KTH ROYAL INSTITUTE

{m} OF TECHNOLOGY
BT R,

FKTHE

VETENSKAP %
28 OCH KONST 2%

a% {%e

Doctoral Thesis in Electrical Engineering

Resource-aware Wireless
Process Control

TAKUYA IWAKI

Stockholm, Sweden 2021




Resource-aware Wireless
Process Control

TAKUYA IWAKI

Academic Dissertation which, with due permission of the KTH Royal Institute of Technology,
is submitted for public defence for the Degree of Doctor of Philosophy on Friday the 26th of
February 2021, at 2:00 p.m. in F3, Lindstedsvigen 26, Stockholm.

Doctoral Thesis in Electrical Engineering
KTH Royal Institute of Technology
Stockholm, Sweden 2021



© Takuya Iwaki

ISBN 978-91-7873-763-5
TRITA-EECS-AVL-2021:8

Printed by: Universitetsservice US-AB, Sweden 2021



Abstract

To tackle the ever-growing demands on high-quality and cost-effective in-
dustrial production, recent developments in embedded sensing, wireless com-
munication, and cloud computing offer great opportunities. Resource-aware
reliable wireless communication and real-time control are needed to lever-
age these technologies. The thesis develops a new design framework for such
wireless process control systems.

In the first part, an energy-aware multi-hop network scheduler for remote
estimation and control is developed. Multiple sensors transmit their data to
a remote estimator or controller through a shared multi-hop network. We
develop scheduling algorithms determining which links of the network that
should be activated and when to convey sensor data. For remote estimation,
an optimization problem minimizing a linear combination of the averaged es-
timation error and network energy is formulated. We solve the problem by
splitting it into tree planning and sensor selection subproblems, and show that
an optimal periodic schedule can be obtained. The setting is then extended to
an optimal control formulation, where an optimal solution minimizes the com-
bination of the averaged linear quadratic Gaussian control cost and network
energy consumption. Algorithms to reconfigure schedules and routes when
network link outages are present are also introduced. The applicability of the
proposed scheduler is demonstrated in numerical examples.

In the second part, event-triggered sensing, actuation, and control re-
configuration algorithms are developed. We derive stability conditions un-
der event-triggered actuation for PID, cascade, decoupling, and delay-
compensating control systems. Sensors sample and transmit their measure-
ments periodically, while control commands are updated only when a certain
event threshold is crossed. A tuning method for the threshold is proposed.
We show that the approach yields setpoint tracking and disturbance rejection.
Event-triggered sensing together with control reconfiguration is then consid-
ered for feedforward and cascade control, illustrating how wireless sensing
can efficiently attenuate disturbances. Numerical examples demonstrate how
the methods reduce information exchange without closed-loop performance
degradation.






Sammanfattning

For att moéta den standigt vixande efterfragan pa hogkvalitativ och kostnads-
effektiv industriell produktion s& erbjuder utvecklingen av inbyggda system,
tradlés kommunikation och molntjénster stora méjligheter. Resursmedveten
och palitlig tradlos kommunikation tillsammans med realtidsreglering ar n6d-
vandigt for att fullt ut anvénda dessa teknologier. Den hir avhandlingen ut-
vecklar ett nytt ramverk for att designa sadana tradldsa processregleringssy-
stem.

I den forsta delen av avhandlingen utvecklas en energimedveten sche-
malédggare for tradlos estimering och reglering. Flera sensorer sander data till
en tradlos estimator eller regulator genom ett delat multihoppnétverk. Sche-
maldggaren bestammer vilka ldnkar i natverket som ska vara aktiverade och
nir sensordata ska overforas. For tradlos estimering formuleras ett optime-
ringsproblem dar malfunktionen &r en linjairkombination av det genomsnitt-
liga estimeringsfelet och den forbrukade energin i natverket. Vi 16ser proble-
met genom att dela upp det i tradplanering och sensorval, och vi visar att
ett optimalt periodiskt schema kan erhallas. Sedan formuleras ett optimalt
styrproblem dir mélfunktionen 4r en kombination av den genomsnittliga lin-
jarkvadratiska Gaussiska reglerkostnaden och den forbrukade energin i nat-
verket. Algoritmer for omkonfigurering av scheman och rutter nar lankavbrott
kan hianda presenteras ocksé. Tillimpningar av den foreslagna schemalédgga-
ren demonstreras i numeriska exempel.

I den andra delen av avhandlingen utvecklas handelsestyrd métning, ak-
tuering och omkonfigurering av styrsystemet. Vi hérleder stabilitetsvillkor for
handelsestyrd aktuering for PID-reglerade, kaskadreglerade, frikopplade och
fordrojningskompenserande styrsystem. Sensorer samlar in och sidnder data
periodiskt medan styrkommandon uppdateras nir en sarskild hindelsestyrd
troskelvarde overskrids. En metod for att stalla in troskeln foreslas. Vi visar
att tillvigagangssittet ger referensf6ljning och storningsdampning. Handelse-
styrd mitning tillsammans med omkonfigurering av regulatorn anvinds se-
dan for framkoppling och kaskadreglering for att illustrera att tradlos mat-
ning effektivt kan dampa stérningar. Numeriska exempel demonstrerar hur
metoderna reducerar informationsutbyte utan att degradera prestandan hos
det slutna styrsystemet.






Acknowledgments

First and foremost, it is an immense pleasure to express my deepest gratitude
to my supervisor, Professor Karl Henrik Johansson, for providing me the op-
portunity to work at KTH. He always welcomed me for discussion and gave
me continuous inspiration and insightful guidance. I learned from him how
to draw the big picture in research, how to challenge detailed questions, how
to involve and motivate people towards the goal. It was the most invaluable
experience for my career to work with him.

I'am also profoundly grateful to my co-supervisor, Professor Henrik Sand-
berg, for giving me detailed support in my research and teaching. It was a very
beneficial opportunity to teach basic control course to undergraduate students
with him. I had much inspiration from him on how to convey the attraction
of control theory to the students.

I could not have completed this work without the support from my col-
laborators. Sincere thanks to Professor Emilia Fridman for her valuable advice
on my research. Her advice, as well as her excellent textbook and exciting
course on time-delay systems, brought me new strong tools for my study. It
was also truly a pleasure to work with everyone in the VINNOVA PiiA project
and WASP program. Mostly, I am thankful to Professor Anders Ahlén, André
Teixeira, Alf Isaksson, Johan Akerberg, Markus Eriksson, Steffi Knorn, and
Thomas Lindh for the enjoyable discussion in the PiiA project meetings.

I have received incredibly much help to complete this thesis. I would like
to thank Professor Sophie Tarbouriech from LAAS-CNRS for being the op-
ponent. I would also like to thank Professor Vijay Gupta from University of
Notre Dame for being the opponent of my licentiate seminar and the commit-
tee member of the defense. I am grateful to Professor Subhrakanti Dey from
National Univ of Ireland, Maynooth, Professor Mikael Gidlund from Mid Swe-
den University, for acting as the committee members. Special appreciation to
Professor Elling W. Jacobsen for chairing the defense, and to Professors Di-
mos V. Dimarogonas and James Gross for willing to be the substitutes. Many
thanks to Professor Cristian Rojas for being the advance reviewer of both my
licentiate and doctoral theses. I would also like to thank Hampei Sasahara,
Vahid Mamduhi, Xingkang He, and Yu Wang for proofreading this thesis, and
Alexander Johansson for translating the abstracts of both my licentiate and
doctoral theses into Swedish.

Starting my doctoral study would not have been possible without the sup-



viii

port from the people at Tokyo Institute of Technology. I would like to express
my sincere gratitude to my master supervisor, Professor Tomohisa Hayakawa,
for his kind advice and support before and during my doctoral study. Heartfelt
appreciation to Professor Jun-ichi Imura for his beneficial advice and support
when I applied to the doctoral program. I would also thank him for his excit-
ing undergraduate course, “Fundamental of Dynamical Systems”. It all started
when I took this course. I am thankful to Professor Kenji Kashima for his sup-
port when I applied to the doctoral program.

I am thankful to all my current and former colleagues at the division of
Decision and Control Systems for creating a friendly environment and an ac-
tive working atmosphere, and for their continuous support for everything that
I needed. Especially, I would like to express my heartfelt thanks to Junfeng
Wu for his continued collaboration. I owe his patient support to my fruitful
study in KTH. Special thanks to Yuchi Wu for the fruitful discussions and
his careful attention to our work. I thank Kaito Ariu, José Mairton Barros da
Silva Junior, Dirk van Dooren, Kazumune Hashimoto, Yulong Gao, Jezdimir
Milosevi¢, Vahid Mamduhi, Ehsan Nekouei, Xiaogiang Ren, Hampei Sasa-
hara, Anton Selivanov, Touraj Soleymani, Takashi Tanaka, Po-An Wang, Yu
Wang, Jieqiang Wei, Pian Yu, Xinlei Yi, Han Zhang, for interesting discussions
and supportive comments. I also want to thank the administrators in our de-
partment Gerd Franzon, Silvia Cardenas Svensson, Hanna Holmgvist, Anneli
Strém, Felicia Gustafsson, Tord Christer Magnusson, and Karin Karlsson Ek-
lund, for their kind assistance and support.

I am grateful to Yuta Aoki for our every-day chatting over the Messenger.
It really motivated me a lot. I would like to give my heartfelt appreciation
to the Mikami Karis family for their kind support to my family. The life in
Stockholm with them is our lifelong memory.

Finally, I wish to dedicate this thesis to my family. To my parents and sis-
ters, thank you for the unconditional support throughout my life. My deepest
thanks with full of love goes to my wife Kyoko for always being with me, and
my beautiful daughters Sakura and Kasumi for making my life colorful and
full of similes.

Takuya Iwaki
Stockholm, Sweden
January 2021



Contents

Background|

[2.1  Process control systems|. . . . . .. ... ... .. ... ....
[2.2  Wireless networks for industrial control systems|. . . . . . . .
[2.3  Wireless process control systems| . . ... ... ........

I

Multi-hop Network Scheduling|

Multi-hop Network Scheduling for Remote Estimation|

3.1 Problem formulationl . .. ........ ... ... . ....

[3.3  Construction of suboptimal solutions| . . . ... ... ... ..
[3.4 Numerical examples|. . . ... ... . ... ... ...
3.5 UIMMATY| . . . v o v v e v e e e e e e e e e e e e e

ix

xiii

Xv

13
16

21
21
29
34

45



X Contents
[4  Multi-hop Network Scheduling for Distributed Control| 85
41 Problem formulationl . . ..................... 87
{4.2  Optimal controller and schedulery . . .. ... ... ... ... 91
[4.3  Link disconnection and route reconfiguration| . ... ... .. 93
[4.4 Numerical example| . . . . ... ... ... ... ... 93
4.5 UIMIMNATY| « -« ¢ v v v v v v e e e e e e e e e e e e e e 98
II Event-triggered Process Control | 101
[5 Event-triggered Actuation for Multi-loop Control Systems| 103
[5.1  System model and problem formulation|. . . . . ... ... .. 104
b2 Mainresultsl . .. ....... ... ... . ... 109
[5.3  Applications to PID, cascade, and decoupling control| . . . . . 118
5.4  Summary|. . . . . ... .o e e 133
BLA Proofof Lemmals.dl . ... ... ... .. L. 133
BB Proofof Theoreml5dl . .. ........... ... ... ... 135
[6 Event-triggered Actuation for Time-delay Systems| 137
|6.1  Time-triggered PI control for time-delay systems|. . . . . . . . 138
|6.2  Event-triggered control of time-delay systems| . . . . ... .. 141
[6.3  Numerical examples|. . . . ... ... ... 0oL, 143
6.4 UIMIMNATY| « -« ¢ v v v v v v e e e e e e e e e e e e e e e 147
6.A_Proof of Theoremled] . . ... ........ ... ... .. ... 147
6B Proofof Theoreml62 . ... ............ ... .... 151
[7  Event-triggered Controller Switching] 153
[7.1  Output feedback control with multiple sensors| . . . . . . . .. 154
[7.2  Event-triggered controller switching| . . ... ... ... ... 156
[7.3  Applications to cascade and feedforward control| . . . . . . .. 161
{74 Numerical examples|. . . . .. ... ..... ... ... ... 163
7.5 UIMIMNATY| . . . v o v v v o v e e e e e e e e e e e e 168
ZA_ Proofof Lemmal71l . .. ... ... ..... ... ... .... 169
i8_Conclusions and Future Research| 171
B1 Conclusions . .............. ... ... ... ... . 171




Contents Xi

175






List of Abbreviations

CA
CAP
CF

CFP
CSMA
CSMA/CA
DCN
DCS
iid.
1/0
LEACH
LMI
LOG
LTI
MAC
MAD
MATI
MFR
MHR
MDP
MMSE
MPDU
OSI
PHR
PHY

PI

PID

Contention access

Contention access period
Contention-free

Contention-free period

Carrier-sense multiple access
Carrier-sense multiple access with collision avoidance
Distributed control node

Distributed control system

Independent and identically distributed
Input/output

Low energy adaptive clustering hierarchy
Linear matrix inequality

Linear quadratic Gaussian

Linear time-invariant

Medium access control

Maximum allowable delay

Maximum allowable transmission interval
MAC footer

MAC header

Markov decision process

Minimum mean square error

MAC protocol data unit

Open systems interconnection

Physical layer header

Physical layer

Proportional integral

Proportional integral derivative

xiii



Xiv

Contents

PPDU

RSSI
SHR
TDMA
TOD

PHY protocol data unit
Round-robin

Received signal strength indicator
Synchronization header
Time-division multiple access
Try-once-discard



Notation

Vectors
x[i]

1,

[Eal

Matrices

Set of real numbers

Set of real n-dimensional vectors

Set of real n-by-m real matrices

Set of positive integers

Set of nonnegative integers

Set of n-by-n positive definite matrices
Set of n-by-n positive semi-definite matrices
Empty set

Cardinality of set S

Power set of S

Interior of set S

Boundary of set S

The i-th element of vector x

The sequence of all vectors z;,t = 0,...,k
The n-by-1 vector of all ones

The euclidean norm of vector x
Expectation of a random vector x

The n-by-n identity matrix

Transpose of real matrix X

The largest eigenvalue of A; A has real eigenvalues
X —Y is positive definite

X —Y is positive semi-definite

XV



XVi Contents

tr(A) Trace of A

A B . . A B
L C} Symmetric matrix of the form [ BT C]
Other notations
A Logical conjunction
\Y% Logical disjunction

I The floor function



Chapter 1

Introduction

The Industrial Revolution, which originated in the invention of the water
frame and steam engine in the 1770s, initiated the development of our tech-
nically advanced society. Since then, the society has witnessed amazing tech-
nological progress. Along with this, the process industry, producing essential
products for our daily life, such as oil, gas, chemicals, water, steel, and papers,
has increased its capacity to satisfy the increasing societal demand.

Recent advances in wireless communication, sensing, and computation
technologies have brought revolutionary changes to our life and society. Pro-
cess control also has become highly digitalized in the past decades. Attempts
are now made to integrate wireless communication into process control sys-
tems, as the usage of wireless communication enables more effective design,
deployment, operation, and maintenance. Such improvements could have an
enormous impact on our society, thanks to the critical importance of the pro-
cess industry and industrial automation.

Despite recent progress, some essential challenges remain to realize wire-
less process control. The communication capacity and battery limitation of to-
day’s wireless networks introduce non-negligible delays and transmission fail-
ures, hindering stable and continuous operation of the control systems. These
imperfections, if not suitably mitigated, may result in significant economic
losses or may even threaten human safety. Wireless process control systems,
therefore, must be designed to reduce these effects. In this thesis, we focus on
two important problems of such resource-aware wireless process control sys-
tems. First, we investigate how to design scheduling and routing for multi-hop
networks, integrated with estimation and control applications. In other words,
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we study when, where, and how the information of the systems should be used
and transmitted in process control systems. Second, we research applications
of resource-aware communication to specific process control loops, which are
often introduced to compensate for disturbances and time delays.

The rest of this chapter is organized as follows. In Section[1.1] we motivate
resource-aware process control systems. We discuss why replacing conven-
tional communication with wireless is profitable but challenging. The motiva-
tion is exemplified by the Iggesund paper mill case study in Section Sec-
tion [1.3| formulates the two problems considered in this thesis, important for
realizing resource-aware wireless process control systems. Lastly, the struc-
ture of the thesis is presented in Section [1.4] together with a summary of the
contributions.

1.1 Motivation

Our daily life cannot be maintained without stable supplies of a wide variety
of industrial products. The process industry provides those products through
a series of chemical and mechanical operations, involving oil, gas, chemicals,
steel, paper, water, medicine, and food, etc. Examples of production facilities,
called process plants, are shown in Figure Figure illustrates an oil
refinery, which transforms crude oil into petrochemical products. Figure
is a water treatment facility, performing various treatments to increase water
quality. Figure is a paper mill, producing paper from raw materials such
as wood pulp, old rags, and other ingredients.

These plants can usually be broken down into several subunits. Raw mate-
rials are transformed into final products through chemical processing carried
out in subunits, and such transformations are managed by process control
systems. The control systems manage the processes to satisfy the following
requirements:

« Safety: Process states, such as flow rate, pressure, temperature, and con-
centration, must be maintained in given ranges to keep safe operation.

« Specification: A required amount of final product must be obtained, and
it should satisfy the predetermined specifications.

« Economy: Plants must be operated with as little material, labor force,
and energy as possible to maximize profit.
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Figure 1.1: Three examples of process plants. (a) An oil refinery.
Source: Ministry of Economy, Trade and Industry, Japan (https:
/Iwww.meti.go.jp/policy/safety_security/industrial_safety/sangyo/hipregas/ |
sp-nintei/nintei/interview/jxtg_sakai.html). (b) A water treatment facility.
Source: Ministry of Land, Infrastructure, Transport and Tourism, Japan
(https://www.mlit.go.jp/mizukokudo/sewerage/index.html). (c) A paper

mill .
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Various technical innovations have been made to increase the efficiency
and flexibility of process control systems. When process plants were first con-
structed at the end of the 19th century, operators manually opened and closed
control valves to operate the plant. Control of process plants was performed
automatically only after mechanical and pneumatic PID regulators were in-
troduced. Digital controllers replaced electronic analog PID controllers in the
1970s [2].

The revolutionary development of wireless communication and compu-
tation technologies, known as the Internet of Things and Industry 4.0, has
further challenged process control systems [J3| 4]. Wireless technologies and
cloud computing allow removing cables and increasing accessibility from re-
mote locations, resulting in cost-efficient and flexible configurations [2, |5, [6]].
The benefits of introducing wireless process control systems can be summa-
rized as follows:

« Cost efficiency: Using wireless communication reduces cable and instal-
lation costs. It is estimated that the reduction ranges from 300 to 6000
US dollars per meter [?2].

« Installation and maintenance flexibility: Wireless devices can be de-
ployed where the cabled devices cannot be located. For example, a wire-
less sensor can be installed on rotating machinery. This enables the con-
trol of processes more precisely. Furthermore, wireless devices can eas-
ily be added, replaced, and modified even after the plant is under opera-
tion. Wireless process control systems can, therefore, be easily installed,
maintained, and expanded.

« Resiliency: Wireless process control systems can be more resilient
against disasters. On March 11, 2011, a Japanese oil refinery plant was
severely damaged by an earthquake and succeeding tsunami. While
many cabled instruments were destroyed, wireless sensors could con-
tinue their operation. Even if damaged, a wireless network can be recov-
ered faster without extensive replacements and installation crews [7]].

