZJ.7 Hg.j), 7 =1,2,...,2Y. Moreover, Hy, ; and H¢ ; occur always in
combination, because they depend on the same values of a;. Based on these
generators, JF G" can be written as:

co(Hrg) =
2v 2v
(Z(QJ)JH%',]LZ ¢]HG,] ) Z¢] _1 ¢J [ ] j:1527"'72y
j=1 j=1
(A.9)
Then, the following relation between the different defined sets holds
FG® CFG" = co(HLq). (A.10)

Based on the system model (4.22), with x, = (z :E{fl)T and the candi-
P+T -T

T R+ T) Xk, the satisfaction of

date Lyapunov function V(xx) = x7 (
the LMIs:

P+T T\ _ (P+T -T\ _—
-T R+T) \ -T R+T

o P+T T \NA_\ 1 (P+T -T

et (P4 gl em-a-n (T g h) <o

A - - (A.11)
with C(.) = (@o -G R —Fn)R
1,2,...,v, is sufficient for the GES of the fixed point z = 0 of (4.22). Since

T x v
f:;ié;)t}}ll(e)l(ésdf?; igréggé;iGj) € Hy with j =1,2,...,2", we have that, by

for all possible values of «a;, i =

—R+(1—7)(P+T) * *x x
Q=T A= )BEET) kx|
P(© — HE JK) ~P(H},K) P« ’

T(©y— HE,K-1) -T(Hf,K) 0 T
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for all (Hf ;, HE ;) € Hig and with 0 < < 1. Note that x denotes matrices
that render the overall matrix symmetric. Since ¢; > 0 for all j € {1,2,...,2"}

and Y7, ¢; = 1, it holds that

» ~R+(1—y)(P+T) * *
—(1 =T 1-=9)(R+T) » =*
0< 2 %P6, - HE K ~P(Hp,K) P
Jj= ~ pl [ g—
T(O - Hg K ~1) ~T(Hi,K) 0 T
~R+(1—9)(P+T) * * ok
B —(1—-9)T (I—=y)(R+T) * ok
=| POy - 0z K)  PYL, 6HpK P o
R & it 17 g
T(O0 - Y2 ¢ HE K —1) ~TY2 ¢HEE 0 T

Consequently, it holds that

~R+(1-=9)(P+T) *

-(1-NT I=ER+T) > *
POy -HK) PR P o] % (W
T(©g— HoK — 1) ~THZK) 0 T

for all (Hy, He) € co(H%q). Based on the fact that (A.10) holds, we have that
(A.12) implies that:

—R+(1—7)(P+1T) *
“1-T  (G-y(R+T)
]5 (éo — Gx(Tk)F> —-P (Fl(Tk)?)
T (éo — G*()K — 1) ~T (F*(r)K)

>0,

S Mo+ K
N+ %

for all 74 € [Tmin, Tmax|- Applying the Schur complement again gives (A.11),

' P+T -T
_ T
which shows that V(xi) = xi ( T R4T

Lyapunov function for (4.19), (4.9) which proves that the origin x = 0 of
(4.19), (and equivalently of (3.3), (4.9)) is GES. However, to apply the Schur

complement it is needed that both P and T are positive definite instead of

) Xk is a common quadratic

P+T  -T > 0. (Note that this demand is indeed included in the theo-
- R+T
rem.)

A.5 Proof of Lemma 4.3.4

To compare the stability characterization of the adapted common quadratic
Lyapunov approach in Corollary 4.3.3 and the L-K approach in Theorem 4.3.2,
we exploit that the candidate L-K functional (4.17) can be rewritten as V(xg) =
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T (P +r T ) Xk- This shows that every L-K functional of this form

F\ -T R+T
actually is a common quadratic Lyapunov function of the form V() = X{ﬁx;g,
= (P+T T : L
with P = ( T R+ T)' Due to the fact that in the L-K approach it is

demanded that P = PT > 0, R = RT > 0, and T = T7 > 0, while in
the common quadratic Lyapunov approach we would then demand only that
<P +T -T
-T R+4T
using the L-K approach.

) > 0, slightly more conservative results may be obtained,

A.6 Proof of Lemma 4.3.5

To prove the bounds on the intersample behavior, both the case with ¢ < 75
and the case with ¢ > 7, will be considered. First the case ¢t > 71 is described.
Note that, (4.27) implies:

) i - 7
lz(sp 4+ 1)| < |eMtay] + |/ e*dsBuy,| + | edsBuy_1|.  (A.13)
0

t—Tp

Using Wazewski’s inequalities, see [116], and [117]:
leAtz] < |zfetmad, (A.14)

with Apax = %max (eig(A + AT)), the terms in the above inequality can be

upper bounded to obtain an inequality of the form:
|$(Sk + £)| < éo|$k| + 61|Uk| + 62|uk_1|. (A15)

For 74 € [Timin, Tmax] and 74 < ¢ < h, the first term in (A.13) can be rewritten
as:

max {e’\maxh, e’\mame‘“} for Apmax # 0

1 for Amax = 0.
(A.16)

To rewrite the second term in the right-hand side of (A.13), the integrals are

rewritten as follows:

f*Tk E*Tk
[ e Buds < Bl [ s
0 0

|eAEack| < éolak|, with &y := {

The integral in the right-hand side of this inequality can be solved exactly,
because A\pax is a real number, yielding:

-
|/ eAsBukds| < éq|ugl,
0

A7)
| B|| 32— (ermax(h=Tmin) — 1) if Ajpax # 0 (

AlI] ax

1B (h = Tmin) if Amax = 0.

with ¢ := {
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The upper bound of the last term of (A.13) can be derived in a similar fashion:

i
| i eASdsBuk_1| < éolug—1,
E= ) . ) (A.18)
with ¢ 1= { o (rmaxl —1) i Ampax # 0

AlI] ax

”BH Tmax if Amax = 0.
Next the second case (£ < ;) has to be studied. The norm of |z(s + )| in

(4.26) can be upper bounded as follows:

) 7
sy +8)] < |eAtack|+|/ (%) Buy_1ds|. (A.19)
0

Based on Wazewski’s inequalities (A.14), we obtain an inequality of the form:

|z (sx +1)| < Colar| + calup_1]- (A.20)
The first term in the right-hand side of (A.19) is given by:

leA | < Golay|, with & := max{1, emexTmax}, (A.21)

The upper bound of the second term in the right-hand side of (A.19) can be
derived analogously to (A.17):

IBI S5t i A 0

t
As — . _
e Bug_1ds| < éalup_1 with ¢ := max )
|/0 | | . || B Tmax if Amax = 0.

(A.22)
Consequently, the inequality in (A.13), (A.19) can be replaced by:
|z(sk + 1) < colwk| + c1|ug| + c2|uk—1|, Vi€ 0,h), (A.23)
with
co = max{éy, o}, c1=~¢1, cg3=max{é, 2} = éa. (A.24)

A.7 Proof of Theorem 4.3.6

In this proof, we combine the results of Theorem 4.3.1 (or Theorem 4.3.2) and
Lemma 4.3.5. First, the proof is given for Theorem 4.3.1 in combination with
the extended state feedback controller (4.8). Second, the proof for the state
feedback controller (4.9) in combination with Theorems 4.3.1 and 4.3.2 is given.

Extended state feedback controller and the common quadratic Lya-
punov approach Based on Lemma 4.3.5, in combination with the bounded-
ness of the control input from (4.8), i.e. |ug| < || K| [€x], it holds that:

(st + )] < colwx| + | K[ Ex] + 2 ur—1], (A.25)
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with ¢g, ¢1, and ¢g defined in (A.24), (A.22), (A.21), (A.18), (A.17), and (A.16).
Note that the initial condition of (3.1), (4.8), applicable for (A.25) is given by
50 = (xg uzl)T such that it includes both the current state o and the past
control input u_;. To prove asymptotic stability of the intersample behavior,

it needs to be proven that the second condition in Lemma 2.2.2 holds. If The-
orem 4.3.1 is satisfied, then based on |£]% = &F P&y, and (4.13) it holds that:

[Ger1lp < A =l&lp = 1&lF < (1 —9)"&lp, (A.26)

with 0 < v < 1. To rewrite (A.25) in terms of the initial condition &y, the
following relation between xp and & is used: zp = CL&, with C, = (I 0).
Moreover, the following relation between ux_1 and & is needed: ui_1 = Cy &k,
with C,, = (O I). Using the fact that Amin(P)[€k]? < [€6]% < Amax(P)[€k]?,
the fact that |22 < [|CoP~2||2&k]%, Jup_1]> < [|CuP~2]2&k]%, and rela-
tion (A.26), the bound on the intersample behavior, described by (A.25), can
be rewritten as follows:

e for k=0: . -
|z(sk +1)] < (co + el K| + e2) [0l (A.27)
e for k> 1:
2o+ < [ 1CP S leo + [ +— sl KT ) A PYL = 7)ol
— xT Amln(P) max

+ 2| CuPE [ A (PY (L — 7)ol
(A.28)

for 0 < ¢ < h. Since v € (0,1), (A.28) decreases for increasing values of
k, Vk > 1. Then, the following upper bound for x(¢) can be found:

lz(t)] < B(t)|&l, (A.29)

with (3(t) a non-increasing function of ¢ according to

3 _ ) max{fo, 1} fortel0,s1),
Be) = { Bk n for k>1 arlld t € [sk,Skr1), (A.30)

with
Bo =co + c1|| K| + c2,

Br = <|CzP%|co + ,/ﬁ(mcﬂfﬂl) \/Amax(P)(l - )k (A.31)

2| CuP ™ |y Amax(P) (L —7)F for k> 1.

Note that (3(t) is a non-increasing function, because it decreases at the sampling
instants sy, Vk > 1. Tt is not difficult to find a function 8(t) € KL, such that
B(t) > B(t). Therefore, it is concluded that, based on Lemma 2.2.2, the NCS
denoted by (3.1), (4.8) is GAS if the conditions of Theorem 4.3.1 are satisfied.
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State-feedback controller and the common quadratic Lyapunov ap-
proach If the state feedback controller is considered, a slightly different bound
for the control input is used: |ug| < || K]||zx|. Then, (A.25) is rewritten as:

|z(sk + 1) < colmi| + e || K| |zk| + c2 |up—1]- (A.32)

Analogous to the previous paragraph, it can be proven that (A.29) holds,
with 3(t) defined in (A.30) and (A.31), where || K| is replaced by || K||. Then, a
function B(t) > B(t), with 3(t) € KL can be derived. According to Lemma 2.2.2,
the continuous-time NCS (3.1), (4.9) is GAS.

State-feedback controller and the L-K functional For the Lyapunov-
Krasovskii based functional in Theorem 4.3.2, another state vector is considered,
ie. xp = (2} x{_l)T. Therefore, the derivation of the class ICL-function 5(t)
is slightly different. Based on |ug| < || K|||zk|, it holds for the intersample
behavior, defined in (4.28), that:

|2 (s1, + 1) < colwr] + ex|[ K| Jwx] + 2l K| |zl (A.33)

with ¢g, ¢1, and ¢g defined in (A.24), (A.22), (A.21), (A.18), (A.17), and (A.16).
Note that the initial condition of (3.1), (4.8), applicable for (A.25) is given by

Xo = (:cOT :L'TI)T such that it includes both the current state zo and the past
state x_1. To prove global asymptotic stability of (A.25), it needs to be proven
that the third condition in Lemma 2.2.2 holds. If Theorem 4.3.2 is satisfied,
then for the extended state xj it holds that:

|Xk+1|?a? <(1- ’7)|Xk|?>? = |Xk|?:? <(1- ’Y)k|XO|?>?7 (A.34)
: — _ (P+T -T
with 0 < v < 1 and Prr = ( 7 R—l—T)' To prove that zj converges

to zero, the following relation between xj and yj is used: xp = Cyxg, with
C, = (I 0). Using the fact that Amin(Prr)|xk|* < |Xk|% < Amax(Pr7)|XK|?
and relation (A.34), the bound on the intersample behavior, described by (A.33),
can be rewritten:

e for k=0:

|2 (s, + )] < (co+ (c1 + e2) [K]]) [Xol, (A.35)

e for k> 1:

|1’(8k + 1?)| g”CxPRT_E H (CO + CIHF”) \/)\max(PRT)(]- - 7)k|)_<0|

; (A.36)
+ c2|| K|[|Co Prr ? || \/Amax(PRT)(l =) xol,

for 0 < £ < h. Since v € (0,1), (A.36) decreases for increasing values of
k, Vk > 1. Then, the following upper-bound for x(¢) can be found:

|2(t)] < B(t)[Xol, (A.37)



146 Proofs of theorems and lemmas

with (3(t) a decreasing function of ¢ according to

s | max{fBo, 1} forte|0,s1),
B(t) = { 5, 0- 1 for k> 1 arlld t €[Sy Sky1), (A.38)

with
Bo =co + (c1 + c2) [ K],
B =(co+ a1l K|)) [|Co Prr * ||\/>\max(PRT)(1 -7k

+ el KINCPrr * 3/ Amax (Prr)(1 = 7)% for k> 1.

Note that 3(t) is a decreasing function, but not of class KL, because it decreases
only at the sampling instants s;, Yk > 1. However, it is not difficult to find
a function 3(t) € KL, such that 3(t) > B(t). Therefore, it is concluded that,
based on the conditions in Lemma 2.2.2, the NCS denoted by (3.1), (4.9) is
GAS if the conditions of Theorem 4.3.2 are satisfied.

A.8 Proof of Lemma 4.4.2

To determine the minimum and maximum values of the parameter t?, the defi-

nition of tf in (3.22) is considered. First, the lower bound of tf will be derived.
Based on (3.22), it holds for j = k — d that:

k-1
t’,:fd:min max { 0, 7,_q — Z hi p + mMi—ghmax, hi ¢ - (A.39)
I=k—d

To obtain the smallest value, my_q = 0 needs to be considered. In general, the
minimum value of tﬁ_ 4 1s given by:

t]lzfd,min = min {Trnin - dhmax; hmin} s (A40)

where it is used that 7,_g —dhmax > 0, due to the definition of d. Next, consider

j < k—d. To determine the minimum value of t?, as defined in (3.22), it is used
. k—1 . , - =

that: min(7; — Zl:j ht) = Tmin— (k=) hmax,  €{k—d—00+1,...,k—d—1}.

Moreover, to obtain the smallest value of t?, m; = 0 needs to be considered for

the corresponding value of j with j € {k—d—0+1,...,k—d—1}. Then, (3.22)

reduces to

t;min =min { ma'X{O7 Tmin — (k - j)hmax}, maX{O7 Tmin — (k _.j + 1)hmax}’7

<+« Tmin — C_lhmaX7 hmin}7
(A.41)

forje{k—d—96,....,k—d—1}. Based on the definition of d, it holds that
Tmin — (K — J)hmax <0, for j € {k—d—9,...,k—d—1}. Then, (A.41) reduces

to tk =0 for j <_k; — d, because hpin > 0 and Tnin — dhmax > 0.

J,min =
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Second, consider the upper bound of t?, Jje{k—- d—6+1,...,k— d}.
Note that, by definition, it holds that t’;7875 = (0. Before a generic solution
is derived, first two specific cases of t? are considered, i.e. tﬁ_d and t’,j_d_l to
show the differences between a situation with and without packet dropouts. The
upper bound of t£7 4 can be obtained from (A.39). Two cases are distinguished,
i.e. the case with and without packet dropouts.

o If packet dropouts occur, my_q = 1 is allowed. The maximum value of

t’;fd is then given by hmax, because 7,4 — f:_,id Pmin + Mi—ghmax is
always larger than (or equal t0) hpax.

e In the case without packet dropouts, thus my_g4 := 0 the maximum value
can be obtained from: t’,jfd’max = min{7Tmax — dNmin, Pmax |-

For j = k —d — 1, the upper bound of t? can be determined, based on:

tllz—d—Lma,x = min { max{O, Tmax — (C—l + 1)hmiﬂ} + mk—g—lhmax; (A 42)
Tmax — C_lhmin + mk—dhmax; hmax} .

The cases with and without packet dropouts are considered separately to de-

termine the upper bound:

e In the case of packet dropouts, the largest value of t’gﬂkl occurs for

Mmp—g—1 = 1. Then, the maximum value of 75’,;471 is given by:

min {Tmax - dhmin + mkfdhmaxa hmax} )

because max{0, Tmax — (d + 1)Amin} + Amax > hmax. The two following
cases can be distinguished:
— if also mg_4 = 1 (which is allowed if § > 1), the maximum value is
ti—g—l,max = hmax,
— if mp_q = 0, which is necessary if 6 = 1, then the maximum is given
by:

tk _ { min(Tmax - dhmina hmax)
k—d—1,max 0

>

if
y (A.43)

Al
I I

For d > d, it is used that Tmax — dhmin > 0, due to the definition of
d.

e Tor the case without packet dropouts i.e. my_qg—1 = 0 and my_g = 0, the
maximum of tZ_ 41 is given by:

(A.44)

" _ min(Tmax — (d + 1)hmin, Pmax) if@ >d+1
k—d—1,max 0 if d = d + 1.

Due to the definition of_ﬁ and d, it holds that Timax— (d+1)Amin € (0, Amin].
Note that if d = d and § = 0, i.e. no packet dropouts and no delays, t§7471
does not exists, due to the definition of j in (3.22).
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These examples show that a distinction between the case with and without
packet dropouts needs to be made. Moreover, the maximum number of sub-
sequent packet dropouts d needs to be considered in the computation of the
upper bound of t;? for je {k—d—3&6+1,...,k —d}. The value of t:_g_g is
not included, because it is by definition, see (3.22), equal to zero. To derive
a generic solution for the upper bound, consider the definition of t? in (3.22).
To obtain the maximum value of t?, (3.22) can be replaced by the following

relation:
max(tf) = min { max{0, Tmax — (K — J)hmin} + MjAmax,
maX{O, Tmax — (k _.j - 1)hmin}’ + mj-l—lhma,xa ey
maX{O, Tmax — C_lhmin} + mk—ghmax; hmax}7
(A.45)

for j € {k—d—¢6+1,....,k —d}. Analogous to the two described examples,
the cases with and without packet dropouts are considered.

e If packet dropouts occur, i.e. 6 > 0, at maximum 0 subsequent times

mj = 1 occurs. Thus, according to (A.45), as long as j > k —d —d, all

values from m; until mi_q can be equal to one. Then tf’max is equal to
Pmax-
For j = k—J—d it holds that at least one of the values of My 5 oo Mk—d
has to be equal to zero. It is easy to see that the largest value of t2737 4
is obtained if my_q = 0 and all other values of m;, j € {k—0—d,...,k—
d — 1}, are equal to one. Then for tzigidymax is given by

tﬁfsfg,max = min{7Tmax — dPmin; Pmax }-

Due to the definition of d it is indeed possible that Tmax — dhmin > Amax-
Then, t2757 P is given by hmax, because t? is derived in the interval
[Sky Skt1)s with Sk+1 — Sk < hmax- Moreover, note that it holds that
Tmax — Ahmin > 0, due to the definition of d.

For smaller values of j, i.e. j € {k—d—0+1,...,k—0—d—1}, a similar
reasoning holds, where the largest value of t? is obtained if m 5 = 0,
i.e. 0 subsequent packets are dropped, denoted by m; =1, m;11 =1, ...,
m 5, =1ij€ {kz—d—é_—i—l, e k—0—d—1} is_corisidered. Not_e that
it holds that Tiax — (k=7 —0)hmin > 0, for j € {k—d—é—i—l_, e k—d—d}.
To prove this, consider the smallest value of j, i.e. j = k—d—d+1, which
results in the largest value of (kK — j — §)hmin:

Tmax — (E - ]-)hmin = Tmax — <’7%—‘ - ]-> hmin

=  Tmax — (d - ]-)hmin S (07 hmin]-

(A.46)

Then, analogous to j = k — 6 — d, it holds that
tk = min{Tmax - (k _j - g)hmiru hmax}a

j,max
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for j € {k—d—0+1,....k—6—d—1}. Note that Tymax — (k — j —
0)hmin > hmax may occur, except for j = k —d — & + 1. To prove this,
first consider j = k —d — & + 1, for which (A.46) proves that the upper
bound of t:—E—EH is given by hmin. Second, for larger values of j, i.e.
je{k—d—6+2,...,k—56—d—1} it holds, based on a similar reasoning as
in (A.46), that t? > Amin, which allows for t? > hmax, With Amax > Amin.

Summarizing, t;max is given by:
min{TmaX - (k 7]‘ - S)h’min; hmax}

tF ax = ifje{k—d—05+1,....k—0—d} (A.47)
Bmax ifje{k—06—d+1,....,k—d}.

Note that j = k — d — § gives by definition, see (3.22), t:—E—E =0.
o If no packet dropouts occur, t;?’max is given by:
k . . . -
t5 max = min{7max — (k — J)hmin, Amax ), for j € {k—d+1,...,k—d}.
(A.48)

Note that for j = k — d it is indeed possible that Tiax — dhmin < Pmax-
Moreover, it holds that Tiax — (k—j)Amin > 0 for j € {k—d+1,...,k—d}.
To prove this consider the smallest value of j, which gives Tyax— (Efl)hmin
that was considered in (A.46).

Concluding, there is no difference between the case with and without packet
dropouts, because (A.48) can be obtained from (A.47) for § = 0. Note that the
previous presented examples are indeed described by (A.47).

A.9 Proof of Theorem 4.4.7

To prove Theorem 4.4.7, let us repeat the system description based on the
Jordan form of the continuous-time system matrix A in (4.43):

F ——}?f(tk,hk)?? ——lﬂf(tk,hk)?? o ——l§§+g(tk,hk)??
I 0 0 0

Xk+1 = 0 I 0 0 Xk
0 0 I 0

B (A.49)
with F = FF(t* hy) — GE(t* hp)K, for all (EF(t*, hy), FE@EF ),y

Fg;rg(tk,hk),Gx(tk,hk)) € FG®, and FG” defined in (4.42). Recall that the

candidate Lyapunov-Krasovskii functional is given by (4.40):

d+s 446
~ T
Vixe) =af Pox + Y o Riwy i+ (250 —2p;) T (250 — ;) -
i=1 i=1

(A.50)
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To prove global asymptotic stability, it needs to be shown that

AV (xk) = Vxe+1) = V) < =7V (xw),

for all xx # 0 and with v € [0,1). Based on (A.49) and (A.50), in combination
with the control law (4.9) (ur = —Kuxy), we can write

V(Xk+1) = (1 =7V (xe) =

d+35
xfﬂpwm - (1~ ’7)355133% + szngR%ka%H
=1
da+3s d+3 .
T
—(1 =7z Rry ; + Z (xk7§+2 - zk—%ﬂ) T; (Zk7€+2 - xkfiJrl)
=1 i=1
d+d .
(=) (s — ) Ti(7 50 — ;) <O
=1

(A.51)

for xr # 0. For the sake of transparency, this equation is divided in three parts
that depend on the matrices P, R;, or T3, i€ {1,2,...,d+08}. First, consider the
part that depends on the matrix P. Rewriting this part in a matrix notation,
after implementation of the dynamics of (A.49), gives:

o — (1= )l Py =

F'PF—(1-7)P —F'PF'K ~F'PFSK
* (FFK)"PFYK (FTK)"PFSK
oo * (F§K)TPF§K
Xk . .
* * *
* * * (A.52)
I D T I Drx To
7FT_]D§85-3—1K . 7F_PIT78~+EK .
(FFR) PR K (FE) PR R
(S K)'PFy 5 K (FyK)"PFy K .
T TINT D 1z = T TN\T D J7
(K5 K) PE 5 | K (FE+S—_1}§)~ PFj 5K
* (FE+SK) PFEJrSK

with F = F§(t*, hy) — G*(t*, hi) K. Note that for the sake of brevity F is used
instead of F3’ (t*, hi),i=1,2,...,d+9, and t* = (tZ—E—E-H’A' e tﬁ_d). Se_corid,
consider the part of (A.51) that depends on the matrices R;, 7 € {1,2,...,d+4}.
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Rewriting this part in a matrix notation gives:

d+6 a+3
szfiJrlR%xk—%—i-l -(1=7) sz,gR;IEk_g =
i=1 i=1
Ry 0 0 0
0 Ry—(1—7)Ry 0 0
Xk | 3 : Xk
0 0 Ry5 - (1- 'Y)RE+371 0
0 0 0 —(1-9)Rg,3

(A.53)

Third, consider the part of (A.51) depending on the matrices T}, ie{1,2,...,
d+0}. Implementing the dynamics of (A.49) and rewriting in a matrix notation
gives:

al
+
il

T
(xk—%+2 - mk—%-s-l) T (xk—%+2 - mk—%-s-l)
1

o
Il

d+35 T

-(1=7) Z (zk_%-s-l - xk-%) T; (xk—%ﬂ - zk—%) =
i=1

(@hy1 — )T T (2gy1 — zx) +

d+3—1 T
Z (%—%H - xk—%) (Tz-s-l -1 'Y)Ti> (zk—%-s-l - xk—%) -

i=1

T
(U= (2501~ Tx-a5) Tass (Bp-a spr —Tpas) =

AfTiAy —AfTIAT —AlTiA> ... —ATTAg 5, —ATT Ag 5
* ATTA, ATTiA, ... ATPAz5. ATPAg 5
. * * ATTI A ATTAg, 5 ATTiAg, 5
Xk ; ; ; Xk
T : o T —
At DA Ay TiAg;
* AE+ST1AE+S
=T + T2 +1 =T =T 0
* —(1 =T +T2 + T3 —T5+ (1 —v)T2 0
* * =N +T3+Ts 0
Xk
* * * *
* * * *
0 0 0
0 0 0
0 0 0
Xk>
* (I=NTq5-1 —Tays 0
* o+ —(=-NTg5,+7T55 (1 -71T55
*  x * —(1 =T33

(A.54)
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with

Az =F2 <(t5 h)K,

B=—(0-7Tg5 2 +7Tq5 0+ T
Note that analogous to (A.9) in the proof of Theorem 4.3.2 in Appendix A.4,
the following overapproximations can be considered:
FG® C co{H%¢},

with G defined in (4.42) and H% defined in (4.44). Combining (A.52),
(A.53), and (A.54) into one equation and applying the same overapproximation
procedure as in the proof of Theorem 4.3.2 in Appendix A.4, proves the LMI
conditions (4.45), (4.46) in Theorem 4.4.7.

A.10 Proof of Theorem 5.1.1

Pre- and post-multiplying of the LMI (5.5) with diag(Y ~1,Y 1) gives (4.15),
after the linearizing change of variables Y ! = P and ZY ! = K. Then, the
proof of Theorem 4.3.1 can be exploited to prove that (5.5) guarantees GES
of (4.5), (5.1). The proof for the fact that (5.3), (5.1) is GAS as well, follows
from the same reasoning as used in the proof of Theorem 4.3.6, which shows
that satisfaction of (5.5) is sufficient to guarantee GAS of (5.3) for the obtained
controller K in (5.1).

A.11 Proof of Theorem 5.1.4

The same overapproximation procedure as in the proof for the stability analysis
in Appendix A.4 is considered. Therefore, this proof deals with rewriting the
stability analysis results such that they are applicable for controller synthesis.
Consider the candidate Lyapunov function

Vixk) = :c{p:ck + :cfflR:ck,l + (x — :ck,l)TT (xk — Tp—1) -

The following inequality is sufficient for the global exponential stability of the
discrete-time NCS model (5.10):

AV (xx) = V(xe+1) = V(xx) < =V (xx), for xx # 0,

which is equivalent to:

AV (xx) + 7V (xx) +¥1 <0, for xx # 0 (A.55)
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due to the fact that Uy = 0, as defined in (5.11). Next, we will consider the
different parts in (A.55). It holds that

AV (xk) + 7V (xk) =

o} Py —)zE Py + aF Rey — (1 — 7))zl Rxp 1+

—(
(@1 —a)" T (wrr —ax) = (1=7) (25 — 2e1)" T (21 — 24-1).
(A.56)

Combining (A.56), with the dynamics of (4.22) (which represent equivalent
dynamics to (4.19) or (5.10)) based on the Jordan form of the continuous-time
system matrix A, gives

AV (xk) + vV (xk) = (Goxk - F”grk)?mk_l)TP (Goxk - F‘”(Tk)?xk_l)
—(1 = v)af Pxy + 2L Rey — (1 — v)a}_  Rag—q
—+ (H():L'k — F* (Tk)Eiﬂkfl)T T (H():L'k — F* (Tk)EICkfl)
—(1 =) (er — xp1)"T(xr — 2p-1),
(A.57)
with Go = ©g — G* (1)K, Hy = ©g — G*(1,)K — I.
Next, the third term in (A.55), i.e. ¥y, that should lead to a relaxation of
the LMI conditions, is rewritten. Using the fact that for any two vectors = and
y and a positive definite matrix G it holds that:

20Ty < 2TGax + yT G 1y, (A.58)

and that XE = (:Ef x%ﬁl)T, the following upper bound on the quadratic func-
tion Wy, as defined in (5.11), can be derived:

Uy = 2xIN(2k — zp-1 — (z — p—1))
< 2XFN(ap —2p—1) + ﬁfoT*lNTXk (A.59)

+(1 — ’)’)(l‘k — l‘kfl)TT(:L'k — l‘kfl),

. (N
with N = ( Ny
over, it holds that

), N1, Ny € R™ ™ positive definite symmetric matrices. More-

N+ NI —N; + NI
2xi Nz — 2p—1) = X1 (N;_NiT _N;_NiT Xk-

Combining (A.55), (A.57) and (A.59), gives:
AV (xr) +V(xk) + 1 <
(Gomi, — F”(Tk)?mk_l)TIB (Goxi — F*(u) Kxj—1)
— (1 =)zl Pry + 2L Ry, — (1 — y)al | Rap, (A.60)
+ (Hoay, — F*(n) K1) T (Hozx — F* (1) Kap_1)

1
+ 2XF N (), — 1) + - WXENT_INTX,C <0,
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for all xj # 0. Rewriting (A.60) in a matrix notation with y;, = (2 xffl)T,
gives:

r <io S;) Xk <0,
with
So =Gy PGy — (1—+)P+ R+ HTHy + Ny + N{ + ﬁNlT”NlT,
S, =— (GI'P+ HIT)F* (1)K + NI — N, + ﬁNlTﬂNQT,
Sy =— (1 —7y)R+ (F*(m)K)"(P + T)F*(7)K — No — NJ + ﬁNQTleQT.

Based on the same overapproximation procedure as in the proof of Theorem 4.3.2
in Appendix A.4, it is sufficient if it holds that:

Sy S
Xi <*0 Si) Xk <0,

with

- —_ ~ ~ _ _ 1

So :Gg’jPG()yj - (]. — "}/)P+ R+ ngTH(),j + N1 + NlT + leTlelT,
- — ~ _ — 1

S1=— (Gy P+ Hy ,T)HE K + NI — Ny + TN,

Q z TANT (D T I T 1 —1ArT
82:7(17’}/)R+(HF,3K) (P‘FT)HFJK*NQ*NQ +:NQT NQ,

and GO,j =0y — Hgyjf, I:IO,j =0y — H;cc;,j? — I. Applying the Schur comple-

ment for the inequality — <io gl) > 0, gives:
2

To Ni— N —LNT'Ny Gy, H,

* T, —(Hp ;K)" —(Hg K)" | o 0,
* * p-1 0

* * * 7!

with Tg = (1 =7)P = R— N1 = N{ = {=-NiTN{" and Ty = (1 —7)R+ N2 +
N} — ﬁNQT’lNQT. Applying the Schur complement on 7" a second time to
remove the multiplications of N7 with T, and Ny with T', gives:

Uo Ny — Nf Go, Hy; %NlT_l

x (L=y)R+No+ N —(Hp,K)T —(HEE)"  HNaT ™!

* * p-1 0 0 >0,
* * * 71 0

* * * * T-1
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with Uy = (1 —4)P — R— N; — N{'. Pre- and postmultiplication with
diag(P~', P~ 1,1,1), with I the identity matrix of size n x n, in combination
with the followmg linearizing change of variables: Y =P ! R:=P 1RP L
N1 = P~ 1N1P_ Ng = P~ 1N2P L Z = = KP~ and T— 1 91P glves
the expression (5.12) in Theorem 5.1.4.

A.12 Proof of Lemma 6.1.1

The proof of Lemma 6.1.1 follows partly the same reasoning as the proof of The-
orem 4.3.1. Firstly, the relations between the different defined sets of matrices
are explained. Secondly, based on these relations, it is proven that the condi-
tions of (6.20) are sufficient for (6.18). Thirdly, it is proven that the conditions
of (6.18) are sufficient to prove input-to-state stability of (6.13).

First, let us consider the time-varying parameters o;(7x), ¢ = 1,2,...,v
that result in the fact that the number of LMIs in (6.18) are infinite (namely
Tk € [Tmin, Tmax))- With @; and «;, as defined in the lemma (as well as in
Theorem 4.3.1), we can write any «; € [, @;] as a; = a; +6;(@; — o), for some
5; €[0,1] and i = 1,2,...,v. Hence, the set F, defined as

f{FOJrZéiFi: 51-6[0,1],2‘1,2,...,1/}, (A.61)
=1

with Fy = Fy + S o F, F; = (@, — o;)F; is an overapproximation of the
set F, as in (6.17), in the sense that F C F. Due to the definition of the
new uncertainty parameters &;, the set F is still infinite. However, each matrix
in this set can be written as a convex combination of the generators of the
corresponding set, which are defined by the set of generators Hp in (6.19). Note
that Hp consists of 2 matrices, which we denote individually by Hp;, j =

1,2,...,2Y. Based on these generators, a convex overapproximation of F is
given by:
ov
co(Hz) = > (¢;Hry) : Z@fl@[ 1], j=1,2,...,2" , (A62)
j=1

in the sense that -
FCF = co(Hz). (A.63)
Next, we show that indeed (6.20) is sufficient to guarantee the satisfaction

of (6.18). Since (6.20) holds for all Hp; € Hp with j = 1,2,...,2", we have
that, by using the Schur complement:

(L=yP 0 HJZ,J‘

0 I BT | >0, (A.64)
HFJ‘ B P!
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with 0 < < 1. Since ¢; > 0Vj € {1,2,...,2"} and Y0, ¢; = 1, (A.64)
implies
T
i (L=y)P 0 H:F,j
0 < 32,6 0 kI BT
HF,j B P!
(L=yP 0 Y, ¢HE,

= 0 Kkl BT ,

Yo ¢Hr; B Pt

with ¢; € [0,1], j =1,2,...,2". Consequently, it holds that:

(A.65)

1-y)P 0 Hp o
0 kI BT | >0, VHp € co(Hr). (A.66)
Hr B P!