With the increasing attention to wireless process control systems, two ma-
jor wireless communication protocols, WirelessHART [8] and ISA100.11a [9],
have been proposed. Despite their availability, only monitoring applications
have mainly been deployed so far. Feedback control applications are more crit-
ical than monitoring and therefore require reliable communication and closed-
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loop guarantees. Control over wireless communication is concerned with the
following aspects:

« Limited channel capacity: Capacity limitation of wireless communica-
tion leads to packet dropout and delay. Since network nodes usually
share network channels, data transmission may fail due to packet col-
lisions or interference. Multiple channel access methods such as time-
division multiple access (TDMA) and carrier-sense multiple access with
collision avoidance (CSMA/CA) are available to handle data collision,
but non-negligible delays may be introduced. Network-induced packet
dropout and delay degrade control performance, sometimes resulting in
serious performance losses [[10].

o Channel characteristic variation: The channel characteristic of a wire-
less network varies over time [11]]. In indoor factory environments, the
characteristic varies over both short and long time horizons [12-14].
The required transmission power to send data consequently changes
and some links between wireless nodes might even become unavailable.
Transmission power must be adjusted according to the current channel
characteristic, and network routing needs to be reconfigured to coun-
teract any lost links.

« Battery energy limitation: Many wireless networks are battery-powered
or have unreliable energy sources. Batteries of wireless nodes must
be replaced periodically, resulting in increased maintenance costs. If a
wireless node becomes unavailable because of a power shortage, the
control system’s performance is critically affected. Thus, energy con-
sumption must be minimized. It is especially important to reduce data
transmission and reception since they consume much energy of typical
wireless sensors, see Figure|1.2|[[15]].

As discussed so far, while introducing wireless communication into pro-
cess control systems may have tremendous merits, there remain important
problems to be solved, particularly regarding reliability. As stated in [[10], re-
liability has a significant impact on control system performance. This thesis
seeks to develop the theoretical foundation of wireless process control sys-
tems to overcome the reliability challenge and to meet the required control
performance.
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Percentage

Transmitting Receiving Idle listening CPU Sensing Sleeping

Figure 1.2: Typical energy consumption of a wireless sensor .

1.2 Starch cooker process example

This section discusses the starch cooker process of the Iggesund paper mill [[1]],
to motivate wireless process control systems with a particular industrial ex-
ample. In the Iggesund paper mill, there are two parallel paper machines (Fig-
ure[1.1c) to produce high-quality cardboard, which is mainly used for packing
and graphic purposes. There is also a coating kitchen in the mill, delivering
layers on the cardboard to make it smoother. The starch paste, produced by
mixing starch powders with water at the starch cooker, is used as an ingre-
dient for the cardboard coating. In this section, we first describe the starch
cooker process and its current control system, followed by a proposal for a
wireless control architecture. Some experimental data are presented together
with a discussion on potential future improvements.

1.2.1 Starch cooker process

Figure[1.3|shows the process flow and control system architecture of the starch
cooker process. The architecture consists of multiple feedback loops involv-
ing sensors (.5;) and actuators (A;). First, the dry starch powder stored in the
starch powder buffer (Figure is mixed with water at the mix funnel (Fig-
ure [1.4D). The water is stored at the mix water tank, in which the water tank
level is regulated by the level control loop (57, A1). Two control loops (S2, A2)
and (S5, A3) regulate the starch-water mixture concentration. The mixture is
heated up at the steam ejector (Figure [I.4d), in which temperature is regu-
lated by the temperature control loop (S4, A4). The concentration is further
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( .
Remote control station
Operator interfaces Servers
Level Conc. Flow Temp. Level Conc. Pressure
controller controller controller controller controller controller controller
\ | 1 | | 1 )

&

Dilution|
water
tank

X
Water

Screen

Storage
tank

Figure 1.3: The starch cooker process flow and its control system architecture.
The starch powder is mixed with water at first to the left. Then the mixture
is heated up. The heated mixture is stored at the storage tank after a fine ad-
justment of its concentration. Seven feedback control loops are implemented
and utilize pairs of sensors (.5;) and actuators (A;). The corresponding control

algorithms run at the remote control station.
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Figure 1.5: An operator interface panel of the starch cooker process. A sketch
of the process flow is indicated. Operators can monitor the process and change
its parameters.
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Figure 1.6: Wireless process control system for the starch cooker process, cf.
wired architecture in Figure|1.3] Controllers are co-located with the actuators.
Sensors and actuators communicate through a shared multi-hop network. The
information from the sensors and actuators are sent to operators via gateways
for monitoring and other applications. Note that compared to the architecture
in Figure a new sensor (Sg) has been added to the steam line to monitor
the steam flow variation.

adjusted by the concentration control loop (S5, As) by adding water from the
dilution water tank. The level is governed by the level control loop (S¢, Ag).
The mixture is stored at the storage tank (Figure after its pressure is
regulated by the pressure control loop (S7, A7).

Plant operators at the remote control station monitor and control the pro-
cess through the operator interface. The interface panel shows a sketch of the
process flow, indicating the sensor measurements and actuator statuses (Fig-
ure . The controllers are located at the remote control station, and the sen-
sors and actuators communicate with the corresponding controllers through
point-to-point hard-wired cables.
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1.2.2 Wireless control system of starch cooker process

Communication cables and buses can be replaced by one or more wireless net-
works. Inspired by the ExxonMobil automation vision [j5], a possible wireless
process control system architecture for the starch cooker process is shown in
Figure[1.6)[[114}[16]. In Figure[1.6] wireless sensors, actuators, and gateways (G)
are deployed as network nodes. The sensors communicate to the correspond-
ing controllers, co-located with actuators, through a mesh-structured multi-
hop network. This setup follows the available industrial wireless communica-
tion protocols such as WirelessHART and ISA100.11a, all of which have a mesh
topology [17]. The information of the network nodes (sensors, controllers, and
actuators) are sent through gateways and a real-time service bus to operator
interfaces and other applications.

A real-time routing protocol [18]] and time synchronization protocol [[19]
have been proposed and evaluated for the starch cooker process [1]. The pro-
tocols introduce flooding-based routing and precise TDMA to achieve reli-
able end-to-end communication. Five-days evaluation indicates that wireless
starch cooker process control has no issues due to these protocols. Figure
shows a step response of the steam ejector temperature control. When the
output reached the desired temperature of 138 °C shortly after 21:00, the con-
troller could maintain the temperature. The evaluation indicates that wireless
networks have the potential for process control. However, much longer and
more thorough studies are needed. For example, the influence of energy limi-
tation of wireless network nodes should be considered.

Topology reconfiguration is an important property of industrial network
protocols since channel characteristics in industrial environments change over
time. Radio variations can be observed in the Iggesund paper mill caused by
moving objects such as cranes and persons in the vicinity of the network
nodes. The characteristics vary in the order of minutes or hours [20} [21]. Fig-
ure shows the variation caused by a crane in the ceiling of the building.
The crane moves over the floor to carry the finished paper to long-term stor-
age, resulting in the channel gain variation in the order of hours. Figure
shows the shorter variations in the starch cooker process unit caused by per-
sonnel moving in narrow aisles around the unit.

The reliability of multi-hop networks despite energy limitations and chan-
nel characteristic changes needs to be guaranteed. New energy-efficient com-
munication strategies and network reconfigurations are of practical impor-
tance.
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Figure 1.7: A step response of wireless steam ejector temperature control.
The output temperature S; (blue) increases to the setpoint temperature
of 138 °C (red) at the beginning of the batch operation. After that, the temper-
ature can be maintained around the setpoint. The red line indicates the valve
opening A, (percentage). Experimental data from .
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Figure 1.8: Received signal strength indicator (RSSI) of some radio links de-
ployed at the Iggesund paper mill [1]]. (a) Channel gain variation between two
nodes located next to the paper machine finish line. The vertical polariza-
tion (red) and horizontal polarization (blue). (b) Channel gain variation be-
tween two nodes (node 14 and node 2) in the starch cooker process unit.
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(a) Feedforward-PID configuration for starch concentration control. Steam flow vari-
ation is measured by the additional wireless sensor, Sg, which is used for feedforward
control. The feedforward controller adjusts the control signal to the plant to take cor-
rective action before the variation affects the starch concentration.

Steam flow
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(b) Cascade configuration for steam ejector temperature control. The steam flow sen-
sor and actuator introduce a tighter steam flow rate control. It reduces the effect of
the steam flow variation.

Figure 1.9: Block diagrams of feedforward and cascade control loops. In both
cases, a wireless steam flow sensor is added to the original feedback control
loop.

1.2.3 Performance improvement using enhanced process con-
trol loops

Wireless communication enables the deployment of new sensors easily into
control systems. For example, a new wireless sensor Sg is deployed to measure
the steam flow rate in Figure|1.6| The final starch concentration, controlled by
sensor S5 and actuator As, is possibly disturbed by the steam flow rate vari-
ation into the steam ejector. Since such a disturbance only slowly affects the
final product, it is difficult to mitigate the influence effectively by feedback
control. The feedforward controller adjusts the fine water flow rate as soon
as the disturbance is detected by directly monitoring the steam flow rate us-
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ing Sg, as illustrated in Figure [1.9a]

The sensor can also be used to improve the steam ejector temperature con-
trol by a cascade control configuration. Introducing a feedback control loop
with the sensor—actuator pair (Sg, A4) achieves a tighter steam flow rate con-
trol, which reduces the effects of the flow variation to the ejector temperature,
see Figure These examples motivate us to consider feedforward, cascade,
and other control architectures over a wireless network.

1.2.4 Summary

We see from the starch cooker process example that wireless control can be
cost-effective since it can remove cables between the field devices and con-
trollers. Moreover, a new sensor can be flexibly deployed. We can realize more
accurate concentration control by introducing feedforward-PID configura-
tion or temperature control by cascade configuration with an additional sen-
sor. While there are many reasons to use wireless control, some problems re-
main to be solved. One is how to cope with energy limitations of the network
nodes and channel characteristic variation in the environment. Since wireless
network nodes usually have no reliable energy sources, energy consumption
must be carefully considered. Existing protocols are robust to communication-
induced delay, packet dropout, and topology change due to channel gain vari-
ation, but how to reduce the energy consumption of the network nodes still
needs to be investigated.

1.3 Problem formulation

This thesis proposes a design framework for resource-aware wireless com-
munication and control, relevant to the realization of wireless process con-
trol systems. The idea is to introduce network communication strategies to
reduce communication while maintaining system performance. In particular,
we discuss two problems. The first problem is on the scheduling of control
systems over multi-hop networks. A systematic way to obtain an energy-
effective network schedule is considered to minimize the number of trans-
missions and thereby reduce energy consumption. The second problem is on
resource-aware communication dedicated to enhanced process control loops.
In what follows, we introduce the problems in detail.
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Figure 1.10: Illustration of a multi-hop wireless networked control system con-
sidered in Problem 1 with N = 3 control loops. Sensors, actuators, and con-
trollers communicate through a mesh-structured network. Controllers are co-
located with actuators.

Problem 1: Designing scheduler for wireless process control

In the first problem, we investigate a co-design framework of scheduling, rout-
ing, and control over a multi-hop network. Figure[1.10]depicts the system con-
sidered. Sensors S; and actuators A;,7 = 1, ..., N, are distributed over a field,
and form a multi-hop network. The controllers are co-located with the corre-
sponding actuators. Sensor S; transmits its measurements or its local plant
state estimate to the corresponding controller C;. The measurements are also
sent to the operator for a monitoring purpose.

Consider the multi-hop network graph G = (V, £) where V is the node set
consisting of S;, A;,i =1,..., N,and £ C V x ) the network link set. The in-
formation from each sensor is transmitted over the network G. We need to find
a scheduler that decides when and how the information is transmitted, i.e., at
each time instance, which sensor data is transmitted through which link in &,
under the objective to reduce the energy consumption of the network nodes,
while maintaining the control or estimation performances. In particular, we
consider two scenarios: sensor data is transmitted to a remote estimator for
monitoring and to the corresponding actuators for feedback control.

In summary, we address the following questions:

Q1: How to design a scheduler for remote estimation to reduce the energy
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consumption of wireless sensors while maintaining the estimation per-
formance?

Q2: How to design a scheduler for feedback control to reduce the energy
consumption of wireless sensors and actuators while maintaining the
control performance?

As the radio environment changes over time, the scheduler needs to recon-
figure when a link in the network is disconnected due to channel variation.
We address the following question:

0Q3: How to reconfigure a schedule when a link in a multi-hop network be-
comes unavailable?

Problem 2: Resource-aware wireless communication for process
control

The application of wireless communication to feedforward, cascade, decou-
pling, and other traditional control architectures is investigated in the second
problem. In particular, we study a way to limit sensor and actuator communi-
cations applied to such control loops. We address the following question:

Q4: How to reduce communications of wireless feedforward—PID, cascade,
and decoupling control while maintaining control performance?

The Smith predictor is often introduced to compensate for a non-negligible
time delays. Wireless control for time-delay systems is, therefore, to be inves-
tigated:

Q5: How to reduce communications of wireless time-delay control systems
while maintaining control performance?

The questions above focus on fully wireless control systems. A reasonable
and effective way to improve the control performance of an existing system is
to retrofit a wireless sensor to a control loop and introduce feedforward or cas-
cade control. We consider a feedback control loop with a potential disturbance
that degrades the control performance. We introduce feedforward or cascade
control by adding a wireless sensor. We address the following question:

Q6: How to reduce communications of a wireless sensor while keeping the
effectiveness of feedforward or cascade control?
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Figure 1.11: lllustration of the thesis structure.

1.4 Thesis outline and contributions

This section explains how the thesis is organized. The main results of this the-
sis are presented in Chapters and are divided into two parts according
to the problems considered. Part m addresses Problem 1, i.e., network sched-
uler designs for monitoring and distributed feedback control. Part [l focuses
on Problem 2, i.e., we discuss the applications of wireless communication to
specific process control loops. The overall structure of the thesis is illustrated

in Figure [1.11]

Chapter [1} Introduction

This chapter motivates the thesis and states the problem illustrated using the
starch cooker process of the Iggesund paper mill. The discussion is partially
based on the following contribution:

« A. Ahlén, J. Akerberg, M. Eriksson, A. J. Isaksson, T. Iwaki, K. H. Johans-
son, S. Knorn, T. Lindh, and H. Sandberg, “Towards wireless control in
industrial process automation: A case study at a paper mill,” IEEE Control
System Magazine, vol. 20, no. 2, pp. 36-57, 2019.

Chapter [2} Background

Chapter [2| gives the background for this thesis. First, we briefly overview pro-
cess control systems. Second, we go through wireless communication proto-
cols for industrial control systems. Third, we give a literature review on wire-
less process control.
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Chapter [3; Multi-hop network scheduling for remote estimation

Chapter [3|addresses Q1. We consider process state monitoring, in which sen-
sors transmit their measurements to a remote estimator through a multi-hop
network. We propose a design framework of a multi-hop sensor network
scheduler for remote estimation. An optimization problem is formulated, and
the optimal network schedule is searched to minimize estimation error under
sensor energy considerations. It is shown that the optimal network schedule
forms a tree with a root at the gateway node. From this observation, we man-
age to separate the optimization problem into two subproblems: tree planning
and sensor selection. We solve the sensor selection subproblem by a Markov
decision process, and show that the optimal solution admits a periodic struc-
ture when the transmission cost is sufficiently low. Efficient algorithms are
proposed, and they are shown to reduce the computational complexity of the
original optimization problem. Numerical studies illustrate the effectiveness
of the proposed algorithms and show that they are scalable to large networks.
The covered material is based on the following contributions:

« T. Iwaki, Y. Wu, J. Wu, H. Sandberg, and K. H. Johansson, “Wireless
sensor network scheduling for remote estimation under energy con-
straints,” in Proceedings of IEEE Conference on Decision and Control, pp.
3362-3367, 2017.

o T. Iwaki, Y. Wu, J. Wu, H. Sandberg, and K. H. Johansson, “Multi-hop
sensor network scheduling for optimal remote estimation,” Automatica,
To appear.

Chapter[d} Multi-hop network scheduling for distributed control

Chapter [4addresses Q2 and Q3. We consider multiple feedback control loops,
where each controller is co-located with the corresponding actuator. The sen-
sors transmit their local estimates to the controllers through a multi-hop net-
work. We propose a co-design framework of linear quadratic Gaussian (LQG)
control, scheduling, and routing. An optimization problem is formulated, mini-
mizing a linear combination of the averaged LQG control performance and the
averaged transmission energy consumption. Optimal solutions are derived,
and their performance is illustrated in a numerical example. In this chapter,
algorithms to reconfigure routing between sensors and actuators in case of
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link outage are also provided. The results are illustrated in a numerical exam-
ple.
The covered material is based on the following contribution:

« T. Iwaki, and K. H. Johansson, “LQG control and scheduling co-design
for wireless sensor and actuator networks,” in Proceedings of IEEE Inter-
national Workshop on Signal Processing Advances in Wireless Communi-
cations, 2018.

Chapter 5} Event-triggered actuation for multi-loop control sys-
tems

Chapter [5| tackles Q4. Particularly, we study periodic event-triggered actua-
tion applied to PID, cascade, and decoupling control. We introduce an event-
triggered output feedback controller, in which the control command is actu-
ated only when it exceeds its previous value by a certain threshold. An expo-
nential stability condition is derived in the form of linear matrix inequalities
(LMIs) using a Lyapunov-Krasovskii functional based on Wirtinger’s inequal-
ity. It is shown that an observer-based controller can reject an unknown step
disturbance. Using this result, we propose how to tune the event threshold
subject to a given stability margin. We apply the proposed framework to PID,
cascade, and decoupling control to illustrate how the event thresholds can be
tuned in practice. Numerical examples show for these three control loops how
communication can be reduced without performance degradation.
The covered material is based on the following contributions:

« T. Iwaki, and K. H. Johansson, “On setpoint tracking and disturbance
rejection of event-triggered PI control,” in Proceedings of SICE Interna-
tional Symposium on Control Systems, 2020.

« T. Iwaki, E. Fridman, and K. H. Johansson, “Multi-loop periodic event-
triggered actuation: Applications to PID, cascade, and decoupling con-
trol,” International Journal of Control, Submitted.

Chapter[6} Event-triggered control for time-delay systems

Chapter[6|addresses Q5. We focus on event-triggered PI control for time-delay
systems with parametric uncertainties. The systems are given by continuous-
time linear systems with parameter uncertainty polytopes. We propose an
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event-triggered PI controller, in which the controller transmits its signal to the
actuator when its value goes beyond a threshold. A state-space formulation of
the Smith predictor is used to compensate for the time delay. An asymptotic
stability condition is derived in LMIs using a Lyapunov-Krasovskii functional.
Numerical examples illustrate that our proposed controller reduces the com-
munication load without performance degradation and despite plant uncer-
tainties.
The covered material is based on the following contribution:

o T. Iwaki, E. Fridman, and K. H. Johansson, “Event-triggered PI control
of time-delay systems with parametric uncertainties,” in Proceedings of
IFAC World Congress, 2020.

Chapter[7} Event-triggered controller switching

Chapter[7]addresses Q6. In this chapter, an event-triggered controller switch-
ing framework is proposed when the process state is monitored by multiple
sensors. Asymptotic stability conditions for given sensor sampling intervals
are derived. Based on these results, we propose an event-triggered controller
switching, in which one sensor transmits its measurement to the controller
with a fixed sampling rate while another sensor transmits with a send-on delta
strategy. The proposed framework is applied to cascade and feedforward con-
trol. Numerical examples illustrate how our framework reduces the effect of
disturbances for both cascade and feedforward control systems.

The covered material is based on the following contribution:

« T. Iwaki, E. Fridman, and K. H. Johansson, “Event-based switching
for sampled-data output feedback control: Applications to cascade and
feedforward control,” in Proceedings of IEEE Conference on Decision and
Control, pp. 2592-2597, 2019.

Related publications are:

« T.Iwaki, J. Wu, and K. H. Johansson, “Event-triggered feedforward con-
trol subject to actuator saturation for disturbance compensation,” in Pro-
ceedings of European Control Conference, pp. 501-506, 2018.

« A. Ahlén, ]J. Akerberg, M. Eriksson, A. J. Isaksson, T. Iwaki, K. H. Johans-
son, S. Knorn, T. Lindh, and H. Sandberg, “Towards wireless control in
industrial process automation: A case study at a paper mill,” IEEE Control
Systems Magazine, vol. 20, no. 2, pp. 36-57, 2019.
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Chapter|[8} Conclusions and future research

In Chapter [8] we present a summary of the results and discuss directions for
future research.

The author’s contribution and other publications

In the aforementioned contributions, the author of the thesis had the most
significant role in formulating the problems, solving them, and writing the
articles. The order of the authors listed above indicates the relative contribu-
tions, except for the paper in Chapter|[1] In this paper, the authors are ordered
alphabetically.

The following publication by the author is not covered in the thesis, but
contains related material:

¢ Y. Wu, T. Iwaki, J. Wu, K. H. Johansson, and L. Shi, “Sensor selection
and routing design for state estimation over wireless sensor networks,’
in Proceedings of Chinese Control Conference, pp. 8008-8013, 2017.

We also remark that parts of Chapter appear in the licentiate thesis:

« T. Iwaki, “Wireless sensor network scheduling and event-based control
for industrial processes,” KTH Royal Institute of Technology, 2018.



Chapter 2

Background

In this chapter, we establish the background concepts and literature for the
thesis. We first briefly overview process control systems in Section We
introduce architectures of the current process control systems and some spe-
cific control loops. Section [2.2] presents the technologies that enable wireless
process control systems. In this section, we survey industrial wireless com-
munication protocols, particularly the literature on energy-effective wireless
communication protocols. Finally, we review wireless process control systems

in Section

2.1 Process control systems

Process control was first performed manually by operating valves based on
measured values by local sensors. Manual operation was harsh labor that re-
quired a large number of operators, and the operation was not accurate. Since
the creation of the pneumatic PID controller in the 1930s, process control has
been automated [22]]. Eventually, controllers were located at a remote control
station. However, since pneumatic signals were used as a signal transmission
medium, there were restrictions on transmission distance and space. As the
size of process plants increased and technology developed, there was a shift
to electrical signals, resulting in more complex but intelligent control systems.
In this section, we first briefly overview current process control system archi-
tectures. Next, we describe some common and specific control loops.

21
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2.1.1 Process control system architectures

Process control systems based on microprocessors were introduced in the
1970s [2]. Each microprocessor serves input/output (I/O) processing and con-
trol computation for 8 to 32 control loops and forms the so-called distributed
control system (DCS) [2]. Communications among controllers and field sen-
sors and actuators were carried out through an analog electric current be-
tween 4 and 20 mA. While some digital communication technologies such as
Foundation Fieldbus [23]] and Profibus [24]] are available now, the basic archi-
tecture of process control systems, as shown in Figure [2.1] [5], are fixed until
now. Process control systems today have a hierarchical structure with five
levels, see Figure At Level 0, i.e., in the field level, sensors and actuators
are distributed. At Level 1, basic controllers are located. Each controller col-
lects sensor measurements and computes control commands. The commands
are transmitted to the corresponding actuators. Operators can check the plant
status and change setpoints and controller parameters through user interfaces.
At Level 2, some other applications are located to monitor the field device con-
ditions. At Level 3, advanced logic and applications such as model predictive
control are implemented. Servers for business use are located at Level 4. This
thesis focuses on control and communication at Level 0 and 1. In the next
subsection, we describe control loops that appear at these levels.

2.1.2 Process control loops

PID control plays a central role in process control. Next, we give an overview
of typical ways to modify the standard PID control loop to improve the overall
control performance. In particular, we discuss feedforward control, cascade
control, decoupling control, and the Smith predictor. These approaches are
extended to wireless implementation in Part[lI] of the thesis.

Feedforward control

Feedforward control is used together with PID control to attenuate external
disturbances when the disturbances can be measured. Using the information
from the disturbance sensor, the controller takes corrective action to avoid that
the controlled variable deviates from its setpoint. Figure [2.2| shows the block
diagram of a typical feedforward-PID control architecture. The disturbance
affects the main plant (Plant 1) through a disturbance plant (Plant 2), which
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Level 4 Business planning

Network

Level 3 Manufacturing operation

Network

Level 2 Supervisory control

Network

Level 1 Basic control

Level O Local field

Figure 2.1: Architecture of industrial process control systems [5]. The overall
system has a hierarchical structure divided into five levels, from field devices
to business planning.
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Figure 2.2: Block diagram of feedforward control.
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Figure 2.3: Comparison of feedforward-PI control (blue) and PI control (red).

can be an uncontrolled stable plant or even a closed-loop system. The distur-
bance sensor sends its measurement to the feedforward controller, adjusting
the control signal.

This configuration is feasible only if the disturbance can be measured or
estimated. We consider the case that the disturbance cannot be measured in
Chapter [5| but introduce a disturbance observer. We consider that the distur-
bance can be measured in Chapter [7| In both chapters, we focus on wireless
feedforward control. Let us illustrate the basic idea with an example.

Example 2.1. Consider a blending process with two chemical compounds [25].
The control objective is to ensure the desired mass fraction between the com-
pounds. The main PI controller regulates the flow rate of one chemical. The distur-
bance sensor monitors the flow rate of another and sends its value for feedforward
compensation. Plants 1 and 2 are given by

B 0.0065
©0.39252 +4.79s + 1’

P1(S) PQ(S) = 1,

respectively. We apply PI control and static feedforward control given by

6.577
K(S) =219+ 5 KFF(S) = —4.17.

Figure[2.3 shows the responses of feedforward—PI control and PI control, both with
the setpoint v = 0.34. We see that the feedforward control reduces the deviation
of the mass fraction. That is, feedforward—PI control has better disturbance rejec-
tion.
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Figure 2.5: Comparison of cascade control (blue) and PI control (red). Left:
Disturbance rejection. Right: Setpoint tracking.

Cascade control

Feedforward control improves disturbance rejection, but the usage is limited
to when the disturbance can be measured or estimated reliably. If this is not
the case, cascade control should sometimes be considered, see Figure Cas-
cade control employs an inner control loop, which is meant to compensate for
the disturbance before it appears in the main controlled variable. In cascade
control, the outer PID controller computes its control signal as a setpoint for
the inner controller. We illustrate again with an example.

Example 2.2. Consider the exothermic reactor in |25]. Its temperature is reg-
ulated by an outer PI control loop. However, the temperature is affected by the
reactor’s jacket temperature. The inner control loop regulates it so that its varia-
tion can be reduced before it affects the reactor’s temperature. Plants 1 and 2 are
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Figure 2.6: Block diagram of decoupling control.

given by
Pis) = grep Bals) = o
= S) =
N =821 6s+10 2 s+ 1’
respectively. We apply cascade control with
0.22 3.73

Kl(s) =0.76 + T’ KQ(S) =1.23+ ?,

and compare this to a simple PI controller

0.21
KPI(S) =094+ —.
S

Figure 2.5 shows the responses of cascade control and together PI control. From
the plots, we can conclude that cascade control responds to the input disturbance
promptly and much better than the PI control, while the setpoint tracking perfor-
mance is almost the same.

Decoupling control

Control signal variation of a feedback control loop may interact with other
loops. In this case, introducing decouplers can be beneficial. Figure [2.6| shows
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Figure 2.7: Comparison of decoupling control (blue) and PI control (red). Top
left: Responses of the top production composition y; to the setpint change
r1 = 1. Top right: those of the top production composition y; to ro = 1.
Bottom left: those of y2 to 71 = 1. Bottom right: those of y2 to 79 = 1.

the block diagram of decoupling control, where the plant dynamics is given

by
[Yl(s)} B [PM(S) P12(S)] [Ul(s)] '

Ya(s)| — [Pa(s) Paa(s)] [Ua(s)

In decoupling control, decouplers adjust the corresponding control signals in
a feedforward fashion so that the interactions are mitigated proactively, as
illustrated in the following example.

Example 2.3. Consider a pilot-scale distillation column [26], given by

12.8¢7%5  —18.9e 33
16.7s+1 2ls+1

P(s) =
6.6e~7  —19.4e 3
109s+1 14.4s+1
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Figure 2.8: Block diagram of the Smith predictor.

We apply decoupling with PI control given by

o) = oty e Nty = 3ate)

where PI controllers K1(s), K2(s) and decouplers D1, Dy are given by

014 '
Ki(s) = 0.096 + %, Ko(s) = —0.083 @7

Dy =-1477, Dy =0.34

Figure[2.7 shows decoupling control and PI control responses with the setpoints
r1 = 1 andre = 1. The left figures illustrate the responses to the setpoint change
fromry =0 to1 (the top shows y; and bottom y3). The right shows those of .
We see that decoupling control reduces the deviation due to the setpoint changes
for both setpoint changes.

The Smith predictor

Process plants usually have time delays that are associated with physical
movements of material or energy. The time delay may deteriorate the control
performance or even make the system unstable. The Smith predictor is often
introduced to compensate for time delays in process control applications. It
was introduced in [27]]. Since then, modifications were proposed to apply the
predictor to integrator [28] and unstable systems [29} [30]. Figure shows
the block diagram of the Smith predictor. The Smith predictor introduces the
plant model 15(3), which predicts the plant output. By subtracting the pre-
dicted output from the actual output, the predictor can mitigate the effect of
time delays on the closed loop, as illustrated next.
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Figure 2.9: Comparison of the Smith predictor (blue) and PI control (red),
where K, and K] is the proportional and integral gains, respectively.

Example 2.4. Consider the lab tank process introduced in [31] given by

5.6
0 93.9

P(s) = —>2
(5) = J02s 1

We introduce the Smith predictor with PI controller

0.0014 - 5.6
K(s) = 0.138 Pls)= 22
(s) T PO =g

A comparison between PI control with and without the Smith predictor is shown
in Figure[2.9 We see that the Smith predictor yields no overshoot and almost the
same rise time.

2.2 Wireless networks for industrial control sys-
tems

5G communication, cloud computing, and networked embedded devices are
technologies supporting a wide range of applications, including mission-
critical industrial control systems. WirelessHART [8] and ISA100.11a [9]] have
been explicitly proposed for the process industry. Both protocols employ the
open systems interconnection (OSI) reference model [32], in which the phys-
ical layer (PHY) and the media access control (MAC) sublayer of the data link
layer are specified by the low-rate wireless personal area network standard,
IEEE 802.15.4 [33]]. Wireless network behaviors, determined by such protocols,
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affect control system performance. Any network protocol introduces packet
dropout and delays. The network behaviors should, in some cases, be modeled
and considered together with a control problem. In this section, we present a
brief overview of 5G network communication and IEEE 802.15.4. Then we re-
view work on communication protocols for industrial control systems.

2.2.1 5G network communication for industrial applications

5G network communication introduces wireless access to information and
data “anywhere and anytime for anyone and anything” [34]. Its potential can
meet the reliability and low-latency requirements of mission-critical industrial
applications.

Two features of 5G are essential to industrial applications [35]:

« Device-to-device communication: Device-to-device communication
refers to the technology that allows devices to communicate directly
with each other, without involving network infrastructure such as
access points and base stations [36]]. Such direct communication re-
duces latency and increases data rate, resulting in reliable and efficient
communication between sending and receiving devices.

+ Network slicing: Network slicing is the technology that slices a physical
network into several logical networks. A customized service becomes
available for each application scenario while using the same physical
network [37, |38]]. This offers flexibility and scalability of the network.
Industrial plants can be operated from a remote place and even from
mobile devices. Information can be exchanged between plant sites and
other parties.

5G network communication suggests the new architecture of industrial
control systems shown in Figure [[4]. The current hierarchical structure
for industrial control systems is dissolved and becomes seamless using 5G
communication. In the right figure in Figure [2.10] any device can communi-
cate with other devices regardless of the level. Thus, operators can monitor
and control plants from remote places, and the management can easily access
plant states and operation data, enabling rapid and flexible decision-making.
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Figure 2.10: Dissolution of automation pyramid using 5G communication [4]].

2.2.2 1EEE 802.15.4

IEEE 802.15.4 is the de-facto standard, specifying the physical layer and MAC
sublayer for low-rate wireless personal area networks. Its application is widely
expanding recently in many industries. The physical layer, the bottom layer
in the OSI reference model, is responsible for transmitting and receiving a
PHY protocol data unit (PPDU) and selecting operating channels. The PPDU
consists of three parts: synchronization header (SHR), PHY header (PHR), and
PHY payload, which is called MAC protocol data unit (MPDU), as depicted
in Figure The SHR is introduced for a receiving node to synchronize a
stream of framed data, where the PHY includes the frame information. Three
frequency bands, consisting of 27 channels in total, can be used for the data
transmission. In particular, the frequency band 2400-2483.5 MHz, providing 16
channels, is available.

The MAC sublayer is responsible for transmitting and receiving the MPDU
through the interaction with the physical layer. It also provides beacon man-
agement, channel access, and packet delivery mechanisms. The MPDU in-
cludes the main information (MAC payload) appended by the MAC layer be-
tween the MAC header (MHR) and MAC footer (MFR), as in Figure The
IEEE 802.15.4 MAC protocol introduces two channel access mechanisms: con-
tention access period (CAP) and contention-free period (CFP) [15]]. A super-
frame is an interval between two beacons, which is divided into usually 16
equally sized timeslots. The beacons are sent in the first timeslot to synchro-
nize the network nodes. Timeslots in a superframe can be classified into two
periods, as shown in Figure The first period is CAP, where all network
nodes are allowed to access the channel. Hence, collisions may occur. Carrier
sense multiple access with collision avoidance (CSMA/CA) is introduced to
handle possible collisions. The second period is the CFP. In the CFP, times-
lots are allocated to devices that want to transmit data. This scheme is called



32 Background

MAC header] MAC footer
(MHR) MAC payload (MFR)
Synchronization header PHY header PHY payload
(SHR) (PHR) (MPDU)
- PPDU -

Figure 2.11: Frame structure of IEEE 802.15.4 PHY protocol. A packet consists
of three parts: SHR, PHY, and PHY payload [33].
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Figure 2.12: Superframe structure of IEEE 802.15.4 MAC protocol. Beacon in-
terval between k and k 4 1 consists of three periods: CAP, CFP and inactive
period.

time division multiple access (TDMA). At the end of all the transmissions, the
network becomes inactive to save the batteries.

2.2.3 WirelessHART and ISA100.11a

Two major standards for wireless process control systems, WirelessHART and
ISA100.11a, are available. In accordance with the IEEE 802.15.4, both Wire-
lessHART and ISA100.11a have some common features, but there are also
some differences [39, 40]]. Both WirelessHART and ISA100.11a support star
and mesh topologies. In WirelessHART, sensors and actuators can be used as
relay nodes, while those in ISA100.11a are connected to routing devices in a
star topology.

For the physical layer, both WirelessHART and ISA100.11a use the fre-
quency band 2400-2483.5 MHz. Within this band, 15 channels with 2 MHz
bandwidth spaced 5 MHz apart are available. Channel hopping is used in both
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standards to decrease the effect of interference and noise. ISA100.11a applies
more complicated channel hopping, such as slow hopping, slotted hoping, and
a combination of them. In the MAC layer, WirelessHART uses TDMA for chan-
nel access, while ISA100.11a combines TDMA with CSMA. The duration of
each time slot is 10 ms for both standards. Within the allocated time slot, the
sending node can transmit a data packet to the receiving node. After the suc-
cessful reception of a packet, the receiving node transmits an acknowledgment
packet to the sending node.

Some researchers focus on developing, implementing, and validating con-
trol systems using WirelessHART [41} 42]. The authors of [43]] discuss how to
implement a WirelessHART mesh-structured network to satisfy a prespecified
control performance. Scheduling of superframes is investigated in [44].

2.2.4 Resource-aware communication protocols

Much research has been devoted to wireless communication protocols based
on the IEEFE 802.15.4 standard to improve reliability and energy efficiency. Reli-
able and resource-aware wireless communication protocols for industrial con-
trol systems have been investigated in the communication community [[10}(11}
17} [40}, 45-/50].

How to route data through a multi-hop network is an essential issue to reli-
able communication [[51,|52]]. A reliable real-time routing protocol and achieve
synchronization TDMA protocol are proposed in [18] and [[19]], respectively.
Both are evaluated in a paper mill [1f]. Synchronization of a wireless sensor
network using the Zigbee protocol [53]] has been experimentally validated in
a factory environment [54]]. Several researchers investigate energy-efficient
protocols. Routing algorithms for static wireless sensor networks are proposed
in [55H57]]. In 58], the Breath protocol, which minimizes the energy consump-
tion subject to packet reliability and delay constraints, is developed. The proto-
col is experimentally evaluated and compared with the IEEE 802.15.4 protocol.
An experimental testbed is built, and the evaluation of WirelessHART rout-
ing protocols is performed in [59]. Using the testbed, a reliable and energy-
effective channel hopping algorithm is proposed. Time delay due to wireless
communication defined by the IEEE 802.15.4 is modeled using a worst-case
approach [60]]. In [61]], some adaptive sampling strategies for a wireless sen-
sor network in a building environment are evaluated. Sensor scheduling for
smart home applications is discussed in [62]].
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Data aggregation is an effective technique to reduce the energy consump-
tion of wireless sensor networks [63]. The energy-effective protocol called the
low energy adaptive clustering hierarchy (LEACH) protocol developed in [64]]
supports a data aggregation technique, where an energy consumption model
of data sending and receiving is introduced. When a network node transmits
data to another node, it consumes energy

ES (p, d) - Eelecp + Eampd2p

where p bits is the amount of transmitted data and d the distance to the re-
ceiving node. The energy coefficient E. is determined by the electronics,
coding, and other implementation aspects, and Eyy,p by the amplifier. While
the consumption for sending is a function of the data amount and the distance,
the energy consumption to receive data is given by

Es (p) = Eelecp-

If a node collects multiple sensor data and sends them together in the same
timeslot, the headers of the packet (Figure can be shared. Assume that
data from any sensors have c bits. Then the bits of information after aggrega-
tion is given by
p(g) = [l + (¢ —1)(r—1)]

where ¢ € Nis the number of sensor data and r € [0, 1] is the data aggregation
rate [65]]. If r = 1, the data is aggregated perfectly, and the bits after aggrega-
tion is independent of the number of measurements. If » = 0, no packet aggre-
gation is used. This model indicates that data aggregation, which reduces the
size of a packet for each transmission, can reduce the amount of energy con-
sumption. Many variations of the LEACH protocol have been proposed [[66].
Data aggregation also has been considered in WirelessHART in [44]].

2.3 Wireless process control systems

The ExxonMobil automation vision proposes a future process control archi-
tecture [5]). In this vision, control systems are expected to communicate more
wirelessly and seamlessly. A simplified version of this architecture is illus-
trated in Figure[2.13] Operation and business platforms are implemented in the
cloud, collecting data through a real-time service bus. By utilizing the power-
ful computation capacity of the cloud, various applications are available such
as remote operation, data storage and analysis, and predictive maintenance.
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Figure 2.13: Future process control system architechture proposed in [5].

Basic control is carried out in the distributed control nodes (DCNs). Only
a single control loop is assigned to each DCN, making the system more robust
against controller failures. As DCNs only require simple control computation
and I/O processing, they can be located closer to the field or even co-located at
the sensors and actuators [[4]]. Sensors, controllers, and actuators are connected
to their neighbor nodes, resulting in a multi-hop network. Various kinds of
information from the nodes are exchanged through the network. Sensor data
are sent to the corresponding controllers for feedback control and to operators
for monitoring. Control signals are transmitted to the operators as well as to
the corresponding actuators.

Although many protocols have been developed for wireless control sys-
tems, they are not yet widely adopted, mainly due to the strict performance
and safety requirements of industrial control applications. Control over wire-
less networks is studied in the context of networked control theory, which in
general focuses on control problems under network-induced constraints such
as time-varying sampling intervals, delay, packet dropout, and channel access
limitation [67} 68]. In networked control theory, various dynamical system
models are introduced to express such network-induced phenomena. Time-
varying sampling intervals and communication delays are modeled as hybrid
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Figure 2.14: Block diagram of a monitoring system with remote estimation
consisting of IV plants and sensors. Each sensor monitors the corresponding
plant and transmits its data (measurement or local estimate) to a remote esti-
mator through a shared network.

systems in [69-71]] and time-delay systems in [[72}|73]. Estimation and control
of noisy processes over a lossy communication channel are considered in the
context of stochastic optimal control problems [74].