Based on (A.63), we have that (A.66) implies:

(1-y)P 0 F(n)"
0 Ii! BT >0, V7 € [Tmin, Tmax| (A.67)
F(ry) B P

with F(,) = Fo+ Y i, () F; and Fy, Fy, i € {1,2,...,v}, defined in (6.16).
Applying the Schur complement again gives (6.18).

Finally, we prove that the LMIs of (6.18) are sufficient to prove input-to-
state stability of (6.13). Therefore, we consider the discrete-time system (6.15)
(which is equivalent to (6.13), due to the use of the Jordan form) and the
candidate ISS Lyapunov function V(¢y) = ¢I Py, with P = PT > 0. The
increment of V' (¢5,) along solutions of (6.15), (6.16) satisfies

AV () =V (rt1) — V(r) = iy Pbrsr — 0L P
= ¢} (FT (1) PF (1) — P)¢i + 2¢F F* (11,) P By, + wi BT P Bwy.

(A.68)
Rewriting of this equation, gives:
7—T FT(Tk)PF(Tk)fp FT(Tk)PB —
AV(Z/%) - 1/% < BTPF(Tk) BTPB wkv (A69)

with ¢, = (¥F u’;,{)T. To prove ISS, we require that AV (vy) < —yV (¢r) +
kw} wy. Then, based on (A.69) it holds that:

AV (i) + 2V (¢r) — kof, @), = )
ET (FT(Tk)RF(Tk) —(1=~)P F(m,)PB
k

(A.70)
BTPF(r) BTPB - KJ) Y <0,

which gives exactly the LMI conditions that are presented in (6.18). Thus,
if the LMIs in (6.18) are feasible (which is the case if the LMIs in (6.20) are
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satisfied), then it holds that AV (¢y) < —vV (¢) + Kk} wy, which proves that
Condition (2.18) in Definition 2.3.5 holds. Note that the first condition (2.17)
in Definition 2.3.5 is satisfied due to the fact that P = P7 > 0 holds in (6.18)
and (6.20), which proves that V(¢y) = ¥f Py > 0. Consequently, V is an
ISS Lyapunov function and the application of Proposition 2.3.6 guarantees that
(6.13) is ISS with respect to the input @w;. This completes the proof that (6.13)
(due to the equivalence with (6.15)) is ISS if the LMI conditions in (6.20) are
feasible.

A.13 Proof of Theorem 6.1.2

From Lemma 6.1.1 it follows that the discrete-time NCS model (6.13) is ISS and
that V (¢y) = ;?Plﬁk is a quadratic ISS Lyapunov function for this system. By
denoting [yx|3 = ¥ Py, we can rewrite AV (¢y) < —yibil Py, + kil wy, as

W1 lp = [Wklp < =3Welp + 5 sup |@nf*. (A.71)
1<I<k
This implies that
[ [p <Alp + 5 sup [@* = [elb < 7*[olb + KDy sup |@f?, k=1,
1<I<k 1<I<k

(A.72)
with 0 < 5 =1 -~ < 1 and D = YF 571, Using (A.72), the fact that
Amin(P)[Wr[? < [¥4]p < Amax (P)[¢hx]? and |22 < [|C.P~2 ||| [3, the follow-
ing inequality on regarding the norms of the tracking error z; at the sampling
instants can be established:

2]
lc.P=2|2 ~
< 7*olp + KDy, sup || (A.73)
1<I<k

< |velp

S ﬁk)\max(P)l'(bOF + KDk sup |'Ujl|27 k Z 1.
1<i<k

Now, using the fact that [1]? = |20|* + |2_1|* in (A.73), gives

|2 ? ~k 2 2 12
———— < ¥ Amax(P) (|20]” + |2=1|") + Dy sup |wi|”.
A < huaslP) (0l + 1) 4 wDx s [
1 _ _
= a1l < 1C. P~ (/7 A PIVEP T o1+ VoDs s foul) > 1.

(A.74)

Let us now revert to the continuous-time sampled-data system (6.10) and study
its evolution for ¢ € [sg, Sk+1):

t t

2(sk +1) = =e4 zk +/ SdsB1zk_1 + /eAngw(sk +1t—s)ds, for 0 <t <7y,
0 0



158 Proofs of theorems and lemmas

i t—Tg
2(sp +1) = eAEzk + / e dsByzp_1 + / eA5dsBy 2y
E-‘,—Tk 0

i
+ /eAngw(sk +t—s)ds, form, <t<h.
0

Consequently, the following bounds on the tracking error in this time interval
can be established:

7
|z(sk +1)| < |eAfzk| + | /eASdsBlzk_ﬂ
0

t
+ | /eASdng| sup |w(s)|, for0<t< Ty,
5 sk <s<t

(A.75)

t t—Tk
|z(sk +1)| < |eAfzk| + | / edsBy 21| + | / e45ds B 2y
i 0

t—Tp

7
+ | /eASdsB2| sup  |w(s)|, form <t<h.

Sk <Ss<Sk+1
0

Using Wazewski’s inequalities, see (A.14) (Le. [eAz] < |z[e?o<f, with Apax =
% max (eig(A + AT))), the terms in the above inequality can be upperbounded

to obtain:
|Z(Sk + t~)| §51|Zk| + 52|Zk,1| + Cyw Sup |w(5)|; for 0 < t< Tk,
sk <s<t

|z(sk +t)| <(é1 + é2)|zk| + C2|zk—1] + ¢w  sup  |w(s)|, for7 < t<h.

Sk <8<Sk41
(A.76)
with
¢ = max(l, eAmameax)
Amax Tmax _ 1 .

_ e i Apax # 0
& =B P I Amax 7

Tmax if )\max =0 (A77)

AlI] ax

Tmax lf )\max = 0

eAmaxTmax _ .
Cow = HBQH { if Amax 7é 0
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b = max (e/\maxh7 e/\mamein) if Anax 75 0
! 1 if Apax = 0

Amax

Amax (h—=Tmin) _ .
& = 1B et T ol i Apax 7 0
h — Tmin if )\max =0

(A.78)

Tmax 1f )\max = 0

eAmaxh _q .
& = 1B { DL i e £ 0

X
h if )\max =0
Consequently, the inequality in (A.75) can be replaced by

eAmaxh _q .
¢ = || Be| { o Amax £ 0

|z(sk +1)| <cilzi| + calzr_1] +cw sup  |w(s)|, for 0 <t < h, Vk (A.79)

S$E<8<Sk41
with ¢1, c2, and ¢, defined by
Cc1 = max(él, 61 —+ 62),
¢o = max(Ca, é2), (A.80)
Cow = Max(Cuy, Crp) = Cop.

The next step is to exploit (A.74) in (A.79); however in order to do so, first the
following upper bound on sup; <, |w;| needs to be formulated:

h
sup |w;| = sup |/ e Byw(h + 51 — 5)ds|
1<i<k 1<i<k Jo

h
< sup / leA N Ballfw(h + st — 5)lds
1siskJo (A.81)

Amaxh71 .
e — f)\m X 0

< |Ball sup Jw(s)]{ - Fwe L Amax 7

0<s<t h if )\max =0
=c, sup |w(s), for k > 1,

OSS(S}H,l

with ¢, defined in (A.77), (A.78), (A.80). Now, using (A.74), (A.81), and the
fact that \/|z0|? + |z=1]%> = |Z2(0)] in (A.79) yields

|2(si + 1)| <||C.P 2| <c1\/f-ykAmax(P) +c2\/ﬁ“Amax(P)) 12(0)]

+ Cw (1 + (cl\//ka + 02\/11Dk,1) HCZP*%H) sup  |w(s)],
0<s<sp41
(A.82)

for 0 <t < h, k > 2. If k < 2, different relations are needed. Analogously,
from (A.79) it can be derived that

|2(s0 + )| <cilzo| + colzo1] + e sup  fw(s)],

s0<s<s1

<(e1 4 2)|2(0)| 4+ ¢y sup |w(s)],

s0<s<s1

(A.83)
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and

|z(s1 + )| <ci|z1| + e2|z0| + e sup  |w(s)),

s0<s<s2

<(e1]|CoP ™2 |/ Amax(P) + ¢2)|2(0)] (A.84)
+cw(1+VE|C.PZ|) sup  |w(s)].

s0<s<s2
Now, note that Dy is a strictly increasing (since 0 < 4 < 1) geometric series
which exhibits a limit for & — 0o: limp—oe Di = limpo Y 50 7 = 1/(1 —
%) = 1/~. Concluding, it can be shown that the continuous-time tracking error
dynamics is ISS with respect to the time-varying input w(t), since

2] < 91(1)[2(0)] + 92 sup [w(s)], fort >0, (A.85)

with ¢1(¢) a decreasing function of ¢ according to

. max{Ql,Oagl,lagl,Q} fOI' te [0; 52)
a(t) = { 91,k for k> 2, t € [sk, Sp41) (A.86)

with
g1,0 = €1 + C2,

91,1 CIHCZP_% H V ﬁ»‘max(P) + C2, (A87)

gl,k = ||CZP7%|| (Cl\/ ﬁk)\max(P) + CQ\/'Yk_l)\max(P)) ) k Z 2.

Note that g1(¢) is a decreasing function, with lim; .. g1(t) = 0, because g1 ,
k > 2, is a strictly decreasing sequence, with limy_.o g1, = 0. Moreover, go
in (A.85) is given by

92 = Cu (1 + (c1 4 e)||C.P2 ||\/§) : (A.88)

Note that (A.88) is larger than c,, that was obtained for |2(so + )| and ¢, (1 +
VED1) = c¢u(1 + /k) that was obtained for |z(s; + )|, which proves that go
holds for all k.

A.14 Proof of Lemma 6.2.2

To obtain an upper bound on the intersample behavior of (6.30), its state evolu-
tion for t € [sg, sg11), denoted by z(sy, +1%), with ¢ € [0, hy), is studied in detail.
The evolution of z(sy, + ) depends on the number of different states z(s;) that
are active in the time-interval ¢ € [sy, 7). To determine the control inputs that
are active, we define the parameter f:

f::max{je{k—E—S,kz—E—S—i—l,...,k—d}|t§ gf}, (A.89)
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with ¢¥ defined in Lemma 3.4.1. The intersample behavior for ¢ € [s, s, +1) is
given by:

2(sp+1) = e zk-i- Z /

t
AsdsBlzj—i—/ e Byw(sp+t—s)ds, (A.90)
0

for t € [0,hs). Herein, we slightly adapted t? in (5.17) to f? to account for
f <k —d. Tt holds that

=15, for j < f, (A.91)
with f defined in (A.89), f 4= tif tk < t and, based on (A.91), # k 43 =
0, which corresponds to the definition of t:—E—S' The upper bound on the
intersample behavior (A.90), can now be given by:

|2(sk 4+ )| <|e?zi| + | Z / ASdsBlzj|
jmk_d3" 0 (A.92)

i
+ |/ e Byw(sy + 1 — s)ds|, for ¢ € [0, hy,).
0

The upper bound will be determined by upperbounding each term

ftt :,j ASdSBle, je{k—d—é,..., f}, individually. For the maximum value
J+1

of f, i.e. max(f) = k — d, which corresponds to the largest number of different

control inputs that can be active in the interval [sg, sk + t), this results in

|z(sk +1)| <colzk| + c1lzr_1| + e2|zh_2| + ...+ CE+5|Zk7373|
+cy sup  |w(s)], for t € [0, hy),

Sk <8<Sk41

(A.93)

which corresponds to the bound as given in (6.40) in Lemma 6.2.2. Next,
the different parameters co, ..., cz,5, and ¢, will be determined, based on the
largest contribution of the corresponding term related to |z;|, 7 € {k —d —
0,...,k—d}, in the interval [sy, s, +1).

Remark A.14.1 The easiest way to find the largest contribution of each |z;|-
related term in (A.92) is to use

max(t min(£F max e Bz
() = min() | x|

for 0 < < hy < hmax and therefore for j € {k — d—06,... . k— d}. However,
this result will be rather conservative.

To obtain a less conservative result than proposed in the remark, Wazewski’s

inequalities, see (A.14), with Amax = 3 max(eig(A + AT)), are used to find an

upper bound for the integrals in (A.92), based on the matrix exponential of
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A. This strategy is analogous to that used in the proof of Lemma 4.3.5 in
Appendix A.6, where the intersample behavior for NCSs with delays smaller
than the constant sampling interval and no packet dropouts is studied. Still,
the upper and lower bounds of f;? and t_f_H, for j € {k—d—4,...,f}, with
f <k —d, are needed. For the different values of f these bounds need to be
determined. This derivation of the bounds on t_;? will be combined with the

derivation of the parameters c,, p € {0,1,...,d + &} as needed in (A.93).

A.14.1 Determination of c;

To determine the parameter ¢y, besides the possible contribution of the integral

g ~

f;_;k’“ e*dsB1 2y, the contribution of |e??z;| needs to be taken into account.
k41

For ¢y, three cases can be distinguished that depend on the value of d and the

size of t compared to t’;_d. In each of these cases, the possibility of packet

dropouts will be included.
° Q:Oandf<t’,§_d:t’,§:
In this case, the relation f;:;,;’il e%ds B zj, does not have to be considered,
because f < k —d = k. Note that

k [min(hmina Tmin); min(Tmaxa hmax)] s if g =0,
ty, €

_ (A.94)
[min(hmirn Tmin)7 hmax] 9 1f 5 > 0;

as can be obtained from Lemma 4.4.2. Hence, the maximum value for ¢
for which ¢ < tﬁ is given by:

t <min(Tmax, Pmax), if 0 = 0,
t <hmax, if 6 > 0.

In this relation a distinction is made, between the situation with and
without packet dropouts, analogous to Lemma 4.4.2. Based on these
upper bounds on #, the maximum contribution of |z;| (which is only related
to the term |ez;|) on the intersample behavior for this specific case is
given by:

maxTmaxif Ao > 0 and (Tmax < hmax and 8 = 0)
. Amaxhmax 3 >h and 0 = 0)
P e if Amax > 0 and (Timax > Paax
e 2k| < |zl or (0 >0)
1 if AIIIB‘)( S 07

which can be simplified to:
|eA£zk| < &|zk|, with

— max(e)‘m'd’"rm‘ﬂ"‘7 1) if 5_2 0 and Tmax < Rmax B
0 max(etmaxhmax 1) if ((5 =0 and Tmax > hmax) or (5 > 0).
(A.95)
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ed=0andt>tF , =tk
Here, the parameter f is given by f =k —d =k, if tﬁ < hg, because, it
holds that ¢ € [0, k), analogous to (A.90). If t¥ = hy, then the parameter
fisgiven by f = k—d—1 =k — 1. In the first case, the relation

f;__;él eA5dsByz, = Ot_tz
value of ¢y. Note that in the second case, this relation does not have to be
considered, see (A.90). In order to account for this integral, we first study
the minimum and maximum value of £, based on the parameters t’,z and t_ﬁ.
For t’lz’min, the definition is given in Lemma 4.4.2. Analogous to (A.91), it
holds that fﬁﬁmin = tﬁ,min for j = k < f. However, due to the dependence
on the value of f, this relation cannot be applied straightforwardly to
compute the value of ¢y, as we will show now. According to Lemma 4.4.2,

it holds that t* = min(Tmin, Amin) (using d = 0). If it holds that

k,min

eA%ds Bz, has to be considered to derive the

t’lz € [Pmin, Tmin), Which is possible if hpin < Tmin, then tﬁ is, due to

its definition in Lemma 3.4.1(t{ = min(7x, hx)), equal to hy. It is easy

to see that ¥ = ¢ for any value of t € [tf | h;). Then, as mentioned
;_ 5k

above, the integral |. e
=tk ) -

tﬁ > Tmin, it holds that tﬁ = tﬁ if tﬁ < t. Then, for t > tﬁ, the integral

- - N
ﬁ,gtkk eASdssz, needs to be considered, with tﬁﬂ =t. Then, to obtain
k+1
the upper bound on the contribution of the integral related to |zx| on the

intersample behavior, we can limit ourselves to the values of ¢ > 7in.
Note that the upper bound of tis given by hmax. Based on this lower and
upper bound of ¢, the minimum and maximum value of fﬁ, for which the
contribution of the integral related to zj is larger than zero, is given by:

e4%dsBzy,, does not need to be considered. If

_ A.96
[Tmina hmax] ) if 6 > 0; ( )

% [Tmin; min(Tmax; hmax)] ) if S = 0;
tp €
where it is used that ¢ > 7. In the above reasoning, the occurrence
of packet dropouts was not included explicitly. Packet dropouts result in

;_ 3k
the fact that the integral f(f b eA%ds By z;, does not have to be considered
in the contribution of z; on the intersample behavior. In the case of a
packet dropout, it holds, according to Lemma 3.4.1, that t¥ = h;. Then,

. hj—tk hy—tP .
the integral fh:_t,f eA5dsByz, = fo P eASdsBz, = 0. Moreover, it
k+1

holds that f < k, resulting in ¢} := ¢ and ¢}, not defined. Therefore, it
77k
holds that [/}
k41
of packet dropouts, this integral does not have to be taken into account.
Then, the largest contribution of the integral related to z; on the bound
on the intersample behavior is, for ¢ > t’,z, obtained if mj = 0 (no packet
dropout) is used. Clearly, the bounds on #; as defined in (A.96), and
t € [Tmin, Pmax) still hold.

e%dsB zj, is not defined. This proves that, in the case
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Based on these observations, it holds that:

e 21| < Golzl,

eAmaxhmax if A5 () (A.97)
with ¢ := { eMmaxTmin  jf )\ < ()
1 if Apax = 0,

i~ _y [
|/ e%dsBy 2| = |/ et ds By 2y
i 0

k—d+1
e)\nlax(i_tz) -1
B L i 0
2| | Ba || ( — §) if Amax =0 (A.98)
< éolzil,

Amax (hmax = Tmin) _ .
with ég 1= |21 ||| B < pN— Loif Apax #0
|Zk|HBll|(hInax - TIIliIl) if )‘Inax = 0.

e d>0:
In this case it h01d§, by the definition of d, that T > hmax. The upper

bound on |z(sg + t)|, as far as it relates to terms concerning |z|, then
only depends on |e4z|, with:

~ A h :
Af o oo oetmaxitma i A >0
le”™*zi| < ¢olzk|, with & := { 1 i AL <0, (A.99)
Summarizing, it holds that
. HlaX(EQ7 co + éo) ifd=0
co = { & ifd>0, (A.100)

with ¢, o, ¢o, and & defined in (A.95), (A.97), (A.98), and (A.99), respectively.

A.14.2 Determination of c,

To obtain the parameters c,, p € {1,2,...,d+0} in (A.93), the maximum value
i—t*
of | f:ﬁ;j e%ds By zj| needs to be considered for each j. The values of j in this
J+1

relation are given by j € {k—d—96,....,k—d— 1} for d = 0 and given by
je{k—d—9,...,k—d} for d > 0. Note that the value of ¢ is chosen such that

for each j the input z; is indeed implemented in the interval [sy, si + ). To
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derive the maximum value of each c,, with p € {d+1,d+2,... yd+6}yifd=0
and with p G {d d+1,....,d+ 0} if d > 0, the following general bound on the

integral f ASdsBlzj7 which is based on Wazewski’s inequalities (A.14), is
mstrumental.
itk Amax (F=75) _ Amax @)
| / " eA%dsByz;| < |24 1Bl _kxnix if Amax # 0
i—t% ||BlH( j+1 t]) if Apax = 0,
(A.101)

if t > t? (such that f? exists) and with t? defined in (3.22). To determine
an upper bound for the right-hand side of this inequality, the minimum and

maximum values of t] s b +1 in combination with £ need to be considered. Recall

that the lower bound and upper bound of tk are given by t* and t*

J,min j,max’
respectively, as derived in Lemma 4.4.2. Based on this knowledge, the upper

and lower bounds of tk can be derived. For t;“ min it holds, based on (A.91), that
tk

i min = J mins fOT J < f, with ¢* defined in (4.30). Analogous to the case

7,min
d=0and?> tZ, the dependence of t%
on the same reasoning, it can be proven that for £ > t?, j e {kz—ﬁ—g, oo k—d},
that:

7 min o1 [ needs to be accounted for. Based

7k _ Tmin — C_lhmax 1f] =k - C_l

Again, it is used that t > Toin (see d = 0 and t> tﬁ_d = tﬁ in the determination
of ¢g. For t < t?, the parameter f? ={. Then, the i;ltegral related to z; is not
considered in the computation of z(s; +t) and does not contribute to the upper
bound on z(sy, +t). To derive f?’max it holds, based on (A.91) and analogous to

(A.45), that:

t;“ max = min { max{0, Tmax — (K — ) Amin} + Mjhimax,
max{(), Tmax — (k 7]‘ - ]-) min} + ijrlhmaxa ey
ma'X{O; Tmax — (k f mln}’ + mfhm'uu mmx}a
- - ~ R (A.103)

forje{k—d—0+1,...,f}. Because tmax := supy, t = hmax (due to the fact
that £ € [0, hg)), it holds that (A.103) can be replaced by (A.45) (for t — hmax)-
Then, the upper bound tJ axs corresponds to t¥ defined in (4.31), if > tf,
je{k—d—96,....k—d}:

j,max’

min{Tmax — ( - ] - 5) min; max}
t ax = ifje{k—d—0+1,....k—06—d}, (A.104)
Bmax  if j € {k—03— ¢+1,...,k7¢}.

Based on the obtained upper and lower bounds of f?, the parameters c,, p €

{1,2,...,d+6}, in (A.93) can be derived. The upper bound of the first expres-
sion in the right-hand side of (A.101) is, for ¢ > t?, obtained if fft? is maximal,

. T I . . . . . _7k ~_7k
while t—t;ﬁrl is minimal. This results in eMmex(max = min) and eAmax(t=tj11) = 1,
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because ¢ can be chosen such that ¢ = £§+1- In combination with (A.102), this
leads to the following bounds:

Amax(T=15) _ oAmax (f=17,1)

(&
I8l - <
AmaxPmax _ 1
e e h_d (A.105)
eAmax(hmax*(Tmin*dhmaX)) — ]_ . .
[1B1]l if j =k —d.

Al'l’la,X

The upper bound of the second equation of (A.101) is obtained if t_;? 1 s maxi-
mal, while f? is minimal. This results, based on (A.102) and (A.104) in:

1BAll(E5 41 — £5) <

miH(Tmax - (k *j -1 5)hmin; hmax

1B ifjef{k—0—d....k—6—d—1}
P ifje{k—0—d,....k—d—1}
hmax — (Tmin — dhrnax) lfj =k — C_l
(A.106)

Note that ¢ < t?, je{k—d—34,...,k—d}, leads to the situation that z; is
not active in the interval [sy, sy + ), resulting in ¢, = 0, p € {d,...,d + J}.
Then, from (A.105) and (A.106) in combination with p = k—j, the parameter ¢,
p € {1,2,...,d+56—1} can be obtained. Note that c, :==0ifp € {1,2,...,d—1}.
This gives the following relation for ¢,

Amax (Pmax—(fmin—dhmax)) 1 .
e ( )1 if Amax #0and p=dand d >0

Amax
e/\ma;c:)r:;n(—l lf )\max # 0 a,nd p > d
min (Trtlax7 hmax) lf )\Inax = 0 and
¢, = || B pef{d+d+1,...,d+0d—1}

(hmax - (Tmin - dhmax)) if )\max =0 and P = C_l and d >0

hmax if )\max =0 and _
pef{d+1,...,0+d}
0 if p < d,

with 7%, = Tmax — (p — 6 — 1)humin. This proves (6.43).
The value for ¢z, 5 can be obtained based on (A.101), (A.102), and (A.104).

It holds that 527375 = 0 and Eﬁ—E—EJrl,max ‘= Tmax — (d — 1)hmin, because
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Tmax — (8 — 1)hmin < hmax, due to the definition of d:= UL“‘#] This gives

min

Amaxhmax _ .
Ciis = ||B1||6Tax_1 if )\max #0
r ||BI|| (Tmax - (d - 1)hmin) if Amax = 0,

which proves (6.44).
Finally, the value for ¢,, can be proven by:

f B e*mathaxil .
| [ e Byw(spti-s)ds| < |Bs|  sup  |w(s)[d - Amm L Amax 70
0 Sk <S<Sk41 hmax if )\max = 0.

A.15 Proof of Theorem 6.2.3

To prove input-to-state stability of the continuous-time NCS (6.30), (3.22) first
the bound on the discrete-time state zj is determined, based on the relations
considered in Lemma 6.2.1. Second, the bound on the intersample behavior as
discussed in Lemma 6.2.2 is combined with the bound on zj.

In Lemma 6.2.1, it is proven that AV () < —y9l Py + kwiwy holds
for the discrete-time NCS model (6.33). Similar to the small delay case (see
relations (A.71) and (A.72)) it holds for |¢y|% = ¥} Py, that:

[riilp <Akl +r sup |w* = [Unlb < 3*Wolp + kDx sup |wi?, k> 1,

1<I<k 1<I<k
with0<y=1—-v<1, D = Zle 4i=1, and P satisfying the conditions in
(6.39). Analogous to the small delay case, (A.73) holds:

|21 |?

N~ —19 < ’S/k)\max(P)hpOF + KDk sup |’Ujl|25 k > 1 (A107)
|C. P22 1<i<k

Now, we use the fact that [¢g|* = |20]? + [z-1]* + ... + |z_5_5[* in (A.107) to
obtain

2
z
% <F*Amax(P) (|20]* + [2=1)* + ... + [2_5_5*) + kD sup |wy]*.
[C.P~=2| 1<i<k

= |zl <ICP7H| (WAMPWOP ettt el

+ VKD sup |7IJ1|), Vk > 1.
1<i<k

(A.108)

As a second step, we consider the continuous-time system (6.30) and its evo-
lution for ¢ € [sg, Sg+1) as described in Lemma 6.2.2. Combining (6.40) and
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(A.108) gives:

|z(sk + 1) <

lC- P4 Amax(P)yflz02 + [ 12+ + |25 5

+ el CoP A7 A (P) a0l + o1+ -+ [z 5]
+

_1 _ g5
+ casllCP 2y ’Yk*df‘umax(P)\/|ZO|2 FlzalP 4+ el

_1 _
+||C.P™ 2| <cm/nDk +eayeDg—1+ ... tegys nDkd5> 1s<111<pk ||

+ Cuw sup lw(s)l,

5, <8<Sp41

(A.109)

for 0 <t < hg, k> d+ 0+ 1. Recall that the upper bound of sup; ;. |wi]
can be derived analogously to (A.81) with h replaced by hmax. Then, using

(A.81) and the fact that \/|zo|2 + 212+ ...+ |z_5 5] = [2(0)], (A.109) can
be rewritten as:

|2(s + )] <

1041 o7 s (P) + 1/ Dl P) ...

fers vk—ﬁ—ﬂmm) 12(0)

+ cw (1 + (Cox/lka +civ/KDp_1+ ...

+cgm/nDkH> ||02P5|> sup  w(s)l,

Sk <Ss<Sk+1

(A.110)

for 0 <t < hg, k>d+0+1. For k < d+ 9+ 1, the upper bound of |z(sy, + )|
can be derived analogously. For k = 0, i.e. sg := 0 it holds that:

|2(s0 + 7§)| <co|zo| + c1|z—1]| + calz—2| + ... + Cg+g|z_3_3|

+cw sup  |w(s)|, for £ € [0,ho)

so<s<s1

<(co+er+cat ...+ cg5)|z0 +cw sup |w(s)|, for £ € [0, ho).

s0<s5<s1
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For &k = 1 it holds that:

|Z(81 —+ t)| §CO|21| -+ 01|Z()| —+ CQ|Z,1| + ...+ Ca+3|2_a_g+1

+cw sup |w(s)|, for t € [0, hy)

s0<s<s1

g(c0||CZP*%||,/~‘y>\max(P)+c1+c2+...+c3+g)|20|
+ o1+ coVE|C.P72|) sup  |w(s)|, for & € [0,hy).

s0<s<s1

For k = 2 it holds that:

[2(s2 +1)]

< colzz| + ci|z1| + e2lzof + .-+ cgislr_g 50l Few sup [w(s)],
sp<s<s1

for ¢ € [0, ha)

< (”CZP_% | (CO\/’_VQAmaX(P) +a \/'_Y)‘maX(P)) te+...+ Cd+6> |Zo]

+ Cw <1 + (cov/kD2 + cl\/E)HC’ZP%H) sup |w(s)|, for £ € [0, hg).

s1<s<s2

Similar relations can be derived for larger values of k < d+ 0+ 1. The last
value of k for which (A.110) does not hold is k = d + 6. Then, the intersample

behavior in the sampling interval [sg, 5, 55,5, ,) denoted by [2(sz,5+1)| is given
by:

|Z(Sa+g + £)| SCQ|ZE+5| + 61|ZE+3_1| + CQ|ZE+3_2| + ...+ CE+3|ZQ|

+ Cw sup lw(s)|, for i € [0,hg,5)

5345S8<534541

< (||CZP—% [ (co\/f‘yEJrS)\max(P) +ca \/"yEJrg*l)\max(P) +...
+ Cits-1V ’_}/)\max(P)) + Cd+§> |20|

+Cw<1 + ||02P7%H(CO’/KDE+S+01’/HDE+371 —+ ...

+ C&+5—1\/E)) sup w(s)| for T € [0, hg,5).

534555<534541

Similar to the small delay case, Dy is a strictly increasing (since 0 <
¥ < 1) geometric series which exhibits a limit for & — oo: limg_oo D =
limp oo D iy 71 = 1/(1 = 5) = 1/v. Concluding, we can show that the
continuous-time tracking error dynamics is ISS with respect to the time-varying
input w(t), since

|2(8)] < g1(8)[2(0)[ + g2 sup |w(s)], fort >0, (A.111)
0<s<t
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with ¢1(¢) a decreasing function of ¢ according to

o (t) _ { max(gl,o A ,gLEJrg, glyaJrngl), for t € [O, SEJFSJFI) o
91k for t € [sk, Sp41), Kk >d+0+1,
(A.112)
with

91,0 =Co+C1+62+---+CE+g7
91,1 :COHC PiéH\/ ’_}/)\max + c1+. d+57
912 =||C. P75||( 0V 72 Amax (P) + cls/vkmax(P)) +eat .+ ey

9125 =1C- P41 (c0\/ T A (P) + €11/ 75~ A (P) + ...

+Ca15-1V P max(P)) + ¢345

1 =10 0/ P Ama(P) 1T A (P) .

+ciys "y’“ESAmaX(P)>, for k>d+0+1.
(A.113)
Note that g;(¢) is a decreasing function, with lim; .o g1(t) = 0, because gy 1,

k> d+6+1,is a strictly decreasing sequence, with limy,_, g1, = 0. Moreover,
g2 in (A.111) is given by

g2 = Cy <1+(CQ+01+ +Cd+6 ‘C P~ 2”[) (A114)

Note that (A.114) is larger than c,, that was obtained for |z(so +1)|, |z(s1 +1)],
-»|2(53,5.¢)], which proves that gz holds for all k.
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Jordan form

B.1 Jordan Canonical form B.3 Time-varying sampling
and Real Jordan form intervals
B.2 Jordan forms of the NCS model B.4 Output-feedback

This appendix describes the use of the Jordan form to reformulate the
discrete-time Networked Control System models. The advantage of the use
of the Jordan form is that a generic solution can be derived for the integrals
that are used in the discrete-time NCS model, see e.g. (3.2) and (3.23). This so-
lution allows to rewrite the right-hand side of the discrete-time NCS model as a
combination of time-varying parameters in combination with constant matrices,
such that stability analysis conditions can be derived. The use of time-varying
parameters instead of time-varying matrices simplifies the derivation of the sta-
bility analysis conditions.

In Section B.1 the Jordan form is introduced. In Section B.2 the Jordan form
of the continuous-time system matrix A is applied to rewrite the discrete-time
NCS model for small delays of Section 3.1. In Section B.3, the model including
time-varying sampling intervals, packet dropouts, and delays larger than the
sampling interval is rewritten based on the Jordan form of the continuous-time
system matrix A. Note that the models for the large delay case with or without
packet dropouts and for constant sampling intervals can be derived from the
model that includes time-varying sampling intervals. Finally, Section B.4 gives
the formulation of the NCS model, based on the Jordan form, for the output-
feedback case as considered in the experiments of Chapter 7.