In this section, we go through an overview of this field of study. We first
survey research on remote estimation. Second, studies on control over a net-
work are summarized. Third, we discuss control over industrial wireless pro-
tocols. Finally, we overview the literature on event-triggered control.

2.3.1 Remote estimation for monitoring systems

In wireless process control systems, sensor data are transmitted to high-
level services for monitoring, data storage, and analysis purposes, see Fig-
ure Several research groups have investigated the remote estimation
problem. Kalman filtering over unreliable communication channels is con-
sidered in [75]]. It is shown that there exists a critical value for the failure
probability, beyond which the error covariance becomes unbounded. Another
performance metric is introduced in [[76[], where the proposed Kalman filter is
given with the probability that the error covariance is bounded by a specific
constant.

In [|77]], the stability of a scheduler under the trade-off between estimation
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performance and communication cost is discussed. Random delay, as well as
packet loss, is considered in [78]]. A scheduling policy for multiples sensors
measuring each independent plant is proposed in [79]. A stochastic sensor
scheduling algorithm is proposed in [80], where multiple sensors monitor a
plant, but the only one can access the estimator at every time instance.

Optimal estimation with a multiple time-step cost is introduced in [81}(82].
The authors consider a finite-time horizon and obtain a suboptimal schedule
by introducing a relaxed convex optimization problem. The infinite horizon
problem is considered in [83-85]]. The authors of [86]] derive conditions for the
cost functions to be submodular to guarantee estimation performance. Sched-
ules designed by greedy algorithms are studied in [87]. A minimum mean
square error (MMSE) estimation schedule can be obtained in some special
cases, for example, for two sensors in [88] [89] and more sensors in [90H92].
In [91} 92]], optimal schedules are obtained by formulating Markov decision
processes (MDPs). Remote estimation with variance-based triggering is pro-
posed in [93], which yields a periodic transmission schedule. In this setup,
sensors can directly communicate with the remote estimator through a com-
mon bus.

The studies above consider remote estimation under network constraints.
Sensor energy consumption and packet dropout are explicitly considered for
covariance-based state estimation in [94]. A threshold scheduling policy is
obtained by formulating the optimal estimation problem as an MDP. Event-
triggered estimator where a local sensor determines when to transmit its mea-
surement is proposed in [95]]. Deterministic online MMSE schedulers using
feedback information from the remote estimator are proposed in [96| 97]. The
scheduler in 98] introduces a time-out condition but uses only local informa-
tion at each sensor. An MMSE stochastic event-trigger is proposed in [99]. An
event-triggered estimators over shared communication channels with mul-
tiple sensors are considered in [[100, 101]]. Event-triggered estimation under
unknown external disturbances is considered in [102]. A scheduler that de-
termines transmission data based on the so-called Value of Information is
proposed in [103]. Learning techniques are introduced to obtain a scheduler
in [104}[105].

Sensor energy allocation problems are investigated in some studies. The
energy consumption is then a control variable, which determines the probabil-
ity of packet loss. Energy allocation for state estimation is discussed in [106}-
110]). In [111H4113]], energy harvesting sensors are considered for remote esti-
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mation.

While the results above mainly consider single-hop networks, many in-
dustrial control systems need to be supported by multi-hop networks. Remote
estimation over a multi-hop network is investigated in [[114,115]]. The authors
of [115] consider how to manage the remote estimator when the multi-hop
network environment is changing. Then they propose a way to reconfigure
the network under time-varying channel states.

In Chapter [3] we focus on a remote estimation problem over a multi-hop
network. Motivated by the starch cooker example in Section [1.2] we consider
remote estimation of a multiple-sensor system over a shared multi-hop net-
work. The results differ from the literature in many ways. For instance, we
introduce a superframe structure model to capture the features of many in-
dustrial communication protocols.

2.3.2 Control over wireless networks

Recently many results have been developed on control over wireless networks.
Networked control systems are spatially distributed systems that use a shared
communication network to exchange information from sensors to controllers
and from controllers to actuators, see Figure The results can be catego-
rized into which types of networked-induced imperfections are considered.

Control under variable sampling, delayed communication, and
scheduling protocols

Conventional control systems assume periodic sensing and actuation [[116]. In
networked control systems, however, this assumption cannot be preserved due
to network-induced imperfections. Networks may impose variable sampling
intervals and delayed communication. In [[1174120]], stability conditions for
networked control systems with sampling interval smaller than the maximum
allowable transmission interval (MATI) are derived. Communication delays
are also considered in [69,|70]]. Therein, stability conditions where the delays
are smaller than the maximum allowable delay (MAD) are derived by intro-
ducing either a hybrid system [[69]] or a discrete-time system [70]. The authors
of [121] consider channel access limitations, resulting in variable sensor sam-
pling. The authors propose the try-once-discard (TOD) protocol as a way to
decide the channel access schedule. The studies 69,70} 117,|118, {120] discuss
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Figure 2.15: Block diagram of general networked control systems consist-
ing of N control loops. In each loop, a sensor monitors the corresponding
plant and transmits its data (measurement or local estimate) to the controller
through a shared network. The controller sends the control command to the
corresponding actuator.

the TOD protocols and the round-robin (RR) protocols. The TOD protocol is
considered for systems with randomized sampling intervals and delays in [71]]
and with random process noise in [[122]].

Time-delay approaches are considered to model networked control sys-
tems with large communication delays, see [72,|73]. Time-varying sampling
is discussed using a Lyapunov-Krasovskii functional in [[123] [124]. The re-
sults are extended in [[125,(126] based on Wirtinger’s inequality. Control sys-
tems with scheduling protocols have been investigated using time-delay ap-
proaches. In [127,|128], stability conditions are derived for systems under RR
protocols. Both RR and TOD protocols are considered in [[129].

In contrast to the results above, which focus on the way to handle time-
varying intervals and delays induced by network communication, event-
triggered control aims at reducing communication by intentionally varying
the sampling interval. A significant number of results on event-triggered con-
trol have been obtained until now [130]]. The details of these results are sum-
marized in Subsection below. In Part [l we introduce event-triggered
control for process control loops. Stability analyses are given using the time-
delay approach introduced in 125} [131].
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Design of networked controllers and schedulers

Designing controllers for networked control systems is investigated in many
studies. Linear quadratic Gaussian (LQG) control through a lossy channel be-
tween sensor and controller is considered in [[132]]. The problem is divided into
the standard linear quadratic regulator and the optimal encoder and decoder
design problems. This result is extended to more general networks in [[133]
and to the case when the network between controller and actuator in [[134].
LQG control with network-induced delays and access constraints is investi-
gated in [[135]. Network capacity is explicitly considered in [[136H139]], where
the fundamental trade-offs between control performance and communication
data-rate are investigated. LQG control subject to power constraints is studied
in [[140]).

Scheduling data transmission for networked control systems has attracted
attention. In [[141]], a joint optimization problem is presented where the prob-
lem can be separated into an optimal estimation, optimal control, and optimal
scheduling problem. An event-triggering algorithm for control under packet
dropout is considered in [142]. LQG control with packet dropouts and en-
ergy limitation is considered in [143]], where the covariance-base sampling
proposed in [[94] is introduced. The authors of [[144] investigate LQG con-
trol using multiple sensors. A co-design framework is proposed to minimize
the number of sensors utilized. Inspired by the Wifi protocol, LQG control
with adjustable bit-rate based on the signal-to-noise ratio is studied in [[145]].
Co-design of an LQG controller and scheduler, where the information is ex-
changed over a latency-varying network is studied in [[146].

Scheduling among multiple control loops with a shared communica-
tion network is proposed in [147-149]. Scheduling under limited channel
slots [147] and under a MAC-like protocol [[148] are developed. Decentral-
ized controllers are considered in [[150] for an LQG problem, where a remote
controller is introduced to cooperatively minimize a quadratic performance
cost, while the uplinks from the controllers and the remote controller are un-
reliable. A latency-varying network shared by multiple control loops is con-
sidered in [151]. Learning techniques are introduced to obtain a scheduler for
networked control systems with lossy communication channels in [[152,153].

Design of control systems over a multi-hop network is considered in some
studies [[154H156]. In [154]], a mathematical model for representing and ana-
lyzing multi-hop networked control systems is proposed. Using the model, the
authors of [157]] investigate a co-design framework of the controller, schedul-
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ing, and routing of multi-hop networked control systems. The result is ex-
tended to a robust design framework that is able to handle to permanent link
failures [158]] and resilient to malicious attacks [[159]]. Random packet dropout
is considered in [[160]]. A co-design framework of multi-hop network schedul-
ing and an optimal controller for a single process is proposed in [[155]]. A flex-
ible control design framework is considered in [[161[], where control function-
ality can be allocated to any network node in a multi-hop network. A way to
adaptively locate the controller over a lossy multi-hop network is proposed.

In Chapter [4] we focus on LQG control over a multi-hop network. This
chapter differs from the previous work on LQG control over networks in that
we consider sensor—actuator pairs and that the communication within each
pair is carried out through a multi-hop network. Besides, we provide network
reconfiguration algorithms handling when a link in the network is discon-
nected. Network reconfiguration needs to be investigated since factory envi-
ronments are often exposed to variable channel characteristics.

2.3.3 Control over industrial wireless networks

Control over industrial wireless communication protocols, such as the IEEE
802.15.4 protocol, has been investigated by many researchers [10]. The authors
of [162] propose a hybrid MAC protocol that switches between two modes: a
Contention access MAC (CA-MAC) mode and a Contention-free MAC (CF-
MAC) mode. The modes transit from CA-MAC to CF-MAC when a large dis-
turbance occurs in the process. In [[163], an aperiodic sampling algorithm and
a MAC protocol with a scheduling algorithm are jointly designed. An exper-
imental evaluation with water tanks is also conducted. A formal method is
introduced to analyze control systems with IEEE 802.15.4 protocol in [|164].
While these studies deal with both CSMA/CA and TDMA, the authors of [[165}-
167] focus on CSMA/CA protocols.

The authors of [168-170] develop a network model that captures the Wire-
lessHART protocol, and stability conditions are derived. In [[171]], co-design of
the controller, scheduling, and routing algorithms with WirelessHART proto-
cols is provided. The authors of [172] consider a multi-hop network protocol
with faster sampling, together with a design of a stabilizing controller. The
novelty of this work is to demonstrate fast sampling control over a multi-hop
network by introducing a testbed consisting of synchronized multiple inverted
pendulums. In [[173]], self-triggered communication is introduced for the multi-
hop network with fast sampling.
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In Chapters [3|and [4] we introduce a communication model that captures
the features of WirelessHART. Sensors and actuators are also used as relay
nodes, and the communications among them are carried out with a TDMA pro-
tocol. In particular, we focus on communication over a mesh-structured net-
work. We employ the energy consumption model of [[64], and energy-aware
estimation and control over a TDMA network are developed.

2.3.4 Event-triggered control

Dealing with network-induced imperfections is an essential part of the stud-
ies of wireless control systems. One approach to such a problem is event-
triggering sampling and actuation, so-called event-triggered control. In event-
trigged control, sensors and/or controllers transmit their data only when a
certain condition is satisfied. By doing so, communications among the system
components can be reduced without sacrificing performance [174; |175]. This
has motivated many researchers to study event-triggered control into a large
variety of control applications [[130}176]].

In [[177], it is shown that the event trigger using an absolute value of the
output generates an oscillatory behavior. The authors of [178] introduce a
send-on-delta strategy, i.e., an event is generated when the output goes beyond
a certain threshold from the last transmitted value. The strategy is considered
under unknown constant disturbances in [179]]. Relative threshold triggering
for event-triggered actuation is introduced in [[180]]. In this strategy, the control
signal is updated when a ratio between the absolute value of the measurement
error and the actual measurement value deviates from the given threshold. The
result is extended to output feedback control in [[181]]. The system consists of
multiple sensors and actuators, and the events are generated by each individ-
ual component.

Periodic event-triggered control

The above work requires continuous-time monitoring of the plants. To bet-
ter suit practical implementation to such digitalized systems, self-triggered
control is proposed in [182]]. In self-triggered control, the event generator de-
termines the next event time in advance already when the previous event was
generated. The system does not need to monitor the plant continuously. An-
other approach is to check the event condition periodically, which is termed
periodic event-triggered control, proposed in [[183] for state feedback and



Wireless process control systems 43

in [184] for output feedback control. Periodic event-triggered control is intro-
duced for time-delay systems [[185]]. The authors of [[186]] consider time-delay
systems, where time delays are artificially introduced to stabilize the plant.
In [[187]], continuous monitoring is considered, but a minimum waiting time
for two consecutive events is introduced to avoid the Zeno phenomenon.

Setpoint tracking and disturbance rejection

Event-triggered control for setpoint tracking and disturbance rejection has
been considered. In contrast to [179], which introduces a model-based ap-
proach to estimate the external disturbance, observer-based event-triggered
control is introduced in [[188}|189]]. In [[190]], the authors introduce an observer-
based event-triggered controller for constant reference signals. A co-design
framework for the event trigger and controller is provided. The work [191]]
considers observer-based event-triggered control under parameter uncertain-
ties as well as external disturbances. In [192], bounded slope nonlinearities are
included.

Event-triggered PID control

Event-triggered PID control has attracted the attention of many researchers
since the early work [[175]. In [[193]], a modified event-triggered PID controller
is proposed and compared with the original setup in [[175]. Some practical
problems when introducing event-triggered PI control are discussed in 194,
195]). In [[194], it is shown that event-triggered sampling may result in a stick-
ing effect or large stationary oscillations. To overcome these problems, [194]
proposes PIDPLUS [[196-198]. Furthermore, 195} [199-203]] focus on actua-
tor saturation [204]] for event-triggered control. Actuator saturation cannot
be avoided since valves and pumps always have such a limitation. In [[195]],
it is shown that an anti-windup technique can significantly improve the per-
formance of event-triggered control systems under actuator saturation. The
authors of [200] introduce an event-triggered anti-windup scheme, where the
saturated control signal is fed back to the controller in an event-triggered
fashion. While the works [[195} [199] use a send-on-delta sampling strategy,
and therefore only boundedness of the states are guaranteed, the authors
of [201]] derive asymptotic stability conditions by introducing a relative thresh-
old strategy, as was proposed in [[190]. External disturbances are included
in [203]. In [205]], a self-triggered control strategy is introduced for which the



44 Background

event trigger is located at the controller. While both the setpoint tracking and
disturbance rejection properties are investigated in this work, the application
is limited to first-order systems. PI controller design problems are considered
in [206, 207]. In [206]], the authors introduce an LQ control design problem
with event-triggered sampling. PI control synthesis with a relative threshold
strategy is proposed in [207]]. Event-triggered PID control is investigated for
output feedback control with artificial delays in [186].

Some researchers focus on the validation of event-triggered control from
both academic and industrial perspectives [208]. The event-triggered control
proposed in [[179] is evaluated using a chemical pilot plant in [209]. Event-
triggered PI control with a send-on-delta strategy is validated on a double-tank
system in [210], and with anti-windup compensation in [[195]. Event-triggered
PI control applied to DC-motors is considered in [207, [211]]. In [212] [213],
event-triggered PID control is evaluated on the industrial paper mill plant at
Iggesund. To quantitatively evaluate event-triggered PID control, the authors
of [214,215] introduce benchmark problems.

In Chapter [5, we develop the event-triggered actuation for PID, cascade,
and decoupling control. Event-trigged actuation is considered for setpoint
tracking and disturbance rejection of multi-loop control systems. Chapter [6]
extends this framework to time-delay systems. To compensate for time delays,
we also consider the Smith predictor. Event-triggered sampling is considered
in Chapter [7| We propose an event-triggered controller switching, in which
one sensor transmits its measurements to the controller with a fixed sampling
rate while another sensor transmits with a send-on-delta strategy. The switch-
ing framework can be applied to multi-sensor process control loops such as
cascade and feedforward control and reduces sensor transmission while guar-
anteeing asymptotic stability.
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Chapter 3

Multi-hop Network
Scheduling for Remote
Estimation

In process control systems, sensors transmit their measurements or estimates
of the process states to the remote estimator at the control station for a moni-
toring purpose. Wireless process control systems employ multi-hop networks
for communication among sensors and an estimator. Since battery limitation is
imposed on the sensors, a systematic way to schedule communications among
the elements must be considered. In other words, a scheduler that determines
when and how to transmit the sensor information to the estimator under sen-
sor energy considerations is desired.

This chapter considers a design framework of a scheduler for process state
monitoring. We provide a framework of how to select and schedule a set of
sensors to transmit their measurements efficiently over a time-synchronized
multi-hop network. Our framework defines the links to be activated to trans-
mit the sensor measurement for optimal remote estimation under sensor en-
ergy constraints when the sensors observe independent discrete-time linear
time-invariant (LTI) systems. It is important to investigate estimation and
control of multiple processes over a shared multi-hop network since previ-
ous works mainly deal with a single process. Different from the related work
discussed in Chapter [2| the measurements are not directly sent to the esti-
mator but through some intermediate nodes and a gateway. We consider a
periodic superframe structure common to many existing wireless sensor net-
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works for a medium access control (MAC) protocol. A superframe repeated
every sampling interval is divided into timeslots. We assume only one point-
to-point link is activated at a time. Then, by activating links in a certain order,
the measurements of selected sensors can be efficiently conveyed to the esti-
mator. The link activation is jointly determined with the sensor selection by
considering data aggregation techniques and constrained by the energy con-
sumption of the sensors.
The main contributions of this chapter are outlined as follows:

+ We first find some structures of the multi-hop network schedule so that
the problem can be decomposed into two subproblems. Then it is shown
that this multi-hop network scheduling problem can be solved by for-
mulating a Markov Decision Process (MDP).

« We exploit the MDP formulation to obtain a sufficient condition on the
existence of a periodic optimal sensor network schedule.

« We provide algorithms to realize the periodic optimal schedule.

« We present algorithms to obtain suboptimal schedules to make our ap-
proach scalable for larger networks.

+ The performance of the optimal and suboptimal algorithms are illus-
trated and evaluated in numerical examples. It is shown that the subop-
timal algorithms effectively generate suboptimal schedules with slight
performance degradation in small networks and is scalable to large net-
works.

The remainder of this chapter is organized as follows. Section[3.1|describes
the system, including wireless network, process, communication, and energy
consumption models, together with the remote estimator. The problem for-
mulation is also presented. Section [3.2 presents the main result. Suboptimal
schedules are obtained in Section Numerical examples are provided in
Section [3.4] Section [3.5] concludes this chapter.

3.1 Problem formulation

In this chapter, we discuss an optimal remote estimation problem, where the
estimator generates state estimates based on the received information from
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sensors. The objective is to choose the network scheduler to minimize the
estimation error subject to energy considerations. We elaborate on the main
components of the system in the following subsections.

3.1.1 Wireless sensor network

A set of sensors Vs = {1,2,..., N} are deployed in an area, monitoring N
decoupled discrete-time LTI processes. The sensors are interconnected via a
wireless network and upload their measurements through the network to a
remote estimator via a gateway. We denote the gateway as node 0, so the whole
node set is given by V £ V,U{0}. The network is modeled by a directed graph
G = (V,&),where £ C V xVis the set of communication links. The link (, 5)
isincluded in £ if there is a link from node i to node j. Foralinke = (i, ) € &,
we introduce the maps to the sending node vout(e) = @ and to the receiving
node vin(€) = j. Let N/™ and N?"* denote the in- and out-neighbors of node i,
respectively, i.e.,

NP E{jeV] (i) €&},
NP2 LGeV | (4,4) € €}

Furthermore, we denote d(e) as the distance between nodes i and j. By arrang-
ing an order for the links e1,..., €y, ..., €|, the node-arc incidence matrix
of the graph G is defined as G € {—1,0, 1}(N+DxI€l wwhere (i, £)-th element
of G is 1 if voys(€eg) = 7, and —1 if vi, (eg) = i, otherwise 0.

Figure [3.1]illustrates a network G = (V,€) with V = {0,1,2,3} and £ =
{(1,0),(1,3),(2,0), (2,3),(3,1),(3,2)}. Assume that the links are arranged
in ascending order, G is then given by

-1 0 -1 0 0 O
1 1 0 0 -1 0
G= 0 0 1 1 0 -1
0 -1 0 -1 1 1

For sensor 1, the distances to sensor 3 and to gateway 0 are expressed by
d((1,3)) = d((3,1)) and d((1,0)), respectively. The in- and out-neighbors
are given by V% = {3} and NP = {0, 3}.
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Cij:’, ' \:@_ _______ J Remote
NS . > Estimator
N -~~~ Gateway

(3, 1) \\@/”d((zto))

Figure 3.1: In a multi-hop wilreless sensor network, each sensor transmits its
data to a remote estimator through intermediate sensors and a gateway.

3.1.2 Process model
We consider N discrete-time LTI processes

:rgrl = Aixg) + w,(:), 1€ Vg, (3.1)

where mg) € R" is the state of process i at time k, w,(:) € R" is process noise
assumed to be Gaussian process with zero-mean independent and identically
distributed with covariance W; = E[w,(:) (w,ii))—r] > 0. The initial state Ccéi), in-
dependent of w,(j) ,k € No, is also assumed to be Gaussian with mean E[:):(()i)]
and covariance Eg). Without loss of generality, we assume E[x(()i)] = 0, as
nonzero-mean can be translated into zero-mean by the coordinate change
i",(j) = x,(:) — E[:c(()i)]. We assume that the state ng) can be observed directly

by sensor i.

3.1.3 Communication model and network scheduling

The sensors communicate to the estimator through intermediate sensors and
a gateway which define the underlying communication network. Time hori-
zons of the sensors are partitioned into strips of identical time intervals, see
Figure Each time interval is divided into two phases: a sensing phase and
a communication phase, where the former is a time period for sensor 7 to ac-
quire the process state w,(;) and the latter is a time period for message delivery.
The communication phase between time k£ and k + 1, which we call super-
frame at time instance k, is divided into L timeslots. Superframe structures
are used in many industrial wireless communication protocols [8} |9} [53], built
upon the IEEE 802.15.4 MAC layer [33]]. These MAC schemes are characterized

by time-division multiple access (TDMA) protocols. In TDMA protocols, some
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k+1

Timeslot

Sensing .
Phase Idle Period

1/2(3(4|5|6] - |L

-
Superframe Duration

Communication Phase (Superframe)

Figure 3.2: Each time interval is divided into a sensing and communication
phase. The superframe duration is divided into timeslots. After the duration
ends, sensors are in idle period [[163].

given frequency channels are shared by the network nodes. At each timeslot,
some links are allocated to the channels to transmit their data from a sending
node to a receiving node. By repeating this, the data will finally arrive at the
gateway. To model the protocols, we make the following natural assumptions
for the communication.

Assumption 3.1. We assume the following properties:

(7). All sensors have the same sampling interval and are perfectly time-
synchronized.

(13). Data can be transmitted among the nodes without failure, i.e., no packet
dropout occurs.

(7i7). The number L of timeslots in a single superframe is sufficiently large for
accommodating all links in G.

The data packet generated by sensor i is a tuple (‘index’, ‘time’, ‘value’),
where ‘index’ indicates the sensor index, ‘time’ the timestamp when the data
is generated, ‘value’ the measurement value. Thus, formally we can describe
the data from sensor ¢ generated at time k as (i, k, J;g)) . In this chapter, for the
sake of presentation simplicity, we assume that only one frequency channel
is availableﬂ Thus, at most one link is activated at each timeslot ¢ of super-
frame k, i.e., a link e is determined by a pair (k, ¢). To indicate this link, we

"Under Assumption the results in this chapter can be straightforwardly extended to the
case of multiple frequency channels.
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denote the link activated at timeslot ¢ of superframe k as e(k, £). Let us denote
T (k,¢) as the data set that sensor i holds at timeslot £ € £ £ {1,---, L}
in superframe k, and let D(k,¢) € TW(k,0) with i = wvoy(e(k,£)) and
j = vin(e(k, £)) be the set of data transmitted by sensor 7. That is,

D(k, 0) £ TU) (k, £ + 1D)\TV)(k, ).

The set of the sensor indices (‘index’) of which the data is to be transmitted

through e(k, ¢) is expressed by
S(k,0) 2 {z eVe: (i, K, 2\)) € Dk, 0),K < k} .

Then, given the initial data set Z() (—1, L), Z®) (k, £) can be recursively writ-
ten as

| IOk —1,0 & (i, k,2"), ife=1,
IOk, 0) = IO (k, ¢ —1) & D(k, 1), if 0> 2, i=uwp(e(k, 0 —1)),
IO (k0 —1), if € > 2, i # vin(e(k, £ — 1)),

where the operation Z & D is union but only the data packet with large times-
tamp (‘time’) is preserved if Z and D hold measurements from the same sen-
sor. When L timeslots terminate, the gateway transmits all the measurement
Dy, 2 ZO)(k, L) to the estimator. We denote the elapsed time of the data from
sensor ¢ in Dy, as TISL) which can be calculated from the current time and the
timestamp (‘time’). Assuming that the data of sensor i in Dy, is generated at
time /', and therefore described as (i, &/, 1‘,(;)), then we write T,gz) =k—K.
The gateway is responsible for coordinating which sensors to be activated
at which timeslots and which communication links to be established. This
function is called network scheduling. That is, the gateway decides the net-

work schedule
Cr = ((e(k,1),8(k,1),...,(e(k,L),S(k, L))

given the available information after superframe duration k (after timeslot

L) denoted IC,(CO) 2 {Co.x, Do} The network scheduler chooses the sched-
ule Ci.+1 for the next superframe according to

Cri1 = fu(K?)

where fj, is the map from the set of available information at the gateway to
the set of network schedules. We also define f £ (f}) keN, as the network
scheduling strategy.
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3.1.4 Energy consumption

The sensors consume a certain amount of energy when they receive data from
and transmit data to other sensors. Here we introduce an energy consumption
model often employed in wireless communication protocols [64]. The energy
consumption for receiving a packet, which contains p bits information, is

E, (p) = Eelecp (3'2)

where the energy coefficient Ej. is determined by the electronics, coding
and other implementation aspects. The energy consumption for sending p bits
information is

E; (]% d) = Felecp + Eampd2p (3-3)

where Eapp is the energy coefficient for the amplifier and d is the distance to
the receiving sensor or gateway. When transmitting multiple measurements, a
sensor can aggregate them into a single packet in order to reduce the transmis-
sion overhead. This technology is called packet aggregation [63[]. Assume that
a single measurement from any sensor has c bits. Then the bits of information
after aggregation is given by

p(g) =cl+ (=1 —7)] (3.4)

where ¢ € N is the number of measurements and r € [0, 1] is the data ag-
gregation rate [65]. If » = 1 the data is aggregated perfectly and the bits after
aggregation are independent of the number of measurements, which is, for
instance, the case for the LEACH protocol [64]. If » = 0, no packet aggrega-
tion is used. Notice that it is difficult to aggregate collected data from different
sensors perfectly, but some parts of the data such as header can be removed
when aggregating.

Let q(k,¢) = |S(k,£)| be the number of measurements transmitted to
node wviy(e(k, £)). Notice that g(k,¢) is determined by the network sched-
ule C, so the total energy consumption for sensor ¢ to receive and send packets
in the superframe at time k is given by

B C) = Y. E(plak0)

Lvin (e(k,0))=1

+ Y Eplak0).dek,0).  (35)

L:vout (e(k,L))=1
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3.1.5 Remote estimation

After superframe duration k, the remote estimator computes an estimate
> ~(1 ~(N
X, & (a;,(i),...jazgc )>

where a“:,(;) denotes the estimate of a:l(;). Let /CI(CR) denote the information set
at the estimator. Notice that the sensor measurements sent by node 0 and the
estimation history are accessible to the remote estimator. In other words, the
information available to the remote estimator is

K 2 {XO:k—la DO:k} :

In this chapter, as a metric of the estimator performance, we use the mean
square error E[(¢?)T ] with ¢ £ x,(;) — :%S). Note that the optimal es-
timate for process ¢ is computed recursively following the modified Kalman

filter [75L|76]:
(i i) 1-(R
2y =Bl 1K)
= E[JUS) \’C;(ﬁ)p X1, Dy]

@) (4
— A @ " (3.6)
k—1,
with initial estimate fcg) = 0. Correspondingly, the error covariance of x](j) is

denoted as ‘ ' ' ‘ ' n
P}gz) AR [(x](;) . 501?))(17;(;) . CE/(;))T“CIE ) )

Note that possible values of the error covariance are included in a set
P € {0,hi(0),h2(0),...}, i€ Vs VkeN, (3.7)

where h; : S} — S} is the operator h;(X) = A;XA] + W;, and h?(X)
is the n-hold composition of h;(-) with h?(X) = X since P,Ez) evolves with
hi(-) from O once the estimator receives the measurement [94]. Then the error

. ()
conariance is computed as P]gl) = h,;* (0) and we have
N ()
E[(e)Te] = tr (hi’“ (0)). (3.8)

With this, the estimation error (3.8) is determined only by T,ii), which is in-
cluded in Dy..
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3.1.6 Problem formulation

The problem of interest is to find an optimal network scheduling strategy that
minimizes long-term estimation errors penalized by sensor transmission en-
ergy usage. We define the cost at time £ as

0D 2 Y (W () + B

1€Vs

where E(C,) = 3,0y, @E,(:) (Cr) with 8; > 0. We formulate the following
problem:

Problem 3.1.
1 T—-1
min J(f) £ limsup — C(Cp, Dy). 3.9)
f=(fo,f1,--) () Tome T kZ:o (Cx, Dy) (

Remark 3.1. Problem(3.1jointly optimizes a weighted average of the estimation
error and sensor energy consumption. Minimization of with given values
of B; corresponds to a minimum-cost schedule with energy consumption con-
straint given by some c; > 0:

= ‘
min limsup — E [(e(’))Te(’)} ,
T—oo T i i€V,
=
s.t.  limsup — E,(;)(Ck) <, i€ V.
T—o0 T

k=0
For Problem [3.1]to be well-posed, we make the following assumption.

Assumption 3.2. The graph G contains a spanning tree with the root being the
gateway node 0.

Assumption [3.2| guarantees that persistently exciting protocols [[118] can
be configured over the network G. Therefore, Problemis well-posed as long
as G contains a spanning tree.
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3.2 Structures of network scheduler

In this section, we discuss structural properties of the network scheduler solv-
ing Problem 3.1] First, we show that an optimal schedule requires the network
to carry sensor data within a superframe through a tree network formed by a
set of activated links, by which the search space for an optimal strategy can
be reduced. With this finding, we manage to separate Problem [3.1] into two
subproblems: network routing and sensor selection.

3.2.1 Necessary conditions for network schedule optimality

We consider all communication links within a single superframe jointly
and analyze the resulting graph by treating these links as a whole, where
the notion of joint graph arises. Let us define the joint graph for a super-
frame k under a network scheduling strategy f in the following way. Denote
&y = (e(k,1),...,e(k, L)) the sequence of communication links in the super-
frame k selected from & of the underlying graph G. Then we call G, = (V, &)
the joint graph of the superframe k. Let us also denote S C Vs as the set
of sensor indices that the latest data (i, k, xg)) departs sensor ¢ at the one of
timeslots in superframe k£, i.e., i € Sy if and only if there exists £ € L such that
the sending node of e(k, ¢) is 7 and its data are included in this transmission.
That is,

Sp 2 {Z €V,: e Lt i=voul(elk,l)), i € S(k;,g)}_

For an optimal scheduling strategy f* = (fg,..., f{,...), denote the op-

timal network schedule at time k as C;, = (e*(k,ﬁ),S*(k:,ﬁ))le, and the
optimal set of the communication links and joint graph as & and G;,, respec-
tively. Furthermore, under a given optimal network schedule C;, we denote
the index set Sy, and the data set Dy, as S and D;, respectively. Then we have

the following lemma.

Lemma 3.1. Suppose that Problem has an optimal solution £*. Then the
followings hold:

(i). Ifi € S}, then (i,k,2\") € D;.

(¢1). The joint graph G}, is a tree with node 0 being its unique root.
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Proof. Suppose that there exists £ € £ such thati = vy (e*(k, £)) € S*(k, £).

Obviously, the data (i, k, x,(:) ) arrives at the gateway through a single path
without a circle path from sensor 4 to the gateway. Let the arrival time of
the data (i, k, xl(;)) be k + m, m € Ny. We show that m = 0 for an optimal
network schedule. The proof is by contradiction. Suppose that m > 0. Con-
sider a sequence of graphs Gp.j1m = (Qk, - ,Q,Hm) which is the same as
gZ:ker £ (QZ, cee g;;+m) except thatlinks e € g;;:,ﬁm that are used to trans-
mit :c](j) and the measurements aggregated into x](j) are removed, but resched-

uled in Qker with the latest data x,(ﬁrm Notice that G}, , ,, and Gr. k-tm con-

sume the same or smaller amount of energy, but Qk; k-+m has smaller estimation
error due to the monotonicity of h;(-) starting from X = 0 [89]. This contra-
dicts the optimality of Gy.x1m,. Thus, m = 0, hence (i, k, x,(;)) € Dy. The
second statement is obvious from m = 0. The proof is now completed. U

Remark 3.2. Lemma suggests that data (i, k, J;,(;)) will arrive at the remote
estimator within superframe k through tree graph G;. if it departs from sensor i
in superframe k.

We give another lemma that indicates the order of link activations in an
optimal network schedule. Suppose that the network schedule satisfies (z)
and (¢¢) of Lemma We introduce a partial order to the links in tree
graph Gi. That is, for any e, e’ € &, we say e = €' if there exists a directed
path from vi, (€) to vout (€'). It defines a partial order on &, since we can readily
show that it is reflexive, antisymmetric, and transitive.

Lemma 3.2. (Upstream-first rule) Suppose that Problem[3.1 has an optimal so-
lution £*. Then, {1 < Uy ife*(k, (1) = e*(k, l2) fore*(k, (1), e*(k,l2) € &}

Proof. By letting each sensor i in G; send x,(;) following upstream-first order,
all measurements sampled and sent within the superframe k reach node 0
free of delays. Otherwise, a part of measurements received by node 0 will
arrive with delays. In other words, any strategy f in this case can never be
optimal. O

Remark 3.3. The upstream-first rule requires each sensori in Gy, to wait until all
the scheduled upstream sensor data arrive. After their arrival, sensor ¢ transmits
its data to its downstream neighbor node. It is immaterial in what order of the
upstream branches of node i are activated for transmission.
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Lemmas [3.1] and [3.2] jointly suggest that, to construct a network sched-
ule, it is essential to select which sensors need to transmit data to the remote
estimator and to plan communication paths. The sensor selection fully deter-
mines the estimation error while the communication paths fully determines
the communication cost. To investigate an optimal network scheduling strat-
egy, we only need to focus on the path planning of data communication and
the sensor selection. These two steps are separably studied in the sense that
given a selected sensor set, we only need to account for the communication
cost when we plan the communication paths. Therefore, in the sequel, we
will investigate two subproblems: tree planning and sensor selection. The tree
planning is studied with respect to sensor energy cost when a subset of sen-
sors is selected. Then the sensor selection is investigated given the optimal
communication paths.

3.2.2 Tree planning subproblem

In the previous subsection, we see that G; should be always a tree with the
unique root node 0 and the links are activated according to the upstream-first
rule. In this subsection, we introduce a necessary condition to satisfy the state-
ments (¢) and (i%) of Lemma|3.1} Imposing this condition to £, we formulate an
integer linear problem called the tree planning problem, which gives a tree Gy,
minimizing the energy consumption E(Cy).

Let z,(j) (e) € {0, 1} be an index function for any ¢ € Vs, denoting whether
(i, k, :L"(;)) is transmitted through link e € £ at time k. That is, z,(:) ((jym)) =1
if there exists ¢ € L such that e(k,¢) = (j,m) and i € S(k,¢), otherwise 0.
To fulfill conditions (i) and (i7) of Lemma it is necessary to satisfy the
following constraints:

(7). Each node in Sy has outgoing flow of its own measurement. That is,
fori € S,

S G m) — Y 2P ((mi) = 1. (3.10)

meN™ meN®

(73). The gateway has only incoming flow. That is, for i € S,

S 2 ((m,0) = 1. (3.11)

meNn
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(797). Intermediate nodes of a path obey the flow balance. That is, for i € S,
with j # 14,
> A Gm = 3 Ay =0 61
meN® meN®
(iv). The nodes that are not in Sy, obey the flow balance. That is, for i ¢ S,
the constraint hold.

Let z,(f) = [Z,(f)(el), . ,Z,Ef)(e|g|)]T € {0,1}/! be the vector of index
functions for node i, where links are aligned in an appropriate order, and

2 =207, 2T e qo, 1)EM, (3.13)

Then, using the node-arc incidence matrix G, the constraints (3.10)—(3.12)

can be written in a compact form
G2 = (S), eV, (3.14)

where b()(S) € RN*! is a vector with elements taking one of the values

0, +£1 according to the right terms of (3.10)—(3.12).

Example 3.1. As an example of the flow constraint (3.14), consider the network
shown in Figure[3.1] For node 1, we denote

2 ((1,0))]

z,g;«l,s»

zl(cl): Z](gl)((270))

z.7((2,3))

% (3,1)

447((3,2))

Then, by (3.10)—(3.12), we obtain whenl € Sy, as

1 0 -1 0 0 0 1
r 1 0 0 -1 O _@w_160
o 0 1 1 0 —1|%% T 1|o
0 -1 0 -1 1 1 1

where the left term matrix corresponds the node—arc incidence matrix G and the
right term vector b1 (Sy,).
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Since E(Cy) is only a function of the network schedule at the current
time k, the variable zj that satisfies the constraints (3.10)—(3.12) can be pre-
calculated with fixed Sg. That is, at time k, given the set S, recalling the en-

ergy consumption model (3.2)-(3.5) and the definition of zj, we obtain
a tree network graph Gy, by solving the following problem:

Problem 3.2. (Tree planning subproblem)

Ernin(Sk) én;in E(Cy) = ch(@)[ 1—7) Z zk ) + r max z,(c)(e)]

ec& 1€Vs ievs
st G2l =b(S), eV,
z,(:)(e) €{0,1}, i€V, ecf,

where

77(6) A /Bvout(e) (Eelec + Eampd2(e)) + Bvin(e)Eeleca if Uin(e) € Vs,
/B'Uout(e) (Eelec + Eamde(e))’ if vin(e) € {0}.

Problem [3.2]is a binary integer problem, which is in general NP-hard. Nev-

ertheless, due to a special algebraic property of the constraints, we manage to

find the global minimizer of Problem [3.2| by solving a relaxed problem. The
result is formally presented as follows.

Theorem 3.1. A vector z* € {0,1}VI¢! is a minimizer ofProblem if and
only if it is a minimizer of the following problem:

Problem 3.3.

ecf ZEVs

st Gz,(j = bD(Sy), i€V, (3.15)
0<:De) <1, eV, (3.16)
z,(:) (e) <tle), 1€V e€g, (3.17)

t(e) € {0,1}, e€é.

Proof. See Appendix [3.A] O
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Figure 3.3: MDP M states and their transitions for two sensors, where [u1, ug]
in a circle indicates the MDP state [7[1],7[2]] T = [u1,u2]". The arrows indi-
cate state transitions.

Remark 3.4. In general, binary integer problems can be solved by a branch and
bound algorithm. Theorem|[3.1 shows that an optimal solution can be obtained by
a relaxed problem without loss of performance. This extremely reduces the num-
ber of iterations in the algorithm—the number of possible branches are reduced
to 2/€1 from 2NI€l.