B.1 Jordan Canonical form and Real Jordan
form

For every square matrix A € R™*" there exists a Jordan form J € R™"*™ given
by [108], [67]:

J=Q "AQ, (B.1)
with @ € R™*™ a matrix that contains the generalized eigenvectors of A and
J =diag(J1,. .., Jp), (B.2)

where J;, 1 =1,2,...,p, is called a Jordan block, which has a block diagonal
form and p denotes the number of distinct eigenvalues. Dependent on the
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eigenvalues, two different cases are distinguished: the Jordan Canonical form
that is applied for real eigenvalues and the Real Jordan form that is applied for
complex eigenvalues. First, we consider the Jordan Canonical form, which we
denote by Jr (real eigenvalues). The Jordan block J g.i» which is the Jordan

block for the " distinct eigenvalue (A;) of the matrix A is represented by one
of the following matrices:

o100 0

w1 X100 0 A 1 ... 0
A, (7 do ox 1], e (B.3)

2 0 )\; (] . .

0 0 X 0 0 ... X 1

0 0 ... 0 X

Note that (B.2) is still valid, which gives for real eigenvalues: Jr =
diag(Jg,1,-..,Jryp). If the geometric multiplicity g; € Z" of the eigenvalue );
of A is equal to one, then the dimension of the i** Jordan block .J R s equal
to the algebraic multiplicity m; of the eigenvalue A;, with 1 =1,2,...,p. If
the geometric multiplicity is unequal to one, then g; Jordan blocks describe the
Jordan block associated with A;: Jp ; = diag(Jp; s JR,i,g;)' The dimension
of these combined g; Jordan blocks is equal to the algebraic multiplicity m; of
the 7" distinct eigenvalue ({ =1,2,...,p). Note that the geometric multiplicity
can never exceed the algebraic multiplicity of A;, so g; < m;, see [11], and [78].

In the discrete-time NCS models, e.g. (3.2), (3.16), (3.23), the exponential
functions of the continuous-time system matrix A, such as e” or eA"* and e4*,
are considered. For the exponential of A it holds that:

e = Qdiag(e?m1s, ... elrr®)Q 7L, (B.4)

The exponential functions e’#.i% are, based on the Jordan blocks given in (B.3),
given by:

1 $2 S(k=1)

S ST —k—l)!

52 s(F—2)

As s [(L08) A Los 5 A oL (k=2)!

e (o T loon s el N TS

) : : :
00 0 0 1 S
0 0 0 1

for the *" distinct real eigenvalue A;.- The parameter k in (B.5) denotes the
size of the Jordan block Jp; =, with j € {1,2,...,9;}. The number of different
parameters in the Jordan block Jp ;, where the parameters are denoted by e.g.

etis, seMis, %e/\is is equal to the algebraic multiplicity m; if g; = 1. If the

Jordan block J ; consists of different Jordan blocks i.e. g; > 1, the number of
different paramefers that depend on ); depends on the largest Jordan block,
because the parameters of the other blocks are a subset of the parameters of
this largest Jordan block (each block has the form of (B.5)). The number of
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different time-varying parameters that is related to the *" distinct eigenvalue
is given by:
¢; = _ max dimJp;s, (B.6)

with Jp ;- the j*" Jordan block of the i distinct real eigenvalue \;. Second,
if the matrix exhibits complex eigenvalues \; = a; & b;j, the Real Jordan form
is more useful, because it avoids the occurrence of complex matrices J and @
in (B.1). A Jordan block J;(a; + b;j) with complex eigenvalues can be replaced
by a real Jordan block Jg ;(a;, b;) (complex eigenvalues), of the form:

D I 0 ... 0
O b I ... 0
D I D I 0
D, 1o b 1], , (B.7)
0 D
00 D/ 1o o D I
0 O 0 D
with the matrix D(a;, b;), defined as
p=(% Y _arsnr, (B.8)
b a; v i '
0 -1

with I the identity matrix, L, = and L? = —I. Analogous to the

10
Jordan Canonical form, it holds that each Jordan block JC,;(a
different Jordan blocks if the geometric multiplicity g; of the i distinct complex
eigenvalue with positive imaginary part A\; = a; + b;j is larger than one. The
number of Jordan blocks for the 7* distinct pair of complex eigenvalues a; £ b;j
is equal to g;, the geometric multiplicity of the eigenvalue with the positive

imaginary part of the 7" pair of complex eigenvalues. Therefore it holds that:

b;) exists of

Ix

Jc,% = dmg(Jc,i,p Jc,%,zv R Jc,z,g;)a

with Joj5 4, .. .,JC’;’gT, g; Jordan blocks for the 1" distinct pair of complex
eigenvalues A;. Similar to (B.5), the exponential function of the Real Jordan
block J¢, 4, described by on of the forms in (B.7), is given by:

2
eDs seDS eDs SGDS %EDS
GDS, ( 0 eDs) ’eDs 0 eDS SeDs ,
0 0 els
Ds s® Ds s*~1' Ds
I se 5re I
0 eDs SGDS sh—2 eDs (Bg)
(k—2)!
eDs ,
0 0 els sels
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with .
oDs _ gazs €08 b;s —sinb;s . (B.10)
sinb;s  cosb;s

Analogous to the Jordan Canonical form, qc,; denotes the number of different
parameters that are related to the ¢t" distinct pair of complex eigenvalues

go; = _ max dimJg;5, (B.11)
=12, "

where g; denotes the geometric multiplicity of the 1" distinct complex eigenvalue
with a positive imaginary part. Obviously, if both real and complex eigenvalues
occur, combinations of the exponential of the Real Jordan blocks (B.7) and
Jordan blocks (B.3) are used: J := diag(Jr, Jc'). Note that for real eigenvalues
the Real Jordan form is equal to the Jordan Canonical form.

B.2 Jordan forms of the NCS model

In this section, the general NCS description for small delays (4.5), used for the
stability analysis and control synthesis, will be derived. Note that in Section B.3
the general NCS description for time-varying sampling intervals, delays larger
than this sampling interval, and packet dropouts is discussed. As a starting
point, consider the NCS model for small delays, as derived in Chapter 3, see
(3.3):

Ah h As B h—=7k _As
§k+1 — <60 fh—Tkg ds ) Ek + (fo ? dSB) Uk, VTk S [Tmin;Tmax]-

A general solution of the integrals in this equation in terms of the time-varying
parameter h — 7, will be derived. To solve these integrals, we adopt the Jordan
form of the continuous-time state matrix A, according to A = QJQ ™!, with J
the Jordan Canonical form, Real Jordan form, or a combination. This gives:

Y

(B.12)

for all 7 € [Tmin, Tmax)-

Real eigenvalues

If A has only real eigenvalues that can be multiplicative (i.e. there may be
eigenvalues \; with m; > 1), the exponential of A can be rewritten as:

p -1 3
_ S -5 _
eAs _ QeJSQ 1 _ Q Z Z ?eAi S;,j Q 17 (B].S)

i=1 j=0
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with 55,3 a matrix with a one at the positions that correspond to the position

st A;s

in J at which the value ]—J,e appears (see e.g. (B.5)) and a zero at all other

matrix positions and ¢; defined in (B.6). To explain S; 5, We give two examples.

Ao 10
Firstly,if J=| 0 Ay 1 |, it holds that p =1, g1 = 3, which gives:
0 0 X\

2
S
GJS = 6)\1551,0 + 56/\155171 + 56)\1551,2;

with
1 0 0 01 0 0 0 1
Sly() = 0 1 0 y 5171 = 0 0 1 y and SLQ = 0 0 O
0 0 1 0 0 O 0 0 0
A0 0
Secondly, if J=| 0 A2 1 |, it holds that p =2, ¢ = 1, and ¢ = 2, which
0 0 X
gives:
er _ e)\lsSLO + 6A2SS2,O + 86)\2552’1,
with
1 0 0 0 0 0 0 0 O
SLO = 0O 0 O 5 SQ,O = 0 1 0 s and 5’271 = 0 0 1
0 0 0 0 0 1 0 0 O

From these examples, it is clear that SM’ depends on the combination of the
Jordan blocks.

To rewrite the NCS model of (B.12), the integral [ e4*ds needs to be solved.
If none of the eigenvalues is equal to zero, then J = Jyz is invertible and a
general solution for the integral can be obtained:

PNz 4G~

1 =
s sM)— — s s -
/eA ds = /Qe‘] Q lds = QJle Z Z ﬁe)‘l ‘5’5,3 Q1 (B.14)

i=1 j=0

with pyz the number of distinct real, non-zero eigenvalues. The NCS model
(B.12) can be written as:

Inzh)—1 Jl(edvzh _ gInz(h—m)\O—1B
Set1 = (Qe 0 @ @Jnz(e % )@ Skt

=1 JInz(h—71) _ -1
(QJNZ(e 7 I)Q B) U, VT € [TInin; Tmax]a

1 Inz(h—me) _ NNz G L (=) () @
with e =>t eti S; 5

i=1 £~j=0 3!
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If eigenvalues equal to zero occur, the inverse of the Jordan matrix J = Jz
does not exist and the description as in (B.14) cannot be used. The equivalent
for (B.14) for the case of eigenvalues equal to zero is given by:

i

/ASds—/Qe’ZSQ lds =Q iZ—e s, | Q7Y (B.15)

11]1

with pz := 1 the number of distinct eigenvalues equal to zero. Note that it
holds for real eigenvalues that p = pnyz + pz, with p the number of distinct real
eigenvalues. The corresponding NCS model is written as:

Jzh)—1 q h? (h T 1
_ Qe’72MQ ji1<jv fc >QSU Q7B ot
0 0

9z  (h—7x)’ Tk)J
( j=1 QSI] 1Q B) Uk, VT € [Tmin;Trrlax]7

Syt
(B.16)

with gz the size of the maximum Jordan block for the eigenvalues equal to
zero as defined in (B.6), S, ; defined according to (B.13), with i := 1, because
pz = 1.

Complex eigenvalues

If A has only complex eigenvalues, the Real Jordan form (denoted by J¢) is

applied to avoid the occurrence of complex values of the matrix entries in the

system matrices. A general solution for the matrix exponential e*, similar to

(B.13), is given by:

eAs  — QeJch—l
_ Q( vy ! £ e (cos(bis) S5 +sm(bgs))sm2) o1,

(B.17)

with pe the number of distinct complex pairs of eigenvalues. A general expres-

sion for S; - i and S; - 35,018 complicated to derive; therefore we give two examples.

The first example deals with one complex pair of eigenvalues and the second ex-

ample deals with a complex pair of eigenvalues that occurs twice. If we assume

that Jo = (Z

pc =1and gc1 =

2
, . (cos(bs) —sin(bs) .
. S _ pas
by: e/c® = e ( n(bs)  cos(bs) ) Then it holds that

1 0 0 -1
S1,01 = (0 1) , S1,02 = (1 0 ) . (B.18)

To solve the integrals in (B.12), the following relations are used:

_ab> , which corresponds to one complex pair of eigenvalues (i.e.

Jcs

), the exponential of the Real Jordan matrix e”c* is given

as eaS .
/e cos(bs)ds = po—E (acos(bs) + bsin(bs)) , (B.19)
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and

as

/e‘” sin(bs)ds = P (asin(bs) — bcos(bs)) . (B.20)

Then, system (B.12) can be rewritten as {11 = <(IE)O (IE)I> &+ <I;> Uk, with

= cos(bh) —sin(bh)\ ~_
o =e"Q <sin(bh) cos(bh) > Q™

B eth acos(bh) 4+ bsin(bh) —asin(bh) + bcos(bh) 0B
V7 a2 102 \asin(bh) — beos(bh)  acos(bh) 4 bsin(bh)

— =) Q (cos(b(h — 71))S1.0.1 + sin(b(h — 14))S1,0.2) Q" 1B,

- 1 a b -1
F__QaQerQ (b a>Q b

+ e4h=m)Q (cos(b(h — 7%))S1.0.1 + sin(b(h — 71))S1.02) Q' B,

and
1 a b 1 b —a
51’071 = a2 =+ h2 <—b a) ) Sl,(),Q = a2 +_b2 (a b > . (B21)

If a pair of complex eigenvalues occurs twice, another Real Jordan matrix
a —-b 1 0
b a 0 1 .

needs to be used: Jo = 00 a —bl It holds that in (B.17):
0 0 b a
I 0 0 I v 0 0 v
S1,01= (0 I) , S = (0 0) , S1,02 = (0 \Il) Si1,2= (0 0) )

(B.22)
0 —1 . .
1 0 ) In this case, besides the

integral in (B.19) and (B.20), two additional integrals need to be solved to find
a general solution for (B.12):

with I a 2 x 2 identity matrix and ¥ = (

/se“s cos(bs)ds :CLQLW (acos(bs) + bsin(bs)) +
b (B.23)

e :
(CENDE ((b* — a®) cos(bs) — 2absin(bs)) ,
and
/Seas sin(bs)ds :% (asin(bs) — bcos(bs)) +
R (B.24)

@ oy (67— a®)sin(bs) + 2abeos(bs))
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System (B.12) can now be formulated as: 11 = <(IE)O (IE)I> &+ (5‘) g, with
cosbh —sinbh hcosbh —hsinbh
sinbh  cosbh  hsinbh  hcosbh 0!

0 0 cosbh ~ —sinbh ’

0 0 sin bh cos bh

By = Qe

eah

-1
N =g el B

— e =m)Q (cos(b(h — 71))S1,0.1 + sin(b(h — 74))S1.02) Q"B

ea(h—Tk) ) B
—(h— Tk)mQ (cos(b(h — 73))S1,1,1 + sin(b(h — 74))S1,1,2) Q' B,
b2—a? ab
a b e e
SN (s P
a?+0* 10 0 a b
0 0 b a

+ =) Q (cos(b(h — 73,))S1.0.1 + sin(b(h — 7%))S1.0.2) Q' B
+ (h — )P Q (cos(b(h — 71))S1,1.1 +sin(b(h — 7)) S1.12) Q' B,
Lo o ly s Iy

R TR
L= 0 0 I L] (B.25)
0 0 -l L
l1 =acosbh + bsin bh, lo = —asinbh + bcosbh,
1

I3 =h (acosbh + bsinbh) + ((b* — a®) cosbh — 2absinbh) ,

a? + b?
. 1 .
ly =h (—asinbh + bcosbh) — praT (2abcosbh + (b* — a®)sinbh),

and
2 2
g 1! b a %5 %
Ml o 0 a b’
0 O —-b a
2 2
b —a a_Qiabb2 32—;22
g 1 a b Lo 2
- a?+b a?+b s
LO2 ™ 2 12 0 0 b —a
0 O a b
0 0 a b 0 0 b —a
S B 1 00 —-b a g B 1 0 0 a b
LRE= 22 o 0 0 of> 72T 2120 0 0 0
00 0 O 0 00 O

(B.26)
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Both complex and real eigenvalues

If the system matrix A consists of both complex and real eigenvalues, a com-
bination of the previously obtained results should be used. The Jordan matrix
can then be written as:

J =diag(Inz, Tz, o), (B.27)

where Jyz represents the Jordan block with all real, non-zero eigenvalues, Jz
the Jordan block for all real, zero eigenvalues and J¢ the real Jordan block with
all complex eigenvalues.

For the purpose of stability analysis and control synthesis, the time-varying
matrices in the NCS model (B.12) that is applicable for a NCS with time-
delays smaller than the constant sampling interval, are divided in time-varying
parameters and constant matrices:

Sky1 = <Fo + Z ai(Tk)Fi> &+ (Go + Zai(Tk)GZ-) U, (B.28)

=1 i=1

with a;(75) functions depending on the time-varying delay 7, and v the number
of distinct functions of 7, given by:

v=vnz+vz+re, (B.29)
with
PNZ
VNzZ = Z a@>
i=1
vz =4z, (B.30)

pc
ve = E Qij
i=1

¢; and gz defined in (B.6), and qc; defined in (B.11). The time-varying param-
eter a;(7y) is given by:

aNZ,i(Tk) if7 € {1,2,...,1/1\72}
Ozi(Tk)Z azyi(’rk) ifiE{I/Nz+1,l/Nz+2,...,l/Nz+l/2} (B.31)
aC,i(Tk) ifiE{I/Nz+l/z+1,Z/Nz+l/z+2,...,l/},

where anz,i(7,) denotes the functions related to the eigenvalues which are real
and unequal to zero, az (1) the functions related to the eigenvalues which are
equal to zero, and ac ;(7;) the functions related to the complex eigenvalues.
Note that if no real eigenvalues, unequal to zero occur then vy z = 0, if no zero
eigenvalues occur then vz = 0, and if no complex eigenvalues occur then vo = 0.
Next, the parameters o;(7x), ¢ € {1,2...,v}, will be derived for, firstly, real
eigenvalues that are unequal to zero, secondly, real eigenvalues that are equal



180 Jordan form

to zero, and thirdly, complex eigenvalues. First, if the continuous-time system
matrix A has one or more real, non-zero eigenvalues, then ayz,(7;) is given
by:

(h—m)! M (h=).

anz,i(Tk) = A
7!
for j=0,1,...,q0 — 1 andi:Zq;—i—l—ql,...,Zq;,
i=1 i=1

with ¢; defined in (B.6) and I € {1,2,...,pnz}. Second, if the continuous-
time system matrix A has one or more eigenvalues that are equal to zero, then
OLZ’i(Tk), xS {VNZ +1Lvnz+2,...,uNz + 1/2}, is given by:

(h— 1) . .
g = 0 for j=t—vnz,t=vnz+ 1, Unz+2,...,UNz+ V7. (B33)
7!
Third, if the continuous-time system matrix A has one or more complex eigen-
values, then the time-varying parameters ac (%), ¢ € {vnz + vz + L,vnz +
vz +2,...,v}, are given by:

aci(tk) =

(=) g (h—s) cos(by(h — 1)), for j =0,1,..., 2L —1, and

7!
. l l qc.1
i=UNz+Vz+ )40 —dort 1 UNz F Uz Y 40— T

(h}—?)je‘”(h*”“) sin(by(h — 1)), for j =0,1,..., 2L —1, and

i=vnz+vz+ Y dei— S+ 1Nz vz Y 4o
(B.34)

where a; and b; represent the real and complex part of the complex eigenvalue
A1, according to \; = a; £ b5 for | = 1,2,...,qc. Similar to the derivation
of the time-varying parameter «;(7x), the constant matrices F; and G;, i €
{1,2,...,v}, in (B.28) are given by:

_ (0 Qr.Q7'B ~ (QEQ'B
Fi_(() 10 ),andGi—( 0 )

(B.35)

For g it holds that: ©¢ = diag(e/¥z" /2" eJch) and for Zq it holds that:
Zo = —diag(JK,lZ, Oz, Ap), with Oz a matrix with zeros of the same dimension
as Jz and Ay a matrix dependent on the Jordan form for complex eigenvalues
defined as:

1 a b 1
Ao = QTH)Q (b a) Q™'B, (B.36)
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for the case with only one pair of complex eigenvalues or

a b Zijrzz - agil;ﬁ
M=Qpt | b e Fe = |os B.37
= a?+b a2+b - .
0=0Q5 s 0 o “F ; Q B, (B.37)
0 0 —b a

for the case with two identical pairs of complex eigenvalues. For the sake of
brevity, it holds that a := a;, b := b;. The other parameters ©4, I'1;, and
=i, i€ {1,2,...,v}, are more complicated to derive, therefore we consider the
different cases again. Note that it holds that

0, = diag(0Y?4,07 69),
Fl,i = diag(rivizvrlzivrgi)a Vi € {1a27 . ,,71/},
= diag(EN?,22 =¥, Vie {1,2,...,v}.

e For real eigenvalues unequal to zero it holds that:
NZ —1 _Jnzh
@1 - JNZe Nz 5
Nz _ { ~JINyTNZ ifie{1,2,...,unz}

0 ifig{l,Q,...,llNz},
=NZ _ —FN-Z.

The matrices TV, i € {1,2,...,v}, are given by:

S5 withj=0,1,...,¢— 1,
TNZ

NZ forie {3 +1—q,....,> " }

0 forig{X0, +1—q,..., 20},
with [ € {1,2, . ..,pNz}.

e For eigenvalues equal to zero it holds that:

zZ
© _Z ;DNz+1] Iy

-5 fOI'jZi*l/NZ and

7 pNz+1,j—1 )
't = i€{vnz +1,vnz+2,...,uNnz +Vz}
0 ifig{I/Nz+1,I/NZ+2,...,I/Nz+l/z},
=7 Z
5 =-T1,

Note that in I'Z;, the matrix Spnzt1j—1 is used instead of S 5 in (B.16),
such that real eigenvalues that are unequal to zero can be mCluded
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e Finally, for complex eigenvalues it holds that:
oc _ e _(a cos(bh) + bsin(bh) —asin(bh) + bcos(bh)
L7 a?+0% \ gsin(bh) — beos(bh)  acos(bh) + bsin(bh)

eah

plex pair of eigenvalues or O = ——z L if the same pair of eigenvalues
occurs twice, with L defined in (B.25). Moreover, it holds that:

) for one com-

¢ — 7TZ-C ifie{Z/Nz+l/z+1,I/Nz+l/z+2,...,l/}
1,0 — s
’ 0 le¢{Z/Nz+l/z+1,I/Nz+l/z+2,...,l/},

and analogously to the previous cases:

¢ =-1¢

[ 0

The matrices T.C, with i € {1,2,...,v}, are defined as:

TC —

K2
Sisa for j=0,1,...,%% — 1 and
ie{VNZ+VZ+Z%:1qC,%_qC,l+1a"'a
VNZ+VZ+Z%=1 407 — 45}
S5 forj=0,1,..., 95 —1 and
'L'E{VNZ+VZ+Z,%:1qC,;_%+1;"'7VNZ+VZ+Z%:1qC,%}
0 ifig{vnz+vz+1,...,unz+vz+ve},

with [ € {1,2,...,pc}. The matrices S350 and S; 5 5 are defined in (B.21)

for j = 0 if only one pair of complex eigenvalues occurs and in (B.26) for
7 = 0,1 if the same pair of complex eigenvalues occurs twice.

B.3 Time-varying sampling intervals

For time-varying delays and time-varying sampling intervals, the general NCS
model, in terms of the Jordan form of the continuous-time system matrix A is
given by (4.7):

¢ ¢
1 = <Fo + ) o(th, hk)Fi> E + (Go +) otk hk)Gi> .

i=1 i=1

The NCS models for time-varying delays, with or without packet dropouts,
see (4.6), are included in this model. An important difference between the
case with and without variation in the sampling interval is the change in the
function «;. It depends either on hjp — t? or on hy for the case with time-
varying sampling intervals, and on h — t? for the case with constant sampling
intervals. Additionally, the number of time-varying functions «; differs. For the
case with time-varying sampling intervals, the number of time-varying functions
ai(th, hy) s given by ¢ = Cnz + Cz + Coy with Cvz = (0 +d — d+ Lnz,
UNg = Zfi’lz ¢, and ¢; defined in (B.6), (z = (6 +d — d + 1)qz, and ¢z
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defined analogously to (B.6), because (B.6) holds for all real eigenvalues, and
Cc=0+d—d+ e, vo = Z?ﬁl 9o ;> and g ; defined in (B.11). For the
case with constant sampling intervals, the number of time-varying functions
ai(tf) is defined as 8 := Bnz + Bz + Bo, with vz = (6 + d — d)vnz, and
UNg = fi’lz ¢, with ¢; defined in (B.6), 8z = (6 + d — d)qz, with ¢z defined
analogously to (B.6), and ¢ = (6 +d —d)ve, vo = 2521 qc 7 With g ; defined
in (B.11). In this section, we describe the case with time-varying sampling
intervals; if differences exist for the case with constant sampling intervals, they
will be denoted separately. The time-varying parameters a; (t?, hy) are obtained

by solving the integrals in Mp in (3.25), p=0,1,2,...,d+ 6.

anzi(th hi) ifi € {1,2,...,(nz}
ai(th, hi) = S azi(th,he) ifie{Cvz+1,(nz+2,...,Cnz + (2}

qui(t?,hk) ifie{lnvz+Cz+1,{nz+Cz+2,...,(}
(B.38)
The function aNZ’i(t;?,hk) i€{1,2,...,{nz}, is given by:

hi — th)I .
Mehwk*t?) forj=0,1,...,q — 1,
7!
l l
i=(G-(k=D)> G-a+1....,(G—(k-9)> g
o i=1 i=1
and j=k—d+ 1, k—d+2,....k—d
OéNZ,z'(t?, hi) = .y
%e)”h’“ for 7=0,1,...,q — 1, and
I l l
i=Bnz+Y G—a+l,.. . Bnz+ D g
i=1 i=1
0 ifig{1,2,....,¢nz}
(B.39)
Here, | denotes the number of the distinct real, non-zero eigenvalue, with
l € {1,2,...,pnz}. For constant sampling intervals, the second possibility

(hj—’“‘)je)‘lh’“ can be omitted, because it results in a constant parameter for each
je{k—d+1,...,k—d}. Then, only Byz time-varying functions «; (tf) are
obtained based on (B.39). Additionally, aNzyi(t;?) =0ifi ¢ {1,2,...,8nz}

Y
Me)‘l(hk*t?) corresponds to (B.32), if ¥

is replaced by 75,. This uncertain term is repeated d 4+ 8 — d times, which is the
number of different values of j and therefore of tf. Note that the range of j is

defined in Lemma 3.15 as k —d — 0 < j < k — d and that t,_7.5 = 0. The

Observe that the uncertain term
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function az;(t%, hy) is given by:

OCZi(tk hi) =

ik
Mforj—Z*(CNZJF(J*(k D)az - az).

i=(nz+ (- (k- d))z—qz+1 vz + (G- (k= d))qz,
and j=k—d+1,k—d+2,...,k—d

R . )
(;) for j=i—(nz —Pnz, and i € {(nz + vz +1,....(nz + Nz}
0 ifi¢{€NZ+17CNZ+27---7CNZ+CZ}’-

(B.40)

For constant sampling intervals, the functions «;(hy) = M need to be re-
moved, because they are constant. This results in §z time-varying functions,
instead of (7. Therefore, the parameters (z, as well as (7 need to be replaced
by Bz and Byz, respectively. Next, consider the continuous-time system matrix

A with one or more complex eigenvalues. The function aqi(t?, hy) is given by:

OzCi(tl? hk)z
(hi— tz> gai(hi—t) _ 4k S acs _
H cos(bi(hy, —t7)) for j =0,1,..., %5+ — 1
Z*CNZ+<Z+(‘77(IC d))ZrlL 1QC7L'7qC,l+]-a"'7
Nz +Cz+(j— (kB — d))Zz 1o — 1
and j =k — d+1,k—d+2,....k—d

w a1 (he=13) gin (by (B —th) forj' =0,1,..., %L -1,

Z*(NZJFCZJFZz Vo= 1, vz + Gz Y A
and j=k—d+1,k—d+2,....k—d
}i—f‘eazhk cos(brhg) forj' =0,1,...,%L _ 1,

ZE{C_CCt17C_CCj_277€_%}a
and j=k—d+1,k—d+2,....k—d
hi
o

h . A._ qc,
Le® M sin(byhy) for j =0,1,...,75+ =1

ief{C-$+1¢-%+2,....¢
and j=k—d+1,k—d+2,... . k—d
0 ifiZ{(nz+Cz+1,(nz+(z+2,...,(}

)

(B.41)
Here, [ denotes the number of distinct pairs of complex eigenvalues, with | €
{1 2,...,pc}. For constant sampling intervals, the functions a; depending on
hl

]' e@hi COS(blhk) and ] e@hi Sln(blhk) are constant (hk = h Vk’) and can be
omitted. Moreover, the parameters (nxz, (z, and ¢ need to be replaced by Gnz,
Bz, and (3, respectively.
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The constant matrices Fy, F;, Go, and Gy, i € {1,2,...,(} in (4.7) are,
for time-varying sampling intervals, delays, and packet dropouts (as well as for
constant sampling intervals) given by:

QROuQ™" Q01Q7'B Q0:Q7'B ... QO;;Q7'B

0 0 0 0
By — 0 1 0 0 7
0 0 1 0
Qlo;Q~" QI Q™ 'B QI2;,Q™'B ... QTy;5,Q7'B
0 0 0 0
P 0 0 0 0 7
0 0 0 0
QEQ'B = -1
= B
GO = Im,'rn 5 and GIL' = (0 _ ? )
(d+d6)m,m

O(EJrSfl)m,m
for i € {1,2...,¢}. The parameters g, Zp, O;, = {1,2,...,d + 6}, Tou,
Piisen Tgys, and 24,0 € {1,2,...,¢} will be derived for the separate cases
of eigenvalues. Note that, it holds that: ©; = diag(@ng,G)%Z,G%C), for each
i€ {0,1,...,d+ 0}, B := diag(Z#, 2§, E), T;, = diag(rgiz,rfi,rgi), for
all i € {1,2,...,¢}, for all i € {0,1,...,d+ &}, and E; = diag(EN?,27,=¢),
for all i € {1,2,...,(}.

e For real eigenvalues unequal to zero it holds that:

057 =0,

ONZ _ ~Jyy ifi=d
i 10 if 1 # d,

forze{l,Q,...,a—i—g},

[1]

[ —Jyy, ifd=0
710 if d > 0.

For the case with constant sampling intervals, it holds that

JnyeNzh it =d+§
ef7=¢ 0 ifi£Ad+0o
~JINg if 1 = d,

fori € {1,2,...d+3}, and ©) % = e/¥z"_ Recall that it holds that d < d,
where the case with d = d represents the case with constant time-delays
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and constant sampling intervals. For time-varying sampling intervals, the
matrix I‘{)VZZ is given by:

vz _ [ T ifie{fnz+1,8nvz+2,....(nz}
o 0 ifig{Bnz+1,082+2,...,Cnzl,

and for constant sampling intervals it is given by: F(])VZZ =0,i€{1,2,...,5}.
The other matrices I'; ., i € {1,2,...,d+6} are, for time-varying sampling

2,17
intervals, given by:

~JyyTN? ifd=0andi€ {fnz —vNz+1,...,08z}
InyTNZ  ifde{0,1} andi€ {Bnz— (2—dvnz+1,...,
' Bnz — (1'— d)vnz}
Y7 = 0 if (d=0andi¢{Bnvz—vnz+1,...,0nz2})
or (d=1andi¢ {fnz—(2—-dvnz+1,...,
Bz — (1 —dvnz})
or (c_l > 2),

—~JIyyTNZ if (d e {0,1}
and 7 € {BNZ*(2*C_Z)VNZ+1;--~,
Bnz — (1—=d)vnz})
InyTN? if (de{0,1,2}
and i € {Onz — B —d)vnz +1,...,
Bnz — (2—d)vnz})
ry7 = 0 if (d €{0,1}
and i & {Bnz — 2—d)vnz +1,...,
Bnz —(1—d)vnz})
or (d€{0,1,2}
and i ¢ {fnz — (3 —d)vnz +1,...,
Bnz — (2—d)vnz})
or (c_l > 2).

NZ  can be derived.

Analogously, Févzz 1rr Fd+371,2

—JInyTNZ it (de{0,1,...,d+ 06— 1}
and i € {1,2,...,VN2})
FngZS,i =9 Iy TNZ itie{Bnz+1,08nvz+2,...,(nz}
0 if (de{0,1,...,d+3—1}, i Z{L,2,...,unz}
and i € {Bnz +1,8nvz +2,...,Cnz}).

For the case with constant sampling intervals all these matrices hold,
except FngZSi that needs to be replaced by:
—JInyTNZ it (de0,1,...,d+ 6 —1]
and 7 € {1,2, .. -,VNZ})
NZ _ . =%
5. =9 0 if (del0,1,...,d+6—1]
and i ¢ {1,2,...,1/NZ}),
or (d =d+ 5).



B.3. Time-varying sampling intervals 187

Note that d = d + 0 represents the case with constant sampling intervals
and constant delays. The matrix ZV4 i = 1,2,...,(, is for both constant
and time-varying sampling intervals given by:

InyTN? ifd=0andi€ {Bnz —vnz+1,...,08z}
gNz = 0 if (d=0andi¢{Bnvz—vNnz+1,....0nvz})
or (d>0).