3.2.3 Sensor selection subproblem

In the previous subsection, we saw that Cy is determined by solving Prob-
lem with given Sj and applying the upstream-first rule to the resulted
graph. We can rewrite the immediate cost using 7, = [T,El), e T}gN)]T and Sy,
as "
ClrpS) =3 tr(h[k (0)) 4 Boin(Sh)-
1€Vs
Due to the necessary condition (z) of Lemma Ty, is determined by Sk. To

obtain the network scheduler, we need to find a map from 73 to Si41. This
problem is called the sensor selection problem formulated as an MDP.

Define the MDP M £ (Q, A, F(-,-),C(+,-)) as follows:

(7). The state space is given by

Q& {reN) 1[Ny, i€ V}.
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(7i). The action space is given by
Aé{S:S€2VS}.

(4i). The deterministic transition function from state 7 to 7/ with action S €
A is defined as F'(7,S) = 7/ where

i = 0, ifie S,
| 7[i]+1, otherwise.

(iv). The immediate cost for a transition from 7 to 7/ with action S € A is
given by
C(r,8) = > tr (] 1(0)) + Bunin(S).

1€Vs

Figureillustrates the MDP M for a two-sensor case. A state [7[1],7[2]] " =
[ul, uQ]T corresponds to sensors 1 and 2 transmitted u; and u9 time units ago,
respectively.

With this setup, let us introduce a policy 7, : @ — A for the MDP M
and ™ = (7, 71, . . .). We are interested in a policy that minimizes the average
cost by choosing the sensor set to be transmitting:

Problem 3.4. (Sensor selection problem)

N = lim — 3.18
P mempw(To,So) Inelll'IngI;o ZCTk,Sk (3.18)

where Sy, = 7p_1(7k—1) for k € N given the initial state and action (79, Sp),
and 11 the set of all possible policies.

Now we will show that the MDP M has an optimal stationary determin-
istic policy 7* & Il The idea is to check the sufficient conditions for the
existence of an optimal solution for countable infinite-state MDPs [216] as
discussed in [92} 94].

Theorem 3.2. Consider the MDP M. There exists a constant p* and a relative-
value function H (-) satisfying the Bellman equation

p" + H(r) = min {C(T, S) + H(F(r, 3))}. (3.19)
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Proof. See Appendix O

Theorem shows that there exists a stationary deterministic optimal
policy. To find such a policy, next we show that M can be restricted into a
finite-state MDP without loss of performance under the assumption that the
estimation error is expensive compared to the communication cost. For the
finite-state MDP, we can use classical algorithms such as value iteration. We
make the following assumption.

Assumption 3.3. Each processi € Vy either satisfies:
(7). Amax(4;) > 1, or

(i1). Amax(Ai) < 1 and tr(X;) > Enin({i}), where X; € S} | is the unique
solution to the Lyapunov equation Al—-'—XiAi + W, — X; =0.

Lemma 3.3. Suppose that Assumption[3.3 holds. Then there exists a constant
0; £ min{ Kk €Np: tr(hf(())) > Emin({i})}
K

foralli € V.

Proof. It is immediate from the monotonicity of A (X') along n starting from
X =0 [_89] and Assumption 3.3 O

Finally, we have the following theorem.

Theorem 3.3. Suppose that Assumption holds. Consider the MDP M. If
T[i] > &;, theni € (7).

Proof. See Appendix O

Let us define the finite-state MDP as

with
Qs 2 {reNY : 7[i] <0 i €V}

and Af(1) £ A\Af() where A¢(1) £ {S € A:Ji eV, 7[i] =6;,i ¢ S}.
That is, sensor i is always selected at state 7 when 7[i] = ;. In the optimal
policy of the MDP M, the state will move into Q  in the next transition even if
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its initial state 79 is outside of Q. After that, the states never leave Q. Thus,
the initial cost will be ignorable since its contribution to the average cost is
reduced to zero as 7" tends to infinity [217]]. Consequently, we can derive the
optimal policy of the MDP M by solving the finite state MDP My without
loss of performance. We show that the optimal sensor selection is periodic.

Corollary 3.1. Suppose that Assumption[3.3 holds. Then there exists an optimal
periodic schedule generated by an optimal policy 7*.

Proof. Since the MDP M is deterministic, we can fix an arbitrary action as
an optimal one at any state in Q - Furthermore, since Q 1 is finite, there exists
arecurrent state over 7*. Thus, if the system reaches the recurrent state again,
the state transition will repeat. Hence the result follows. O

3.2.4 Two-step value iteration algorithm

Previously, we showed that the set of optimally selected sensors over time
is periodic under Assumption [3.3| and can be obtained by solving the finite-
state MDP M ; with pre-calculated Eyi, (S). We present a two-step algorithm
based on relative value iteration [[218]]:

1. Calculate an optimal tree network for each candidate set of sensor se-

lection (Algorithm [3.1).

2. Calculate an optimal policy of the MDP M s (Algorithm 3.2).

Algorithm 3.1 Computation of an optimal tree network and energy cost

1: INPUT: nj(e), r

2 OUTPUT: Epyin(S)

3. for S € Ado

4:  Compute Fppiy(S) in Problem
5. end for

Algorithm 3.2 has in general high computational complexity. The reasons
are twofold: first, the number of states of M ; depends on d;, which increases
exponentially by the number of sensors. Second, since we allow to pick any
sensor at every time instance, the size of action space is 2V at every iteration.
These issues motivate us to construct suboptimal schedules in the next section.
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Algorithm 3.2 Computation of an optimal schedule

[ L B O o

10:
11:
12:
13:

Y e 3

INPUT: My, Enin(S), 0% € >0, 7

OUTPUT: 7*(7)
00 00 —0(F) - 1o, and k=0
for 7 € Oy do
Compute
V*+1(7) = min {C(T,S) +U’f(F(T,5))} (3.20)
ScAy
end for
VL gl k(7Y 1o,

if max(vF*1 (1) — v¥(7)) — min(v*T1(7) — v¥(7)) < € then
Go to Step 13

else
k < k + 1 and return to Step 4

end if

For each 7 € Qy, set

v (r) = arg gin {C(T, S) + v*(F(r, 5))}
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3.3 Construction of suboptimal solutions

In this section, we introduce algorithms to compute a suboptimal solution in
an efficient way.
3.3.1 Reduced MDP schedule

The first algorithm solves an approximate MDP by restricting the size of the
state and action spaces. To do this, we introduce some sets of sensors and
assume that the sensors in the same set are always scheduled to transmit to-
gether. The reduced MDP (R-MDP), M £ (Q, A;(:), F(-,-),C(:,")), is ob-

tained as follows:
(i). Split Vs into M disjoint subsets V £ {Vy,..., Vi)
(7). Define the bounds §; £ min{d; : i € V;},5=1,..., M.
(7i1). Define the state space
Qe{reNy :7[j]=0,...,0;,5=1,...., M}
and the action space A (7).

(iv). Define the cost
~ N S
C(r,8) 2 3 tr (hVN0)) + By (S)
i=1

where j(i) indicates the subset j in V to which sensor i belongs.

We compute the R-MDP schedule by calling Algorithms [3.1] and [3.2] with M
replaced by M.

3.3.2 Fixed-period algorithm

The idea of our second algorithm is to fix the transmission period of each
sensor obtained by solving smaller MDPs. Then the whole schedule is obtained
by combining all such schedules. The procedure is given by the fixed period
algorithm (FPA) in Algorithm 3.3]

Let us denote the sensor selection obtained by Algorithm as Sgpa ;.- For
this algorithm, we have the following result.
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Algorithm 3.3 Fixed Period Algorithm

INPUT: 7(e)
OUTPUT: {SFPAJC}E:O
fori € Vs do
Compute Enin({i})
Set M; = (Q;, Ai, F(-,+),C(-,-)) with Q; = {r;, € Ny : 7, =
.0} and A; = {0,4}
6:  Solve M; and compute a period D;

[ L T O O

7: Set
(i) {i}, ifk=0 mod D;
Serak = 0, ifk#£0 mod D;
) K3
8: end for
9: Compute D, the least common multiple of D;, ¢ =1,..., N

10: fork=0,1,...,Ddo
11 Set Spa = User, Sipa
122 Compute Ein(Srpa k)

13: end for

Proposition 3.1. Suppose that the data aggregation rater = 0. Then the sched-
ule obtained by Algorithm[3.3 is optimal, i.e.,

| 71
lim *ZC (Tks Srpak) = p*.

T—oo T

Proof. We have E(Ci) = > oce D ey, n(e)z,gi)(e), which means that the en-
(i)

ergy consumption £(Cy,) is a linear combination of z, ’(e). That is, we have
Erin(Srpa k) = Z (Sé;)A 1) Emin({i})
1€Vs
where 0,(S) = 1if i € S, otherwise 0. Then we have

C(7,Sppa k) = Z tr (hT[Z] (0)> + Erin(Srpa k)

1€Vs

=3 [0 (h70)) + u(Ston ) Bwin ()]

ZEVS
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Thus, minimization of

T-1

Jim 13 [t ((0)) + 035 ) Buin(£i))

for each ¢ € V; yields the minimum cost. This completes the proof. O

3.4 Numerical examples

In this section, we present three numerical examples to illustrate our results
in this chapter. In the first example, we evaluate the performance of the R-
MDP and FPA schedule by comparing them with the optimal one for the small
network depicted in Figure In the second example, we provide a larger
network, and show that the two suboptimal algorithms can obtain the sched-
ules efficiently even if the size of the original MDP is too large to efficiently
compute the optimal schedule. The third example shows that these suboptimal
schedules are scalable to networks consisting of a hundred nodes.

3.4.1 Optimal and suboptimal schedules for a small net-
work (N = 3)

To see the performances of the proposed algorithms, we consider the small
network depicted in Figure 3.1} The system parameters of the three plants are

1.3 1.2 1.5 08 3.5 2.0
A= [0 1.4]"42_ [0 1.2]"43_ [0 3.1}’

with W; = 0.115, for ¢« = 1,2,3 where I, is the 2 x 2 identity matrix. For
communication parameters, we assume that Eejec = Eap = 1,c =1, ;=1
fori=1,2,3,d((1,0)) = d((2,0)) =d((1,3)) =d((2,3)) = 1,and r = 0.5.
The action set consists of every possible subset of sensors selected to trans-
mit accompanied by all possible routes as shown in Table Algorithm
yields the optimal paths and their energy costs for each sensor selection, see

Table[3.2]

Optimal schedule

First, we derive the optimal schedule. By the value of E;,({i}), 7 = 1,2, 3,
we obtain the bounds of the MDP state space as 61 = 3, do = 4, 3 = 3



Numerical examples

69

Action index Sensor selection Path
0 0 -
1 1 1—-0
2 1 1-3—-2—-0
3 2 20
4 2 2—-3—-1—0
5 3 3—1—=0
6 3 3—2—-0
7 1,2 1—-0,2—=0
8 1,2 1-3—-2—-0
9 1,2 2—-3—-1—-0
10 2,3 3—2—0
11 2,3 3—41—-0,2—0
12 2,3 2—-3—-1—-0
13 3,1 3—1—=0
14 3,1 3—42—-0,1—0
15 3,1 1-3—-2—-0
16 1,2,3 3—41—-0,2—0
17 1,2,3 3—+42—-0,1—0
18 1,2,3 1-3—-2—-0
19 1,2,3 2—+3—-1—0

Table 3.1: All possible sensor selections and their routes to the gateway for the

network in Figure
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Sensor selection Optimal path Action Energy cost
0 - 0 0
1 1—0 1 1
2 2—=0 3 1
3 3—+1—=0 5 3
1,2 1—-0,2—0 7 2
2,3 3—42—-0 10 3.5
1,3 3—1—=0 13 3.5
1,2,3 3—41—=0,2—=0 16 4.5

Table 3.2: The optimal paths for each sensor selection.

with Theorem [3.3] Then we can find the optimal schedule by Algorithm
The result is shown in Figure (top). The period of the optimal schedule
is 8 in which actions 0, 1, 3, 10, and 13 from Table are taken. Figure
depicts the periodic optimal schedule with the corresponding paths. Timeslot
allocations are given according to the upstream-first rule, namely, a sensor
waits to transmit until all the scheduled sensor data from its upstream arrive.
For example, if action 13 is taken at time k, the timeslots are allocated into
e(k,1) = (3,1)and e(k,2) = (1, 0). If action 10, we have e(k, 1) = (3,2) and
e(k,2) = (2,0).

R-MDP schedule

Next, we formulate an R-MDP by setting V; = {1} and V» = {2, 3}. We then
have §; = 3 and d, = 3. The obtained schedule is shown in Figure3.4)(middle)
and Figure It has period 6 with actions 0, 1, 10, and 16. We can see that
sensors 2 and 3 are always selected together in actions 10 and 16. The timeslots
allocated for action 16 can be obtained by the upstream-first rule. For example,
e(k,1)=(3,1), e(k,2) = (1,0), and e(k, 3) = (2,0).

FPA schedule

We derive an FPA schedule by Algorithm Now we have Epnin({1}) =
Emin({2}) = 2, and Enin({3}) = 5, with which we formulate MDP M,
for © = 1,2,3. Then we obtain the fixed activation period for each sensor:
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Optimal schedule

19
s 13+ @ © 0] 9
g 1or Period 8¢ P 1
< »
3 4
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19 R-MDP schedule
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< >
O A A O A A -
0 2 4 6 8 10 12
FPA schedule
19 T T T
165 © © q
& Period 6 .
3 Ll >
B O ? 19 ]
0
0 2 4 6 8 10 12

Figure 3.4: Three schedules obtained by the proposed optimal and subopti-
mal algorithms. Top: Optimal schedule, middle: R-MDP schedule, bottom: FPA
schedule.

Action 3

Action 10 Action 1 Action 10

Figure 3.5: The 8-period optimal schedule for the small network. In each action,
the timeslot allocation can be given based on the upstream-first rule.
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S ©

Action 10

Action 0 Action 10 Action 1

Figure 3.6: The 6-period R-MDP schedule for the small network. In this sched-
ule, sensors 2 and 3 are always selected together in actions 10 and 16.

Averaged cost |Q| | A|

Optimal 4.09 80 8
R-MDP 4.17 16 4
FPA 4.35 <5 <2

Table 3.3: Averaged costs and the sizes of MDP.

Dy = 3, Dy = 3, and D3 = 2, which yields the period 6 schedule as shown
in Figure [3.4| (bottom) and Figure The drawback of this algorithm is that
it may result in inefficient sensor selection. In fact, the obtained FPA schedule
includes action 5, in which only sensor 3 is selected even though the measure-
ment is transmitted through sensor 1. It results in missing an opportunity to
data aggregation with sensor 1’s data.

Performance evaluation

The averaged cost and the sizes of the MDPs for each schedule are summarized
in Table We can see that the R-MDP and FPA schedule obtain similar per-
formances compared to the optimal one even though the sizes of the MDPs are
considerably reduced. The estimation performance ) _,,, e,(;)—rel(;) is plotted
in Figure We can conclude that the proposed suboptimal schedules obtain
well-performing schedules.

We show the averaged cost of these three schedules with respect to the
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Action 0

O
Action 7

Action 0 Action 5

Figure 3.7: The 6-period FPA schedule for the small network. In this schedule,
sensor 3 is selected alone in action 7, resulting in an inefficient schedule in
terms of energy consumption.

3 : , , — ,
= = = -Optimal
25 4
=, 2 ]
= . i
= X
E“Di 151 i . i :: 4
Al b P .
Ey‘ § o % ;r;l ‘:i ! y
o5k Wi l‘l it H i L i [
i TN OIS T E NI O S
0 et '{'\-i:i'\ AJ?.,"V"LI g ,.-l ”“N b |y "i/ VNPT G
0 20

Figure 3.8: Estimation performance comparison of the three schedules: opti-
mal (red), R-MDP (green), and FPA (blue).
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Figure 3.9: The averaged cost J of the optimal, R-MDP and FPA schedules with
respect to the data aggregation rate r for the network with NV = 3.

data aggregation rate r in Figure It confirms Proposition3.1] i.e., the aver-
aged cost of the FPA schedule is optimal when r = 0 and this averaged cost is
the upper bound of the FPA averaged cost for any 7. The difference of the aver-
aged costs of the optimal and FPA schedules increases with increasing r since
the optimal schedule receives benefit of the data aggregation. In Figure[3.4} the
FPA schedule takes action 5 once in a period, i.e., sensor 3 is selected alone.
However, this is not effective in terms of the energy cost since the data cannot
be aggregated even though it passes through sensor 1. In the optimal schedule
in Figure sensor 3 is always selected together with sensor 1 (action 13)
or with sensor 2 (action 10). The R-MDP schedule results in larger costs for
any r. However, the cost is close to that of the FPA schedule if » = 1 since the
R-MDP still tries to take advantage of the benefit of the data aggregation.

3.4.2 Suboptimal schedules for a large network (N =9)

To see the performances of the proposed suboptimal scheduling algorithms
in a more realistic situation, we consider the network shown in Figure [3.10}
The network consists of N = 9 sensors distributed over a square field and a
gateway at the origin. The sensors can communicate with the other sensors
when the distances are shorter than d,ox = 4. The plants are given by

2.3 1.2 2 0 3 24
Al_[o 1.9}"42_[ .]’A3_[2.2 3.5}’
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Figure 3.10: A sensor network with N = 9 sensors.

A — [1.4 0.2] Al = [2.3 0.5} A = [2.2 0] 7

05 15 0.2 14 0 2
2.5 0.2 2.1 1.2 3.5 3.6
Ar = [1.2 2.2]  As = [0 1.5] Ao = [2.3 3.5] ’

with W; = 0.11s, fori = 1,...,9, Egec = Eamp = 1,¢c =4, B; = 1 fori =
1,...,9,and r = 0.5. The bounds of the MDP states are obtained as 61 = 4,
0o =6,03 =3,04 =605 =5, =6,y =4, 08 = 5, and dg = 3. This means
that the original MDP problem is computationally expensive to solve as the
size of its state space is of the order of Hfi 1 8; ~ 10°. The averaged cost and
size of the MDPs are summarized in Table[3.4 R-MDP1 uses R-MDP algorithm
with grouping sensors based on their locations in order to take advantage of
the data aggregation, i.e., we include sensors placed in the near distance into
the same set. We take V; = {1,2},Vo = {3,5},V3 = {4,7}, and V; =
{6,8,9}. For R-MDP2, we make sensor sets based on the bound ¢; to avoid
too many or too few transmissions with respect to the divergence speed of
each error covariance, i.e., sensors with close bounds are included in the same
sets. We use Vi = {1,7}, Vo = {3,9},V3 = {5,8}, and V4 = {2,4,6}. The
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Averaged cost Period |Q| |A|

R-MDP1 180.63 12 400 16
R-MDP2 180.76 12 840 16
FPA 184.20 60 <6 <2

Table 3.4: Averaged costs, periods, sizes of MDP.
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Figure 3.11: The averaged cost of the two R-MDP schedules and the FPA sched-
ule with respect to the data aggregation rate r for the network with N = 9
sensors.

FPA schedule is obtained from small MDPs M;, ¢ = 1,...,9. The obtained
FPA schedule generated by D1 = 4, Dy = 6, D3 = 3, Dy = 6, D5 = 5,
Dg =6, Dy =4, Dg = 5, and Dy = 3 has period 60.

Figure shows the averaged costs of the three schedules with respect
to . As in Proposition the FPA schedule is optimal when r = 0. Thus, it
has a near optimal performance if r is small. The performance further degrades
compared to the R-MDPs when r is large. Both approaches for the R-MDP
schedules reduce cost when r is large. The R-MDP2 has a comparatively better
performance regardless of the value of r. It implies that a way group sensors
influences the performance.
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Figure 3.12: A sensor network with N = 99 sensors. Black dots represent
sensors and the red dot the gateway.

3.4.3 Suboptimal schedules for a large network (/N = 99)

To see the scalability of the proposed suboptimal scheduling algorithms, we
consider the larger network shown in Figure The network consists
of N = 99 sensors distributed over a square field (black dots) and a gate-
way at the center of the field (red dot). For the R-MDP algorithm, we divide
sensors into three subgroups, so that the number of states are reduced to 252
when r = 0.5 (Table[3.5). The FPA schedule can also be obtained by solving 99
small MDPs where the maximum number of the states is 10. The period of the
FPA schedule is 2520. However, the period may further increase in some cases
since it is derived by taking the least common multiple among D;,7 € V.
In this case, it is difficult to obtain the actual performance J since we need
to recompute Euyin(Sepa k) in step 12 of Algorithm 3.3] Figure shows the
averaged costs of the two schedules with respect to r. Similar to previous ex-
amples, the FPA algorithm results in better schedules when 7 is small while
the R-MDP does better when r is large.
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Averaged cost Period |Q| |A]
R-MDP 15300.9 5 252 8
FPA 15498.6 2520 <10 <2

Table 3.5: Averaged costs, periods, sizes of MDP.
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Figure 3.13: The averaged cost of the two R-MDP and the FPA schedules with
respect to the data aggregation rate r for the network with N = 99.
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3.5 Summary

In this chapter, we proposed a design framework of multi-hop network
scheduling for remote estimation. We formulated an optimization problem
minimizing an infinite-time averaged estimation error covariance with sensor
energy consumption. We showed that the problem could be divided into two
subproblems by exploiting the necessary conditions for network scheduling
optimality. The first one was a tree planning subproblem, which gives routes
from sensors to the estimator. It was shown that the subproblem could be
solved efficiently. The second one was a sensor selection subproblem. By for-
mulating an MDP, this subproblem can be solved by the value iteration, and
an existence condition for a periodic optimal schedule was derived. We pro-
posed two alternative algorithms to obtain suboptimal schedules to reduce
computational complexity. It was demonstrated how the proposed algorithms
are effective in numerical examples.

3.A Proof of Theorem

To prove Theorem [3.1] we need the following definition and supporting lem-
mas.

Definition 3.1 (Total unimodular matrix [219]). A square integer matrix is
unimodular if it has determinant +1 or —1. A matrix is totally unimodular if
every square non-singular submatrix of it is unimodular.

Lemma 3.4. Let X be a totally unimodular matrix. Then the following matrices
are also totally unimodular:

(7). diag(X,...,X),

(i) [i.(]and[ fj]

(iii). [ X —X] and[ _); }

Lemma 3.5 ([220]). If A is totally unimodular, then all the vertices of the poly-
hedron {x : Ax < b} are integer for any integer vector b.
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Proof of Theorem|[3.1 First, we transform Problem 3.2]into an integer linear
problem by introducing t(e) = max;cy, z,il)(e) and the constraint z,(;)(e) <
t(e) fori € Vs and e € £. We show that relaxing 0 < z,(:) (e) < 1 still obtains

a binary integer solution.
The constraints (3.15)—(3.17) can be written in a compact form

{Zk : sz < b}
where b = [Bb(Sp)",...,=b(Sk)",1,...,1,0,...,0]" with b(S,)" =
DS T, ..., 0™ (S,)T]T and
diag(G,...,G)
G A —diag(G,...,Q)
I
-1

The matrix G is the node-arc incidence matrix of G, therefore it is totally
unimodular. Then by Lemma G is totally unimodular. Fixing t(e) to 0
or 1forall e € &, 2 obtains the integer solution if the corresponding linear
problem is feasible (Lemma 3.5). Thus, a minimizer of Problem 3.2]is equal to
that of Problem 3.3] This completes the proof. O

3.B Proof of Theorem

To prove Theorem 3.2] we define a standard policy. Consider a Markov chain
with countable infinite state space Q. Let us denote pj, ., by the probability
that the state that is currently at ¢; will be g for the first time exactly after
n > 1 transitions. That is,

pgl,qg — Pr(Tk # Q2,]{7 = 17 R 77_[/ - 1’Tn = q2|7-0 — ql)

The expected first passage time [216], ¢, ., is denoted as

o0
o n
lgi,go = E :”pql,qzv
n=1

and the corresponding averaged total cost, called the expected first passage
cost [216] is denoted by ¢y, ¢,-
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Definition 3.2 ([216]]). A randomized stationary policy 7 is a standard policy
if there exists a state z € Q such that the expected first passage timet, , from T
to z satisfies t;, < oo forall T € Q, and the expected first passage cost c. .
from T to z satisfies ¢, , < oo forallT € Q.

Lemma 3.6 ([216, Corollary 7.5.10]). Assume that the following conditions
hold:

(7). There exist a standard policy 7 such that the positive recurrent class in-
duced by 7 is equal to Q.

(17). GivenU > 0, the set Qu = {7 : C(7,S) < U for some S} is finite.

Then there exists a solution to the Bellman equation (3.19) for the average cost
problem with countable infinite state space Q.

Proof of Theorem[3.2, The proof follows [94] by considering a randomized
policy 7 such that at any states sensor ¢ transmits its measurement with prob-
ability §; and 6 = HzGV 0; satisfies 1—1/)\2 i) < 6 < 1lforalli € Vs.Let
z=10,...,0] € N , then at any states it comes back to z with probability 6.
Thus,

max (

tT,Z:6+2(1—9>6+3(1_9)29+"':%<OO.

Notice that ¢, » < ¢, if T1[i] < 72]i], Vi and Epnin(S1 U S2) < Emin(S1) +
Epnin(S2), the expected average cost is

Cry < Z tr (hz[i] (0)) +(1-0) [Cr+1N,z + Z Emln({z})]

S 1€V
+ 6 Z Emin({i})
1€Vs
= Z tr ( TM ) Z Enin({i}) + (1 —)cri1y,2
1€Vs 1€V
_ Z (1— [Z ( Tz]—l—n ) ZEmm {i} ]
i€V 1€Vs
- Z r- o S (W0)) 4 5 S Bn((9)
1€V 1€Vs

< 00
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The boundedness of the last inequality holds from the assumption 1 —
1/M2 . (A;) <0 < 1[74,77,|78]. Hence,  is a standard policy.

Next, we show that the positive recurrent class is equal to Q. Consider
an arbitrary state 7 € Q. This state is reachable from state z after Tax £
max;{7[i]} by letting sensor 7 transmit its data for the first 7,5 — 7[¢] transi-
tions and not transmit 7[i] transitions after that. Let us denote the probability
of this realization as #’. Then, for any state 7, one can return to this state with
probability equal to or higher than 8" £ § - ¢’ after Ty, transitions. Thus, the

probability that one returns to the state 7 is
9// + (1 o 9//)6// + (1 o 9//)20// = 17

which shows that the recurrent class is equal to Q, hence the first condition
is verified.

The second condition is verified as C(7,S) is monotonically increasing
inT. ]

3.C Proof of Theorem

To prove Theorem 3.3] we first present the following lemma.

Lemma 3.7. Suppose that Assumption [3.3 holds. Consider MDP M. Then, for
alli € Vs, there exists a time instance k € Ng such thati € 7 (1y,).

Proof. 1t is obvious since no transmission policy is never optimal if the process
is unstable or the process is stable but the transmission cost is lower than the
steady-state estimation error. O

Next, we introduce a partial order over the state space Q. For the states
7,7 € Q,wesay 7 = 7' if 7[i] > 7'[i] for all i € V.

Proof of Theorem|[3.3, Proof is given by contradiction. Suppose that 7* is an
optimal policy with ¢ & 7*(7) where 7[i] > ¢;. Consider a policy 7’ such
that i € «/(7), but all the other sensors are selected as same as 7*(7). Let
& F(r,7*(7)) and 7, & F(7,7'(7)) be the next state of 7 according to the
policy 7* and 7/, respectively. Obviously, 7 >~ 7 since 7{[j] = 71 [j] for j # 1,
and 77[i] = 7*[i]+ 1, 7{[i] = 0. Define V (1,S) = C(7,S)+ H(F(r,S)), then
by the Bellman principle, the optimal policy 7* needs to satisfy V (7, 7%(7)) —
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V(r,7' (7)) < 0. We will show that 7* contradicts this principle. Now, we

> H(r{) — H(m). (3.21)

The first inequality holds due to the subadditivity of By, (-). Let Sf = 7% (77)
be the action given by the optimal policy at state 7;. Consider a policy 7} such
that v} (1) = S7. Also let 75 = F(ry,7*(7{)) and 75 = F(7{, 7} (7])) be the
next state of ;" according to 7* and that of 7] according to 7}, respectively.
The inequality (3.21) continues

= C(r{, 7" (1)) + H(F(r{,7*(1]))) — C(71,7"(11)) — H(F (71,7 (1)))
> O(rf, 7" (1)) + H(F(r{,7*(17))) — C(r{, 71 (11)) — H(F (71, 7\ (71))
> O(11,87) — C(r1,87) + H(13) — H(73)

= tr (nP10)) = tr (*(0)) + H(m) - H(7)

> H(ry) — H(75). (3.22)

If i € S7, then we have 75[i] = 74[i] = 0, i.e, 75 = 74. Then we obtain
V(r,7*(1)) = V(r,7'(7)) > 0.If i & Sf, repeating (3.22), we have

H(r{)—H(r))> > H(t}))— H(7}) > -+ .

By Lemma we have a time instance k such that ¢ € S;. Thus, we have
V(r,7*(7)) — V(7,7'(7)) > 0 and this contradicts the optimality of 7*. [J






Chapter 4

Multi-hop Network
Scheduling for Distributed
Control

Wireless communication makes process control systems more seamless and
distributed. In contrast to the current control systems in which controllers are
deployed at geometrically the same place, those of wireless control systems
can be located at the field level as multi-hop network nodes. Since the control
loops under such a configuration share a network, its availability affects their
performances. Thus, how to use the network resources needs to be considered
together with the controller design problem.

This chapter addresses a co-design framework of controllers, scheduling,
and routing of a wireless multi-hop sensor and actuator network. The network
consists of sensors co-located with estimators and actuators with controllers,
see Figure Sensors and actuators are distributed over a field and can com-
municate with their neighborhoods. Figure[4.1shows a four-plant (red, yellow,
blue, and green) case, controlled by the corresponding local control loops con-
sisting of sensors and actuators. We assume that the sensors and actuators are
smart enough to carry out regular estimation and control. Sensors observe
multiple decoupled discrete-time linear systems and transmit their estimates
to the controllers co-located with the actuators. We formulate an optimiza-
tion problem consisting of control performance and transmission energy con-
sumption. By solving the problem, we obtain the communication schedules,
routings, and optimal controllers for each control loop. We also consider how
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Operator Sensor
Q interface O
: A Actuator
5 | g Gateway

Py ‘ A ----- -0 P

Figure 4.1: Process control over wireless sensor and actuator network dis-
cussed in Chapter [1} Four pairs of wireless sensors and actuators are control-
ling independent processes: P; (red), P; (yellow), P3 (blue), and P, (green).
Sensors and actuators are connected with neighborhood nodes and config-
ures a multi-hop wireless sensor and actuator network. Operators can check
the status of the plants by the information taken from the network.

to reconfigure schedules and routings in case of a network link outage.
The main contributions of this chapter are as follows:

We formulate an optimization problem, minimizing a linear combina-
tion of the averaged linear quadratic Gaussian (LQG) control perfor-
mance and the averaged transmission energy consumption.

Under the assumption that the network is relatively small, we show that
the problem can be divided into scheduling, routing, and optimal control
problems. The optimal solution gives periodic schedules and the stan-
dard LQG controllers. The solution implies that one can automatically
determine a sampling time of the system, which otherwise is usually
chosen by a heuristic [116]].

We offer algorithms implemented in the sensors and the actuators,
which can detect a network link disconnection and reroute its path
when other paths are available.

A numerical example is provided to illustrate the applicability of the
results.
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The remainder of the chapter is organized as follows. Section de-
scribes the system, including process and energy consumption models, and
formulates the optimization problem. The optimal solution is discussed in Sec-
tion[4.2] Algorithms for route reconfiguration are offered in Section[4.3] A nu-
merical example is provided in Section [4.4] Section [4.5| presents a summary.

4.1 Problem formulation

In this section, we formulate the problem considered in this chapter. First, we
introduce the system model, which includes the plants, smart sensors, and ac-
tuators. Next, the energy consumption model of the multi-hop network nodes
is provided. Then we formulate the problem.

4.1.1 System model

Figure shows the block diagram discussed in this chapter, where N in-
dependent control loops are introduced to regulate each plant. Sensors have
functionality of an estimator, and smart actuators have that of a controller.
Control loops share a multi-hop network to transmits their information. Con-
sider IV discrete-time linear plants

2 = A + Bl 40, ieN, (4.1)
where CCS) € R™ is the state vector at time k, u,(f) € R™i the input, w,(f) S

R™ zero-mean independent and identically distributed (i.i.d.) Gaussian noise
with covariance W;, and N' = {1,..., N} the plant index set. Each plant is
monitored and controlled by a sensor—actuator pair C; = {s;, a; }. The sensors
have measurements

y,(;) = C’iaz,(;) + v,(:), ieN, (4.2)
where y,(;) € RP? js the output, and v,(;) € R? is zero-mean i.i.d. Gaussian
noise with covariance V;. The pairs of IV sensors and actuators are distributed
over a field and connected through an underlying communication network
denoted G = (V,£), where V = Uf\il C; is the sensor and actuator node set,
and £ C V x V is the set of communication links.

Define the information set available at sensor ¢ at time k as

Is(?/)c = {y(()l)a cee 7y](€i),uéi),. . '7u](;117V(()i), o 7]/]8')}
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Smart sensor 1
Plant 1 <

Smart sensor N

[Sersor [ esomanr}

Plant N

Smart actuator N
Controller [P ~"777777"7"7"7"

(1) Smart actuator 1 z, K|k

Actuator [N Tl .| s ———

Figure 4.2: Block diagram of the system considered. The IV control loops share
a communication network. Smart sensors have the functionality of an estima-
tor, and smart actuators have that of a controller. Smart sensor 7 transmits its
estimated value ﬁvgl .. to the corresponding smart actuator. The data update
request (decision variable) 1/,(;) is sent back from the smart actuator ¢ to the
smart sensor ¢.

( (4)

where ykl) € {0,1} is the decision variable such that v’
gﬂ i 18 transmitted to actuator a;. We assume that the transmission
is carried out without failure until a link outage occurs. Decisions for trans-

= 1 when the state

estimate

mission are made by each actuator and fed back to the corresponding sensor.
This enables the actuator to detect a link outage, which is discussed later. Note
that actuators are not required to transmit their decisions at every time in-
stance since the transmission is perfect and then the sensors can emulate the
controllers.

The state estimate and the corresponding error covariance at sensor ¢ are
given by

i 2B,

i, 2Bl |,

P(l) A E[(xl(;) - ;%(Z) )(xl(;) - ;%(Z) )T|Is(?12:—1]’

s,klk—1 = s,k|k—1 s,k|k—1
i i NG i () T+
POy 2 Bl =0 0@ — a0, 0TIz
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In the same way, define the information set at actuator ¢ at time & as

79 = s A 030 Ol i)

and the state estimate and the error covariance

jjg,)klkfl 2 Bl |20 )],
s)kwc 2 Bl |Z0)),

Py 2Bl — a0, )@y a0, ) TIZ0 ),
PO 2Bl =20 )@ — a0 0TIz

4.1.2 Energy consumption

We introduce the energy consumption model used in [[64]. For data receiving
and sending, a node consumes, respectively, the following amount of energy

E. = Eelecpa
Es = Eelecp + Eampd2pa

where p bits is an amount of data receiving or sending and d is the distance to
a downstream node. Note that the energy consumption for sending depends

on the link used. Denote 0,(3)(( j,0)) : € — {0,1} as the indicator function
whether the data of sensor i is sent through link (7, ¢) at time k. If link (7, ¢)

is used, then Gl(j)(( j,¢)) = 1, otherwise 0. Then the energy consumption of
node j € V at time k is given by

E]ij) = Z Eelec Z C’L J ]

0:(1.5)e€ iEN
+ Z Eelec + Eampd]l Z Cz 76))] (4'3)
(4,0 €€ 1EN

where ¢; [bit] is a constant amount of data transmitted from sensor 7 to actu-
ator 7. It is reasonable to assume that data flow is conserved such that for all

i€Nandk > 0:
S G- Y ) =0, i A, ()

L:(j ) eE L:(L,5)e€
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> 0G0 - Y 00w = it =s @)

L:(5,0)e€ L:(L,5)eE
> G- Y ) = f=a @
0:(G,0)e€ L:(¢,j5)e€

in order to guarantee that sensor data can reach the corresponding actuator.

Remark 4.1. In Chapter[3 we considered data aggregation, a data compression
technique, combining data from different sources into a packet and transmitting
it in the same timeslot. We assume in this chapter that the data aggregation rate
equals to zero, i.e, v = 0.

4.1.3 Optimization problem

We formulate an optimization problem as LQG control with network node en-
ergy consumption to find the optimal feedback control, scheduling, and rout-
ing. Assuming that the links are arranged in a given order, we define the vec-

tor Gl(j) =[.. ,Glgi)((j,l)), ...]T € {0,1}/€l. With a weight factor 8; > 0
and some vectors v, = [Vlil), ce V,iN)]T, up = [u,(:)—r, . .,ulgN)T]T, and

0 = [9,9”, cee HIEN)T}T, the problem is given by:

Problem 4.1.
1 -1 N . . . . .
min _ limsup — Z Z(xg)TQix,(j) + ug)TRiug)) + ZﬁjEl?)
(Ve 0}y Tooo 1 o | =1 =y
(4.5a)
st. (@4), ieN, k>0 (4.5b)

Note that controllers cannot access all the variables {1} }72, {ur}is
and {0 }7°,, but we will show in the next section that the optimal solution
can be found by distributed optimization at each controller without loss of
performance.
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4.2 Optimal controller and scheduler

In this section, we discuss the optimality of Problem[4.1] By equation (4.3), the
last term of (4.5a) can be rewritten as

ZB]EJEJ) = Z [ Z |:Eelec Z CZQ,IS;Z)((]) E))}

jEV ieN (¢,5)e€ ieN
+ Z |: elec T+ Eampd2£ Z CZ Js :|]
L:(j0)e€E 1EN

= Z (/8] elec /BlEelec + B]Eampdjz)cze( )((]7 6))]
ieN L (j,e)es

25N et (G, ))]
1eN L(j0)ee
ieN

where E,ii) is a weighted total energy consumption of the communication
from sensor ¢ to actuator ¢. Now, we have the following lemma.

Lemma 4.1. The optimal solution to Problem[4.1is obtained by solving the dis-
tributed optimization problem:

min lim sup — Z [ (Z) R; u,(;) + I/(Z)Ei (4.7)
v 4 gye0  Tos00
where E; is the minimum-cost path for loop i when 1/](:) = 1, ie, E; is the

optimal value of the problem:

Ei2min 7760 st @) (4.8)
6"
— . T €] is gi = s
wherem = [...,mj,...]" € RI€Vis given by mj; = ajyc;.

Proof. Using (4.6), the objective function (4.5a) is equivalent to the sum of the
function

(AT

limsup — Z[ QZEk + uy, Ru()—i—E()

T—o00
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uptoi = 1,...,N. Since Eli) is only a function of oLV () and ul(j)
are not affected by 9,&1), we can take any 0,2) provided that (4.4) is satisfied.

(4) (4)

,andx

Thus, the optimal value of ;" when ;" = 1 can be obtained by solving
problem (4.8). O

By Lemmal4.1] distributed optimization can achieve the optimality of Prob-
lem[.1]

Remark 4.2. Problem is the shortest path problem which can be solved
by polynomial-time algorithms [220]. The transmission paths are pre-calculated
before starting the operation.

Remark 4.3. Problem (4.7) is a special case in [143] where the energy consump-
tion is determined by (4.8) and where there is no packet drop.

To see the optimal solution of the distributed optimization problem (4.7),
we state the following theorem.