To define TiNZ7 i=1,2,...,(Nz, define:

) )

Sl,j for j=0,1,...,q —1,
i=(- (k=) g-a+1,... G~ (k-d) i, a
and j=k—d+1,k—d+2,....k—d+1

0 ifig{1,2,...,Cnz}-

Here, the largest value of j is given by £ — d + 1 instead of j = k — d
to include the values of i = Byz + 1,088z + 2,...,(nyz that denote the
functions «; that depend on the parameter hy only. For constant sampling
intervals, TN%, i € {1,2,...,8nz}, is given by:

NZ __
Ti =

51,3 for j=0,1,...,q —1,
; ) = 1 . = l
TNZ _ i=(G-(k-d)X i G—a+l....(—(k=d)>i ¢
! and j=k—d+1,k—d+2,....k—d
0 ifig{l,2,...,08nz},
where, compared to the case with time-varying sampling intervals, only

the parameter j is changed, such that the functions «;(hy) are not con-
sidered.

e For eigenvalues equal to zero it holds for time-varying sampling intervals
that:

®OZ = S:DNZJrl,Oa
07 =0Vie{1,2,...,d+ 5},

while for constant sampling intervals, it holds that: ©F = e/z" and
qz K s
07 = 311 ?szszrlﬁfl 1ff _C_l—’—é
! 0 if1 #d+ 6,

for 2 € {1,2,...d +6}. Both for constant and time-varying sampling
intervals, Sy, is obtained from (B.13) where ¢ = pyz41 denotes the
eigenvalues that are equal to zero. For time-varying sampling intervals, it

holds that:

S Haforj’:l,Q,...,qul
7 PNZ 'J
s, = and i € {{nz+Bz+1,{z+B2z+2,.... Nz +(z — 1}

0 ifiZ{(vz+Bz+1,(z+Bz+2,....¢nz+(z— 1},
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~T7Z if(d=0andi€{{vz+Bz—vz+1,....¢nz + Bz})
TZ if (de{0,1}andie{{nz+ Bz -2 —dvz+1,...,
(nz + Bz — (1 —d)vz})
0 if(Q:Oandi§Z{CNz+ﬂzf21/Z+1,...,CN2+52});
or d:1andi€{CNz+ﬂZ*Vz+1,--~,<NZ+ﬂZ});
or d>1)7

~T7 if (de{0,1}and i€ {{nz+Bz— 2 —dvz+1,...,
(nz+ Bz — (1= d)vz})
TZ if (de{0,1,2}andi € {{yz+ 87— B-dvz+1,...,
(nz + Bz — (2—d)vz})
0 if (de{0,1}andi & {(nz+B7z— (2—-dvz+1,...,
(nz + Bz — (1= d)vz}),
or (de{0,1,2}and i € {{nz+ Bz — (B3 —d)vz +1,...,
(nz + Bz — (2—d)vz}),
or (d > 2),

2
d+3,i
~T7 if (de{0,1,...,d+6—1}
and 7 € {CNZ"’L---,CNZ"’VZ}’)
17 ifie{lvz+Bz+1,(nz+Bz+2,...,(nz +Cz)
0 if (de€{0,1,...,d+6-1}, i {Cvz+1,...,¢nz + vz}
and i & {{nvz+ Bz + 1,z + Bz +2,....{nz +(z}).
For constant time-delays only FEZ+S,1' needs to be adapted. It holds that:
~T7? if (de{0,1,...,d+0—1}
andiE{ﬁNz—l—l,...,ﬁNz-i-Vz})

Z . ST
Iis:=4 0 1f(c_l§{0,1,...,d+6—1}
and ¢ g_{ﬂN_Z + ]-a' "7BNZ +VZ})7
or (d:d+5).
Finally, =7 is for time-varying sampling intervals given by:
TZ if (d=0andi€{(nz+ Bz —vz+1,....(nz+ Bz})
EZ=0 0 if(d=0andig{Cnz+Bz—vz+1,....Cnz+B2)),
or (c_l > 0).

Note that for constant sampling intervals, the parameter {7z needs to be
replaced by the parameter 3yz. The matrix TZ, i € {1,2,...,(}, is for
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time-varying delays given by:
TZ =

S epitir i =i=(Cvz+ (G — (k—d)gz — qz)
i=Cnz+(—(k=d)az —qz+1,....¢Cnz + (G — (k= d))gz,
and j=k—d+1,k—d+2,....k—d+1
0 ifig{(nz+1,{nz+2,...,(Nz +(z}

For constant sampling intervals, it holds that

TZ —

I if j=i— (Bnz+ (G — (k—d)qz —qz),

i=0nz+(—(k=d)az —az+1,....0nvz + (j — (k= d)gz,
and j=k—d+1,k—d+2,....k—d
0 ifi € {fnz+1,0nvz+2,....0nvz+ 1062}

e Finally, for complex eigenvalues it holds that:
0§ =0,

c [0 ifi#d
Gﬁ{Aoﬁig

for i € {1,2,...,d + 6}, and Ay defined in (B.36) for one pair of complex
eigenvalues or in (B.37) for a pair of complex eigenvalues that occurs twice.
For constant sampling intervals, the following relations need to be used:

9 ~ — —

H ifi=d+7?
=20 ifi#d+dori#d
—Ay ifi=d,

for 1€ {1,2,...,d+ 4}, and

=C __ _AO lf C_l =0
0=V 0 ifd#0,

s eah acos(bh) + bsin(bh) —asin(bh) + bcos(bh)\ _;
with H = 255 @ <a sin(bh) — bcos(bh)  acos(bh) + bsin(bh) QB
for one complex pair of eigenvalues or H = GQLJ!;QQLQ*IB for two equal
complex pairs, with L defined in (B.25), and Ay defined as described for

the case with time-varying sampling intervals.
For time-varying sampling intervals, it holds that:

=C _ _AO lfC_l:O
=0 0 if d # 0,
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FC{TF ifie{inz+Cz+B0+1,¢nz+Cz+B0+2,...,¢)
00710 fig{lvz+Czt+Be+Llvz+Cz+Be+2,...,C

—T; if(dzoandie{CNz—l—Cz-i-ﬁc—Vc—f—l,...,
(nz +Cz + Bel)
T; if (d€{0,1}
andi € {{nz+Cz+0c—-2—-dve+1,...,
e _ (nz +Cz + o — (1 —d)vo})
L 0 if(d=0andid&{(nz+Cz+0c—2vc+1,...,
(nz +Cz + Bel)
or (C_lzlandi¢{CN2+Cz+ﬁc—Vc+1,...,
(nz +Cz+ Bel)
or (d>1),
Iy =

~TEif (de€{0,1} and i € {{nz +{z+Bc— 2—dvc+1,...,
(nz +Cz+ Be — (1= d)ve})
TE if (d€{0,1,2}and i € {{nz +(z +Bc— B—dve +1,...,
(nz +Cz+ Be — (2— d)ve})
0 if(de{0,1}andi & {{nz+Cz+PBc— 2—-dve+1,...,
(nz +Cz+ Bc — (1 —d)ve})
or (de{0,1,2}andi§Z{CNZ+CZ+607(3fd)l/c+1,...,
(nz +Cz+ Be — (2—d)ve})
or (d>2)7

e _ —
d+3,i
T if (de{0,1,...,d+5—1}
andie{CNZ+<Z+1,...,<Nz+CZ+Vc})
¢ if (ie{lvz+Cz+Bc+1,Cvz+Cz+Bo+2,...,C})
0 if(def{0,1,....d+d—1}
and i ¢ {(vz +Cz+1,...,(nz +Cz + v}
and i &€ {(nz +Cz+ Bc+ 1,Cnvz + (24 Bc +2,...,(}).

For constant sampling intervals, similar to both cases with real eigenval-
ues, some small adaptations are needed. Firstly, the second possibility,
with T, has to be removed in F§+Si and, secondly, FECJrSi =0ifd+d=d
should hold. The latter relation is somewhat superﬂuoué, because it con-
siders the case with constant delays, constant sampling intervals, and no

packet dropouts, which means that there are no time-varying parameters.
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Moreover, the parameters (nz, (z, and ¢ need to be replaced by Oz,
Bz, and (3, respectively. This holds for I‘lc:i and ng as well. Note that

for constant sampling intervals, ng =0foralli e {1,2,...,5}. The ma-
trices EZ-C, i€ {1,2,...,(} is, for time-varying sampling intervals, given
by:

TC if (d=0

and i€ {(Nz+Cz+ Bz —vz+1,....Cnz +(z + Be))
0 if(d>0)or(d=0
and i € {(nz +Cz+ B —ve+1,...,Cnz + 2+ Bel).

[1]

= Q

Again, for constant sampling intervals, the parameters (yz, (z, and (
need to be replaced by Onz, 8z, and 3, respectively. Finally, Tic, i€
{1,2,...,¢c}, is, for time-varying sampling intervals, defined as:

S for j=0,1,...,q —1,

Nz + G+ —(k—d) i, ¢ — %, and
jelk—d4lk—d+2,.. k—d+1}

1,j,1

Sij0 for j=0,1,...,q —1,
i=Cnz+C+G—(k—d) Y -2 +1,...,
Cvz+Cz+ (G — (k—d) Y5 g, and
jefk—d+1,k—d+2,... k—d+1},
0 ifiE{l,Q,...,CNz+Cz},

with S; 5, and S; 5, defined in (B.21) for one pair of complex eigenvalues
and in (B.26) for one pair of complex eigenvalues that occurs twice. For
constant sampling intervals, it holds for j that j € {k —d + 1,k — d +

2,...,k—d} and that {nyz, (z are replaced by Snz and Bz, respectively.

B.4 Output-feedback

For the output-feedback case, as is considered during the measurements in
Chapter 7, the NCS description is slightly changed. Note that during the mea-
surements a constant sampling interval and no packet dropouts are assumed.
Compared to the state-feedback case, as described in the previous paragraph,
the definition of the parameter «;(t}) is not changed. Therefore, a;(t¥) can
be obtained from (B.38), (B.39), (B.40), and (B.41), in combination with the
comments for the constant sampling interval, i.e. ¢, the number of time-varying
functions «y, is replaced by 3 and hy := h,Vk € N.

T
Due to the change of the state-vector from & = (:c{ uf_l e UZ—E)
T
for the state-feedback case to np = (If ul ... “Z,g ykT,l) for the

output feedback case, the NCS description based on the Jordan form of the
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continuous-time system matrix A, see (4.6) for the state-feedback case, changes

to
B B
Mht1 = <Fo + Z%‘(ﬁ)ﬂ‘) M + <Go + Zai(tf)Gz) Uk,
=1

i=1

with Fy, Go, F;, and G;, i =1,2,..., 3, given by:

QOQ™ QO:Q7'B Q6Q7'B ... QOzQ7'B 0
0 0 0 0 0
0 1 0 0 0
FO —_— . b
0 0 1 0 0
C 0 0 0 0
0 er,iQilB QFgﬂ'QilB R QI’EJ.Q’IB 0
0 0 0 0 0
0 0 0 0 0
Fi = P
0 0 0 0 0
0 0 0 0 0
QEOQ_lB r:\‘Qle
Gy = Lim ,and G; = ( 0; N ) . The definitions of ©, and T, ;,

O(Efl)anrr,m
p=01..,di=12..,83 Zo, and Z;, : = 1,2,..., 3, are equal to the
definitions in the previous section with 6 = 0 and hy = h Vk.
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Controller synthesis based on the
Lyapunov-Krasovskii functional

In this appendix the controller synthesis conditions of system (5.15), (5.16),
(5.17) with the state-feedback controller (5.2), based on the candidate Lyapunov-
Krasovskii (L-K) functional

" s d+s6 P d+6 - VT o A
Xk) = Ty, xk"'zxk,g ixkfi—i_z:(mkfzﬁrl xk—i) i(xkfiJrl mkﬂ')v

i=1 i=1

as defined in (4.40) are derived. The counterpart of Theorem 5.1.4 for time-
varying sampling intervals, large delays, and packet dropouts is defined as fol-
lows:

Theorem C.0.1 Consider the NCS model (5.15), (5.16), (5.17), (5.2), and its
discrete-time representation in terms of the Jordan form of the continuous-
time system matrix A (4.43) for sequences of sampling instants, delays, and
packet dropouts o € S, as defined in (5.14). Consider the set of matrices H.¢,
defined in (4.44). If there exist symmetric positive definite matrices Y € R"*",
R; e Rnxn i/Z € R™ "™ and Mz e R™" 1 =1,2,...,d+0, a matrix Z € R™*",
and scalars0 < vy < 1,0; > 0, i=1,2,...,d+9, that satisfy the following matrix

inequality:
A B
>0 C.1
(a0 &)>0 (©1)
with
Q So 0 0O 0 0
x Q S 0 0 0
* * Q, So 0 0
A= ,
* * * * Qg 152 S5 152 0
* * * * * 51 S5 151
* * * * * * QE 43
Uy Vo Ly 0 0 0 .. 0
U, U M; Lo 0 0 L. 0
U Us 0 Ms Ls 0 L. 0
Uits2 Ugys2 0 0 Mgz, Igis. 0
U510 Ugy50 O 0 M5 Igs
Uiys. Uz 0 00 0 Mgs
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Y 0 0 0 0 0 0
0 61Y 0 0 0 0 0
0 0 6,Y 0 0 0 0
0 0 0 6Y 0 0 0
C= : )
0 0 0 0 63,5.,Y 0 0
0 0 0 .0 0 03,517 0
0 0 0 .0 0 0 05,57

~ ~ 1 -~ - ~
Q=1 ¥ R ¥ Ly AT,

N 1 1
Qli(l—’y)Rl RQ—?Y_?Y+M1+M1 —LQ—LQ,
3

Qo =(1—)Rs—Rs— ~V — 2V 4 Ny + NIF — Ly — LT,
05 64

. . 1

Qirs2 =L =Mhg5 0~ Ry~ 5

1
Y- Y+Md+5 2+ d+6 2

d+6—1 d+36
T T
L - L3
. . 1 7 T
Q51 =(1-"ER35 4 — B35~ = 6Y+Md+6 1+Md+5 1~ Las Ld+6’
+
T
Q5 =(1 =Ry 5+ Mg 5+ Md+5v
1 1 . . 1~ - .
So=—Y —MLI +Li, S1=—Y —MF+Ly So=-—Y—MI+Ls,
62 03 04
S- N R Soys = —ME 405 =
d+6—2 — 9d+6 d+5—1 d+6—17 d+6—1 — d+6 d+8°
Uo =Y (Hf )" — ZT(HE )T,
_ T T - _ 3 <
Uy =-2"(Hg; ) i=12,...,d+5,
Vo =Y (Hg, )T =Y = 2T (HE )T,
6. . 0- _ -
L%:\/I—Z——WL%’ Mg*\/lTM foralli=1,2,...,d+9,
for all (Hy,o ;. Hy o Hy g 5 HE ) € Mg, j =1,2,...,2¢ thenz = 0 is

a GAS equilibrium point of the closed-loop NCS (5.15), (5.16), (5.17), (5.2) with
K = ZY~'. Moreover, (4.40) is a Lyapunov function for (4.43), (5.2) and can
Y =

be retrieved from the LMIs if the following relations are considered: p-t
R;* 1RPI %*PILPlM%:PlMPl,andQY glfor

i=1,2,...,d+39.

Proof The same overapproximation procedure as in the proof of the stability
analysis conditions in Theorem 4.3.2 in Appendix A.4 is considered. Therefore,
this proof focusses on rewriting the stability analysis results such that they
are applicable for controller synthesis. The following Lyapunov inequality is
sufficient to provide a condition for the GES of the origin on (4.43), (5.2)

AV (xk) = V(xe+1) = V(xe) < =7V (xk)- (C.2)

Analogous to the small delay case, in Appendix A.11, the functions ¥;, i =
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1,2,...,d + 0 defined as

U, = 2 (achl + x%ﬁlMl) (zk — 1) — (Tp — TR—1)) := 0,

\112 = 2 (CL{_ILQ + x£_2M2) ((:L'k,1 — l‘k,Q) — (:L'k,1 — l‘kfg)) = 0,
_ T _ o

V5= 2 (Ik—d soilas T, 73Md+6)

(C.3)
can be added to this inequality. Then, a sufficient condition for GES of (4.43),
(5.2) is given by:
d+s
Vixer1) = 1=V i) + Y ¥; <0. (C.4)
i=1

The Lyapunov-Krasovskii dependent terms in (C.4) can be rewritten as:

AV (x) + 7V (xk) =241 Parsr — (1 = )zl Pay,

d+6 d+o
T T
+ Z T i B — (L=7) Zxk,gRgCEk_g
i=1 i=1
d+5 (C.5)
T T T T
+ Z(xkfiw — 0 )G — T i)
i=1
d+8
T T T T
—(1=) Z(mk—i+1 =y )T Ty )-
i=1
The other terms in (C.4) that depend on ¥;, i=1,2,....,d+9, as defined in

(C.3), can be rewritten based on relation (A.58) if L; and M;, ie{l,2,...,d+
0}, are symmetric positive definite matrices. This gives the following inequality:

d+5 d+5 d+3 1
T T —1 AT
E U; < E 2x5 Ny (i — Tpp) + E T N;T Ny Xk

o (C.6)
d+d
+ (=) Z(%—%H ) (@ — Ty),
i=1
. T T T T
with Xk = (Ik Tp_q1 - xk—ﬁ—ﬁ) and
T _ —
Ny = (Gyyn LE MT 0550.) i€ {1,2,...,d+73}. Here, it holds

that 0@71)%” € RG-Dnxn and O(E+S—%)nn € R(E@+I=)nxn are matrices that
contain only zeros. If i—1 < 0, then we define 0(%71)71 , =0 and ifd+6—1<0,
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=1

S0

then we define O(E+E—%)n,n = () for ,2,...,d+ 0. The implementation of

(C.5) and (C.6) in (C.4) gives:

—i=1 Vh—it1 i k=il
d+38 T d+d6 /. T T T T
—(L =) 250 o B + 250 (;Tk_—%+2 ARTRD L CHIPP R ARy
a+3s d+3
+ Z 2XkN ($k7€+1 —xy_;) + Z;= 1 N T INTXk <0.

Rewriting this inequality, in combination with the dynamics of the NCS as
defined in (4.43), results in the inequality x7 Xx) < 0, which is satisfied if the
following matrix inequality holds

X <0, (1)
with
Xo0 Xoi1 Xo2 Xosz ... XO,E+3—2 XO,E+E—1 XO,E+E

x  Xi1 Xi2 0 ... 0 0 0

* * ngg X2,3 0 0 0

* * * * * Xyi5 0dis-2 Xgis-2d+15-1 0

* * * * o x * X3i5-1d45-1  Xa45-1343

* * * * * * * XE 5 dts

Xo,0=GEPGo— (1 —~)P+HYT\Hy + R1 + To + L1 + LY + Ly LT,
Xo1=—GE PFy —HYTiF1 —To — L1 + M{ + LTy ' MY, Xo2 = —GEPFy — HY T1 Fo,
Xo,3 = —GYPF3 — HY T\ F3, X —G{ PPy 5, — Hy T\ Fy

0,d+5—2 — d+5—2°
Xo345-1= G0 PFg5_, ~H \Fy5 ., Xo3,5= *Go PFy,5 — H{T\Fy 3,
X110 = FY(P+Ti)Fy — (1 — )Ry + Ro + To + Ts — My — M{ + Ly + LY + LoTy ' LY
+ My T MY

Xio=—Ts+ M — Lo+ LTy ' MY,

Xoo=FY(P+T1)Fo— (1 —~)R2 + Rs + T3+ Ty — Mo — MY + Ls + LY
+ LTy 'LY + Moy ' MY

X3 = —Ti+M] — Ly + LTy ' MY,

Xii5-0a15-2 = Fips 0P+ TOFg5 5 — (L="Rz 5 5+ Ra5 .y + Ta5 + Tays
- ME-&- MdT+5 o T Ld+5 1t Ld+6 1t Ld+6 leJrla 1LdT+371
+ Md+<5 2Td_+15 2M3T+g 2’

Xgsonars—1 = Tas + Mi 5y — Lo+ Las 1Td_+15 M5

Xii5 1251 = Fa5_ P+ TOFg5, — (L= 7Ry 5, + Ry 5+ Ta5— Ma5,

MdT+6 T last Ld+6 + Ld+5Td+5L5+6 + M5 1Td+16 1MET+3—1’
Xgi5- 1045 = Mj,5— Lgys+ Ld+5T,;+15MdT+5v
X505 = Fo 5P+ T)Fg 5 — (L= 1Ry 5 — Mg 5 — M 5+ Mg 5T LM 5,
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Go = Fg(t*, hy) — G*(t*, K, Ho = Fg(t*, hy) — G*(t*,m)K — I, F; =

—Fr (t¥, hx) K. Note that analogous to (A.10) in the proof of Theorem 4.3.2 in
Appendix A.4, the following overapproximations can be considered:

FG* C co{H%e}

with FG" defined in (4.42) and H% defined in (4.44). Applying the same
overapproximation procedure as in the proof of Theorem 4.3.2 in Appendix /}.4,

to (C.7)_in combination with the Schur complement on P, Ry, and R;, i =
1,2,...,d+ 6, gives:

A B 0
—_ —| >
B C ’
Qo EO 0 0 0 0
* Q S 0 0 0
* *  Qy S2 0 0
* * Q-2 Sigs—2 0
o * 251 Saisa
* * * * Qa+g
Uo Vo L 0 0 0 0
U, U, M, £2 P 0 .. 0
Us U, 0 M, Ls 0 0
B= |
Uss—o Ugso O 0 Mgs5., ILgs, 0
Ugi5-1 Uggs O 0 a+5-1 Lags
45 Uy 0 0 0 0 53
P10 0 0 0 0 0
0 R o 0 0 0 0
0 0 oo 0 0 0
0 0 0 Ry' 0 0 0
c=1: . : |
—1
0 0 0 o0 Ryl: 0 0
0 0 0 ... 0 0 R-1L 0
d+5—1 o
0 0 0 .0 0 0 Ryl
:0: (1—~y)P—Ri —Ty— Ly — LT,
Q=1 —-7Ri — Ry —To —Ts+ M1+ M{ — L — L7,
Q=(1—-7R2—R3 —T3 —Tu+ Mz +MJ — Lz — LT,
Q = T
Qa5 .=010- W)Ragsz “Rg50 —Tas0 —Tog 5 t Mg ot My 5
_ L5~ Lo T T
93+37 = (1 — 'Y)RE+§71 - RE+S ; TE+E -+ ME+371 + ME+3—1 — LE+§ — L3+3’
Qars = (1= MR+ M5 + Mg 70 _
So=To —MI +Li, S1=T3—-MI'+ Ly, So=Ty—MI+Ls,
S - . 1 2 =T1 -
a2 =Tars ~ Mys_y T lasn Sag = Mozt las
EO =(Hfo;— Hé,jf)Ta U. = —(H;i’%’jK)T,i =1,2,...,d+39,
Vo= (I{f@,o,j —Hg K- 1)?’ R o
L;{ = 71_7L7";R;, M{ = 7,71_7M;R% for i = 1,2,...,d+5,



198 Controller synthesis based on the Lyapunov-Krasovskii functional

for all (Hf,g; Hiy jo - Hyg 5 0 HE ) € Hig, with j = 1,2,...,2¢.

Pre- and postmultiplication by diag(P~*,P~',... P71 I,1,...,I), where
P~ occurs d + 0 + 1 times, such that the dlmensmn of the ﬁrst part of this
diagonal matrix, i.e. dzag(P P P 1), is the same as the dimensions of
the matrix A. The matrix I E R"X” denotes the identity matrix and occurs
d+0+2 times, such that the dimension of the second part of the diagonal matrix,

i.e. diag(I,1I,. I),~1S equal to the dimension of C. Rewriting P! Y,
1RPl': 5, P~ LzP1 fL P— 1MP1' M KP' := Z, and
= HiP L=9. Y fori=1,2 ,...,d+ 6, gives the LMI condltlons of (C.1).

O

Remark C.0.2 For fixed 6;, i = 1,2,...,d + 9, and 7, the conditions (C.1) in
the above theorem are LMIS Note that compared to Theorem 4.4.7, a relation
between T3, 4 = 1,2,...,d+ 6, and P is introduced (T} := P) which will lead

to more conservatism in the above presented synthe51s condltlons than in the
analysis conditions of Theorem 4.4.7.

Remark C.0.3 The presented approach, based on the relaxation obtained with
the functionals W1 (zk, zg—1), Vo(zk—_1, Tk—2),. \I/d+5(:ck 541 Th_d— 5), is
not the only possible solution to solve the controller synthesis problem based
on a L-K functional. Other L-K functionals for discrete-time systems, possibly
with different relaxation functions are proposed in the literature, see e.g. [24;
26; 68; 87; 127]. In [24; 87; 127], a descriptor based approach is considered,
which is retrieved from the descriptor approach for continuous-time systems
with time-delays (see [24] and the references therein for more details). In [26]
an algorithm is introduced that considers different steps that need to be solved
iteratively, such that LMIs can be solved instead of bilinear matrix inequalities
(BMIs). Compared to our approach, where the parameters 6;, i= 1,2,...,d+0,
need to be chosen beforehand, in [26], separate positive definite matrices need
to be determined based on LMIs, before the LMIs that guarantee stability can
be solved. The iterative procedure in [26] is therefore more complicated than
the choice of the parameters 6;, i = 1,2,...,d+¢ in our approach. In [68] a L-K
functional with a switched discrete-time controller is considered for a discrete-
time system with state delays. For this specific case, the controller synthesis
problem is solved. Note that, due to the assumptions in Chapter 3 that the
controller is static and time-invariant, this switched controller approach is in
contradiction with the assumptions considered in the presented NCS model of
Chapter 3.
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Control over communication networks: modeling, analysis, and synthesis

Summary

The focus of this work is on dynamical systems that are controlled over a
communication network, also denoted as Networked Control Systems (NCSs).
Such systems consist of a continuous-time plant and a discrete-time controller
that are connected via a communication network, such as e.g. controller area
network (CAN), wireless networks, or internet. Advantages of the use of such
a network are a reduction of installation and maintenance costs and a flexi-
ble architecture. The reduction of the costs is achieved by using one (shared)
processor to control multiple plants, instead of using dedicated processors for
each plant. Adding or removing plants or controllers to the network is easy,
which explains the benefit in terms of a flexible architecture of the control sys-
tem. Moreover, the use of wireless networks obviously allows to separate the
controller and plant physically. Typical applications of NCSs are mobile sen-
sor networks, remote surgery, automated highway systems, and the cooperative
control of unmanned aerial vehicles. Disadvantages of the use of such networks
are the occurrence of time-varying delays, time-varying sampling intervals, and
packet dropouts, i.e. loss of data. Moreover, time-varying sampling intervals
and delays may also result from other sources than the communication net-
work. Namely, in many high-tech embedded systems, the processor is used for
both the control computation and other software tasks, such as interrupt and
error handling. This leads to variation in the computation time or variation in
the moment of asking for new sensor data, resulting in variable sampling inter-
vals. The amount of variation depends on the chosen software implementation,
the chosen architecture, and the processor load. A control design that can deal
with the variation in the time-delays, sampling intervals, and the occurrence
of packet dropout is important for the multidisciplinary design of high-tech
systems. Namely, such robustness properties of the control design represent a
relaxation on the demands from control engineering on the software and com-
munication network design.

In this thesis, a discrete-time model for linear NCSs is derived that consid-
ers time-varying delays, time-varying sampling intervals, and packet dropouts.
Based on this model, examples of the destabilizing effect of variations in the
delay and variations in the sampling intervals are given to show the necessity of
stability conditions that consider the effects of time-varying delays, time-varying
sampling intervals, and packet dropouts. To derive such stability conditions, up-
per and lower bounds of time-varying delays and sampling intervals are assumed,
as well as a maximum number for the subsequent packet dropouts. Based on
these assumptions, sufficient conditions in terms of linear matrix inequalities
(LMIs) are derived that guarantee global asymptotic stability of the NCS. Two
different control strategies, i.e. state feedback control and state-feedback con-
trol including past control input information are considered. For both control
approaches, conditions in terms of LMIs are given for the controller synthesis
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problem and a comparison of the applicability of both control approaches is
made. Besides the stability analysis and controller synthesis conditions, the
intersample behavior is investigated to ensure stability of the continuous-time
system between the sampling instants. An extension to the stability analysis
conditions is given that can be used to solve the approximate tracking problem
for NCSs with time-varying delays and sampling intervals and packet dropouts.
Only approximate tracking can be achieved because the time-varying delays,
sampling intervals, packet dropouts, and the use of a zero-order hold between
the controller and actuator cause an inexact feedforward, which induces a per-
turbation on the tracking error dynamics. Sufficient conditions for the input-to-
state stability of the tracking error dynamics are provided and an upper bound
for the tracking error is given as a function of the plant properties, the control
design, and the bounds on the delays, the sampling interval and the number of
subsequent packet dropouts.

To validate the obtained stability and controller synthesis conditions experi-
ments are performed on a typical motion control example. First, measurements
are performed to validate the stability region, i.e. all stabilizing controllers, for
constant time-delays. Second, the destabilizing effect of time-variation of the
delays is shown in experiments. Third, the obtained stabilizing controllers for
time-varying delays, with constant sampling intervals are validated. A compar-
ison between the stability regions for constant delays and time-varying delays
shows that the stability conditions developed in this thesis are not overly con-
servative. The delay combinations that result in instability in the measurements
confirm this observation.
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Samenvatting

Dit proefschrift bestudeerd de studie van dynamische systemen die geregeld
worden over een datacommunicatienetwerk, welke in de literatuur ook beschre-
ven worden als Networked Control Systems. Dergelijke systemen bestaan uit
een continue-tijd te regelen systeem en een discrete-tijd regelaar, die met el-
kaar verbonden zijn via een datacommunicatienetwerk, zoals bijvoorbeeld CAN
(controller area network) en (draadloos) internet. Voordelen van het gebruik
van een dergelijk netwerk zijn een reductie van de installatie- en onderhouds-
kosten en een flexibele systeemarchitectuur. De reductie van de kosten wordt
bereikt door het gebruik van een (gedeelde) processor om meerdere systemen
te regelen, in plaats van het gebruik van een eigen processor voor ieder sys-
teem. Het toevoegen of verwijderen van systemen of regelaars aan het netwerk
is eenvoudig, hetgeen resulteert in de genoemde flexibele systeemarchitectuur
van het geregelde systeem. Het is duidelijk dat het gebruik van een draadloos
netwerk leidt tot het fysiek scheiden van de regelaar en het te regelen systeem.
Typische toepassingen van over netwerken geregelde systemen zijn het gebruik
van mobiele sensor netwerken, medische operaties op afstand, geautomatiseerde
voertuigen voor op de snelweg en het aansturen van groepen van onbemande
radarvoertuigen. Nadelen van het gebruik van netwerken zijn tijdsvariérende
vertragingen, variaties in de bemonstertijd en het verlies van data pakketten.
De variatie in de bemonstertijd en de tijdsvertraging wordt echter niet alleen
veroorzaakt door het netwerk. In veel technisch hoogwaardige systemen wordt
de processor namelijk niet alleen gebruikt voor de berekening van de regelaar ac-
ties, maar ook voor andere software taken, zoals het afhandelen van ‘interrupts’
en fout detectie. Dit leidt tot een variatie in de rekentijd of tot een variatie in
het moment van het opvragen van nieuwe meetdata, resulterend in variatie in de
bemonstertijd. De grootte van de variatie hangt af van de gekozen software im-
plementatie, de gebruikte software architectuur en de processorbelasting. Een
regelaar ontwerp dat rekening houdt met de variaties in de tijdsvertraging, de
bemonstertijd en de mogelijkheid tot het verlies van data is van belang voor het
multidisciplinaire ontwerp van technisch hoogwaardige systemen, omdat derge-
lijke robuustheidseigenschappen van het regelaarontwerp kunnen leiden tot een
relaxatie van de eisen vanuit de regeltechniek naar de ontwerpen van de software
en de keuze van het datacommunicatienetwerk.

In dit proefschrift wordt een discrete-tijd model voor over datacommuni-
catienetwerk geregelde lineaire systemen met tijdsvariérende vertragingen, be-
monstertijden en het verlies van data afgeleid. Gebaseerd op dit model worden
er voorbeelden gegeven van het destabiliserende effect van de variatie in de tijds-
vertraging en van de variatie in de bemonstertijd. Hieruit blijkt de noodzaak
voor stabiliteitscondities die rekening houden met de effecten van de variatie in
de tijdsvertraging, de variatie in de bemonstertijd en de mogelijkheid van data
verlies. Voor de stabiliteitscondities is er gewerkt met boven- en ondergrenzen
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voor de tijdsvariérende tijdsvertraging en de bemonstertijd, in combinatie met
een maximum aantal opeenvolgende data pakketten die verloren kunnen gaan.
Gebaseerd op deze grenzen, zijn er voldoende voorwaarden afgeleid en uitge-
drukt in lineaire matrix ongelijkheden, die de globale asymptotische stabiliteit
van het over een netwerk geregelde systeem garanderen. Twee verschillende
regelwetten, namelijk een toestand-terugkoppeling en een uitgebreide toestand-
terugkoppeling, die athangt van de toestand en de vorige regelingangen, zijn
gebruikt. Voor beide regelwetten zijn er stabiliteit en regelaarsynthese condi-
ties (geschreven als lineaire matrix ongelijkheden) afgeleid. Daarnaast is er een
vergelijking met betrekking tot de toepasbaarheid van beide regelwetten gege-
ven. Verder wordt het zogenaamde intersample gedrag bestudeerd om ook de
stabiliteit van het continue-tijd systeem tussen de bemonstermomenten in te
kunnen garanderen. Een uitbreiding op de condities voor stabiliteit is gegeven,
die bruikbaar is voor het benaderde volgprobleem voor over datacommunicatie-
netwerken geregelde systemen met tijdsvariérende vertragingen, bemonstertij-
den en mogelijk data verlies. Enkel benaderd volggedrag kan worden bereikt,
omdat de tijdsvariérende vertragingen en bemonstertijden, het data verlies en
het gebruik van een nulde-orde-doorlaat (zero-order-hold) functie tussen de re-
gelaar en de actuator leiden tot een niet exacte voorwaartse koppeling, hetgeen
leidt tot verstoringen in de volgfout dynamica. Voldoende voorwaarden voor de
ingang-naar-toestands stabiliteit van de volgfout dynamica zijn gegeven evenals
een bovengrens voor de volgfout als functie van de systeem eigenschappen, het
regelaarontwerp en de grenzen op de tijdsvertragingen, de bemonstertijd en het
aantal opeenvolgende verloren data pakketten.

Om de verkregen condities voor stabiliteit en regelaar synthese te valideren,
zijn er metingen uitgevoerd op een typisch voorbeeld van een positioneringssys-
teem. Ten eerste zijn er metingen gedaan om het stabiliteitsgebied (alle sta-
biliserende regelaars voor constante tijdsvertragingen) te bepalen. Ten tweede
is het destabiliserende effect van tijdsvariatie in de tijdsvertragingen op de op-
stelling aangetoond. Ten derde, zijn de verkregen stabiliserende regelaars voor
tijdsvariérende tijdsvertragingen en constante bemonstertijden gevalideerd. Een
vergelijking tussen de stabiliteitsgebieden voor constante en tijdsvariérende ver-
tragingen laat zien dat de in dit proefschrift ontwikkelde stabiliteitscondities niet
te conservatief zijn. De variaties in de tijdsvertraging die leiden tot instabiliteit
bevestigen deze observatie.
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