Theorem 4.1. There exists a stationary solution to (4.7), and the solution
{U;(;)*}iozo is given by

ul" = —(BIS:Bi+ )T BISididr £ L0y 49)
with
NG Ai%i)k_uk_l + Biul(ﬁl, if V](Ci) —0,
Takk =) 50 (0 (4.10)
’ 'ﬁs,k\k lf v, =1,
() APY AT vwi, if o =0,
Pa k:|/€ B a,k— 1|k 1 ) k (411)
Pi’ lf Vk = 17

where S; € S'} | is a solution of the algebraic Riccati equation
S; = A} S;A; + Qi — Al S;Bi(B]' S;B; + R;) ' B, S; A,

and P; € S, is a solution of the algebraic Riccati equation for the standard

Kalman filter at sensor i. In addition, the stationary solution {1/,8)*}?:0 is given

by a threshold policy
SO 0. if P ak—1k—1 < i (4.12)
1, otherwme

where P € S} | is the threshold matrix.
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Proof. Follows from the proof of Theorem 3 in [[143]. This is a special case
when 7, = 1 in [[143]). O

Remark 4.4. The schedule ofulgz)* converges to the periodic solution when A; is
unstable. This follows from the fact that there exists t; € N such that hfL (P) =
Py, where h;(X) = A; X A +W, and h’(-) is the m-hold composition of h;(-).
As in [94,|143], the optimal cost of problem is given by

tr(SZ'QZ‘) +

t;
— [tr((AiTSiAi + Wi = 8i) Y RM(P)) + Ez:|

m=0

4.3 Link disconnection and route reconfiguration

Theorem [4.1] shows that Problem [4.1] can be divided into optimal scheduling,

minimum-cost path, and optimal control problems, which are solved sepa-

rately. Since the obtained optimal schedule is periodic, and therefore can be

fixed offline, both a sensor and an actuator know when the data are commu-

nicated. The controller recognizes a link dis(c)onnection when it fails to receive
7)%

the new data from the sensor despite that ,** = 1. In this case, the path is re-
(4) (@) }bea
;e DAL

set of possible paths from s; to a; where py) = ((si,),...,(-,a;)) is the j-th

configured by searching for a new one. Let P; = {pgi), cee

minimum-cost path. Furthermore, let M; = {Pl(l)*, e 71’3152*} be the set of
threshold matrices induced by each path. The sets P; and M are pre-set in s;
and a;.

Algorithms [4.1] and [4.2 provide the implementation of the proposed con-
troller, scheduling, and routing reconfiguration. In the algorithms, if the con-
troller detects a link disconnection, it changes its path to the second-best one.
If no other paths are available, the control loop switches to fail-safe mode.

4.4 Numerical example

To illustrate our results, we consider a small network with N = 3, where
sensors and actuators are distributed over a square field shown in Table

and Figure
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Algorithm 4.1 Iterative algorithm for smart sensor ¢

Calculate

(@)

' s,k|k
if V,EZ) =1 then
Send aﬁizi‘k along path py)

end if
if New p;/ received then

Calculate PCE?,Z,',{: = fl(Pé,li)c_uk—l)

Set a new path pg?_ , and a threshold Pj(_?z
else

Calculate Pa(,il)ﬂ . by

end if '
Calculate I/]g:)_l by
k<« k+1

Algorithm 4.2 Iterative algorithm for smart actuator ¢

if V]Ef) =1and i(i)

not received then

s,k|k
Calculate "%t(ll,)klk = Aiﬁzg)k_”k_l + Biu,(;zl
(@) _ (@)

Calculate Pa,k|k = f(Pa,k71|k71>
if j = M, then

Go to fail safe mode
else ) A

Set a new path pﬁl a threshold P]@I ‘

Send new path pﬁl along a backward route of pﬂl
end if

else

Calculate :?:EZLl . by
Calculate P}, by
end if
Calculate ug) by

Calculate 1/]521 by
k—k+1
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Sensor Actuator
Loop1 (5.7521,1.5978) (0.4302, 2.6899)
Loop 2 (2.3478,4.5316) (8.4912, 8.3172)
Loop 3 (8.2119, 1.1540) (6.4775, 5.5092)

Table 4.1: Sensor and actuator locations.

CI/QA
8 /
/
7 ,/
/
6 ,/
) S __-4&a3
- /\
4 N i \\
// N / \
v N / \
3 ‘\\\ h ,/ \\
2ta N \
1 e \
e
1 81 83
0
0 2 4 6 8

Figure 4.3: Network with three sensor—actuator pairs over a square field.

The system parameters of the three plants are given by

Ay

Ay =

Az =

(1.3 0.5]
0.2 0.9]
(1.2 0]
|0 1.4]
(1.3 1.2]
0 1

)

I

)

By

By =

B3 =

.
_2_
0
_2_
-
_2_

Y

Ci=[1 1],
, Cy=[1 1],
, C3=1[1 1],

withW; = 0.0115,V; = 1,Q; = Is,and R; = 1foralli = 1, 2, 3. For commu-
nication parameters, we assume that ¢; = 32, and 8; = 10 for i = 1,2, 3, and
Eeee = Eamp = 1. Under the given network parameters, we can derive the
minimum-cost path for each control loop as in Table |4.2|and Figure [4.4] (left).

The optimal schedules are shown in Figure We see that the solutions
are periodic, as stated in Remark Sensor s7 transmits its new estimate ev-
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Path Energy cost E;
Loop1l 81— sy —ap 1.000 x 104
Loop2 s9 — a3z — az 1.086 x 104
Loop 3 53 — a3 0.767 x 10*

Table 4.2: Optimal paths and their energy costs of each control loop.

Figure 4.4: The minimum-cost paths for each loop before disconnection (left)
and after disconnection (right). The path of loop 1: blue, loop 2: red, and loop 3:
orange. The link between s3 and a3 is disconnected in the right network which
results in the re-routing of loop 2.
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1
@ Period 4
I 0.5 N 4
0
0 10 20 30 40 50 60 70 80 90 100
1
@ Period 5
l/k' 05 —p| i
0
0 10 20 30 40 50 60 70 80 90 100
Time

Figure 4.5: Optimal schedules of three loops. Loop 1 has a period 8 schedule,
loop 2 has a period 4, and loop 3 has a period 5.

Proposed method Every-time communication
Averaged cost 0.861 x 10% 3.022 x 10*

Table 4.3: Comparison of averaged cost between the proposed method and the
every-time communication strategy.

ery eighth-time instance, sensor sy every fourth-time instance, and sensor s3
every fifth-time instance, respectively. The difference of the periods among the
loops comes from the relation of the eigenvalues of A; and the energy costs
for transmission. The optimal averaged cost of the proposed method is shown
in Table 4.3| compared to the case that all the sensors communicate with the
actuators at every time instance, i.e.,

ieN
We find that the proposed method obtains lower cost than the every-time
transmission strategy.
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Time

Figure 4.6: Optimal schedule of loop 2 around rerouting at £ = 300. Discon-
nection leads to a longer period schedule with period 5.

We simulate link disconnection between s and ag at time & = 300, which
leads to reroute the path between s; and as to ((s2,s1), (s1,a3), (a3,a1)) as
shown in Figure (right). The optimal schedule of loop 2 obtained by Al-
gorithms [4.1 and [4.2| is indicated in Figure Since it leads to more energy
consumption, the period of loop 2 becomes five, which is longer than the pe-
riod before the disconnection. The averaged energy consumptions of sensors
and actuators fromk =0tok =T, ie,

1
A .
= — E‘k VES V
T + 1 2,k ’
k=0

E(T)

are shown in Figure We found that the averaged energy consumption of
s1 increases after k = 300 since it is used as a new intermediate node for
loop 2. The energy consumption of so and as decreases since the period of
loop 2 activation becomes longer.

4.5 Summary

This chapter investigated a co-design framework of LQG control, sensor
scheduling, and routing over a shared multi-hop sensor—actuator network
when the multiple controllers regulated decoupled plants. We formulated an
optimization problem, minimizing an infinite-time averaged LQG control per-
formance and energy consumption. It was shown that the problem could be
separated into optimal scheduling, routing, and control problems, which were
solved independently. Each optimal schedule was periodic, the route was the
minimum-cost path, and the controller was provided in the form of a standard
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Figure 4.7: Averaged energy consumption for sensor and actuator communi-
cation. Averaged energy consumption of Sensor 1 increases after the discon-
nection at £ = 300 while those of Sensor 2 and Actuator 3 decrease.

LQG controller. We proposed algorithms for sensors and actuators to let them
configure a new path when a link was disconnected. A numerical example was
provided to see how the scheduling and the routing were designed with the
LQG controller. The route reconfiguration algorithms were also illustrated in
the numerical example.






Part 11

Event-triggered Process
Control
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Chapter 5

Event-triggered Actuation for
Multi-loop Control Systems

In process control applications, multi-loop control systems, such as cascade
and decoupling control, are often introduced to enhance the control perfor-
mance. Cascade control employs another controller so that it provides a tighter
inner control loop. Decoupling control is introduced between two indepen-
dent PID control loops when their control signal variations interact with each
other. They adjust the corresponding control signals so that the interactions
are mitigated proactively. The main purpose of this chapter is to investigate a
resource-aware strategy of PID, cascade, and decoupling control over wireless
networks.

This chapter proposes an event-triggered actuation framework for PID
control, cascade, and decoupling control. We consider event-triggered output
feedback control for a continuous-time linear system, where the plant state is
measured periodically by multiple sampled-data sensors. The control signal
is sent to the actuator in a periodic event-triggered fashion. Since the control
signal is transmitted through a multi-hop network, the sensors and actuators
consume energy as relay nodes. Our strategy effectively reduces the commu-
nication load in the network but also the number of control command changes.
The controller updates the signal to the actuator when its value goes beyond
a given threshold.

The main contributions of this chapter are outlined as follows:

« We introduce a general event-triggered output feedback control system
with delayed sampling. An exponential stability condition is derived us-

103
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ing a Lyapunov-Krasovskii functional based on Wirtinger’s inequality

(Theorem 5.1).

» By modifying the event-triggering condition and introducing an ob-
server, we show that the proposed controller achieves setpoint tracking

and disturbance rejection (Theorems|5.2) and [5.3).

+ A tuning procedure is provided for the event threshold under a given
stability margin (Corollary [5.1). The optimal threshold is obtained by
solving a semi-definite programming (SDP) problem.

« We apply this framework to PID control as well as cascade and decou-
pling control. Numerical examples for each case are presented to illus-
trate how to tune the event thresholds. The examples show that our
proposed framework reduces the communication loads without perfor-
mance degradation.

The remainder of this chapter is organized as follows. Section [5.1] intro-
duces the plant model and formulates the problem considered. In Section
we derive the stability condition of the proposed event-triggered control. Set-
point tracking and disturbance rejection properties are also investigated. Ap-
plications to PID, cascade, and decoupling control are discussed in Section|5.3|
Numerical examples for each controller are also provided. The conclusion is
presented in Section

5.1 System model and problem formulation

In this section, we formulate the problem considered. We first introduce a plant
model given by a continuous-time linear system. A PID controller is then in-
troduced together with cascade and decoupling controllers. Finally, the event
trigger problem studied in this chapter is formulated.

5.1.1 System model

Consider a continuous-time linear plant measured by IV sensors given by

Ip(t) = Apxy(t) + Bpu(ty) + Bad(t), t € [tg,tgs1), (5.1)
yi(t) = Cpmp(t), i€ N E{1,...,N}, (5.2)
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where z,(t) € R", a(t) € R™, d(t) € R™ and y;(t) € R are the state,
event-triggered control signal applied to the actuator, disturbance, and output
of sensor i, respectively. We assume that the controller updates its state and
control signal (defined below for each controller) every hg time interval, and
let ¢ be the time of update k € Ny of the controller, ie., tx = khg for all
k € Ny. Sensor ¢ samples and transmits its measurement every h; time in-
terval. The control signal is computed based on the measurements from sen-
sor y;(si(tx)),i € N and r(tx) where s;(t) is the last transmission time of
sensor ¢ at time t;. That is, we have s;(t;) = ¢;h; where ¢; = |t;./h;].

We especially consider three controllers: PID, cascade, and decoupling
controllers. Their state-space formulations are given as follows.

PID control

The block diagram of event-triggered PID control is shown in Figure Note
that PID control includes a single sensor, i.e., N = 1. A standard PID controller
can be written as

Te(t) = r(tr) — y1(s1(tr)), (5.3)
u(t) = Kp(br(ty) — y1(s1(tx))) + Kize(ty)
+ Ka(cAr(ty) — Ay (s1(tr))), (5.4)

where K, K;, K4 are proportional, integral, and derivative gains, respec-
tively, and b, ¢, weight parameters. For the derivative term, we use the back-
ward Euler method, i.e.,

Ayi(si(tr)) = fi (yi(si(tr)) — visi(te) — hi)), P €N,

1
Ar(tg) = o (r(tg) — r(ty — ho)) -
The derivative term is usually implemented with a first-order filter [221]]. In
this case, the controller state, consisting of the integrator and derivative filter,
is given by

Ze1(t) = r(te) — y1(s1(te)), (5.5)
.fcg(t) = _,1171«735,2(151{) + %(CAT(ZL,Q — Ay (Sl(tk))), (5.6)

u(t) = Kp(br(ty) — yi1(s1(te))) + Kize (tr) + Kazep(ty),  (5.7)
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Figure 5.1: Block diagrams of event-triggered PID, cascade, and decoupling
control.
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where 2.1 (t), 2. 2(t) is the integrator and the filter states, respectively, of the
PID controller, and 77 is the filter’s time constant.

Cascade control

In cascade control (Figure|5.1b), the outer PID controller computes its control
signal for reference of the inner controller. The inner controller sends its signal
to the actuator, i.e.,

Fea(t) = r(te) — ya(si(te)),

ﬁ(cAr(tk) — Ayi1(s1(te))),

)=
)
Ze3(t) = ( ) y2(52(tk))
1
)
)
)

Zeo(t T, e 2(ty) +

t) = fwczl(tk)—*Ay?( 2(tk)),

( (te) — yl(sl(tk))) + Kiwe1(tr) + Kizea(tr),
K2 (v(tr) — ya(sa(te))) + Kl s(tr) + Kizealty),

v(t

(
(
(
Tea(
(
(t

u

where x.1(t),z.2(t) are the integrator and filter states, respectively, of
the outer PID controller, z.3(t), z.4(t) those of the inner PID controller,
K}, K{, K§,T;, i = 1,2, are the corresponding proportional, integral, and
derivative gains, and the filter’s time constants.

Remark 5.1. The inner controller is given by settingb = 1 and ¢ = 0 in PID
control (5.5)—(5.7). This form is suitable for rejecting input disturbance.
Decoupling control

In decoupling control (Figure [5.1c), two PID controllers are interconnected.
The controller dynamics is given by

e (t) = r1(te) — yi(s1(tr)),
beat) = — g ealte) + - (e r(t) = A (s1(0))
Te3(t) = r2(te) — y2(s2(tr)),
bea(t) = = ealt) + 7 (eabr(ts) = Apa(sa(te)))
vi(t) = Kp(ri(te) — y1(s1(te))) + Kiwen (t) + Kgzea(te)
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va(t) = K2 (ra(tn) — ya(sa(tr))) + Kiwes(ts) + Kizea(tr),
uy (t) = vi(t) + Kgva(te),
up(t) = va(ty) + Kjvi (i),

where z.1(t),z.2(t) are the integrator and filter states, respectively, of
PID controller 1, x.3(t),2c4(t) those of controller 2. The parameters
Klf), K{, K}, Ké, T;,b;,¢i,t = 1,2, are the corresponding proportional, inte-
gral, derivative, decoupler gains, time constants, and weights, respectively.

5.1.2 Problem formulation

Next, we formulate the problem considered in this chapter. Considering a plant
given by (5.1)-(5.2), together with PID, cascade, or decoupling control, this
chapter aims to obtain an event-triggered actuation framework based on pe-
riodic event-triggered control. The event-triggering condition is given by

(u(te) — a(tr—1)) " Qu(ty) — a(tp_1)) > ou' (te)Qu(ty) +p  (5.8)

where o > 0 is a relative threshold, ) € S'"', amatrix, and p > 0 a constant,
all to be determined. The event-triggered control signal is given by

u(t) = { u(tr), t€ [t trer), if is true,

ite 1), L€ [t trrr), if (58) is false, (5.9)

with 19 = u(to).

Remark 5.2. The positive constant p excludes Zeno behavior for continuous
event-triggered control [181]. For periodic event-triggered control, we can derive
an exponential stability condition when p = 0. A small p can reduce the event
generation.

To handle all controllers introduced above in a general form, we introduce
an output feedback controller given by

Fe(t) = Acre(tn) + ) Biyilsi(te)) + Y Blui(si(t) — hi)
ieN eN
+ Byr(t) + Byr(ty, — ho),  t € [tr,tert), (5.10)
u(t) = Cewe(tr) + Y Diyi(si(te)) + Y Diyi(si(ty) — hi)

ieEN ieN
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+ Dyr(ty) 4+ Dpr(ty — ho), (5.11)

where z.(t) € R" is the controller state. By augmenting the state x(t) =
[z, (t),2[ (t)]T € R™ with n £ n,, + n., we have the following closed-loop
system description

@(t) = Az(t) + Aoz (ty) + Z Aix(si(ty))

ieN
+ Z Azx(sz(tk) - hz) + Bf(t) + BDd(t)
1EN
+ Brr(ty) + Brr(ty — ho) (5.12)

where
£(t) = a(t) — u(t)
= a(te) — ute), t€ [tr tetr),

is the control signal error due to event-triggered actuation, and the matrices
are given by

Ao [Ap 0} . {0 chc} oA [Bngq@ 0} 7

0 0 0 A BiCi 0
< [BpDiCL 0 _[B, _ [Ba
AZ_{B@C;’, 0]’ B_[o - Bo=1¢]

_ [B,D, ~ _[B,D,
s [0, e[

We formulate the problem as follows: Consider the system under
PID, cascade, or decoupling control. How to design the event trigger (5.8)-
such that the closed-loop system is exponentially stable with a
given convergence rate and has setpoint tracking and disturbance rejection
capabilities?

5.2 Main results

In this section, we present the main results of this chapter. First, we derive
a stability condition of time-triggered output feedback control. We then dis-
cuss event-triggered control. Next, setpoint tracking and disturbance rejection
properties are considered. We also discuss how to tune the event trigger pa-
rameters.
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5.2.1 Stability analysis

We first derive the stability condition of the time-triggered control system
given by system (5.12) with £(¢) = 0. Define the following matrices:

AéA—l-Ao—l-ZAi, Aéz‘_l—i-ZA_i, Koé[o CC},
ieN ieN
K;=[DiC, 0], K;2[DiC}, 0], K&Ko+) K
ieN
kéK—FZRi, Kr=D,, KR:DT.
ieN

Lemma 5.1. Consider the closed-loop system with&(t) =d(t) =r(t) =
0. Assume that there exist P, Wo, W;, W;,Q;, R; € St,,ieN,and o > 0,
such that ® = &7 = {®;,} < 0 where

By = PA+ATP+2aP+Y [Qi — e_h’“RZ} ,
ieN

Dy(;41) = PAj+e MR, i=1,...,N,

Oy npo)=PA;, i=1,....N,

®q(iyont2) = PA;, i=1,...,N,

Dy 3n42) = ATS,

Dy = —€ M(Qi+ R;), i=1,...,N,

Diin@nis) =A; S, i=1,...,N,

7[.2

q>(i+N+2)(i+N+2) = _ZWZ i :0717"'7N7
Diinin@Nts =41 S, i=0,1,...,N,
2
m

Qitant2)(itaN+2) = —Ze_hhiV_Vi, i=1,...,N,

QiraN12)(3N13) = —z‘_liTS, t=1,..., N,
PiN+3)3N43) = =5,
with

S £ h%eanhOW() + Z [(h() + hi)2672a(h0+hi)<wi + V_VZ) + h?Ri ,
ieN
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and the other elements are zero matrices. Then the closed-loop system (5.12) is
exponentially stable with decay rate .

Proof. See Appendix O

We then have the following stability condition for the event-triggered con-
trol systems.

Theorem 5.1. Consider the closed-loop system (5.12) with d(t) = r(t) =
0 and the event trigger (5.8)-(5.9) with p = 0. Assume that there exist
P, Wo, Wi, W;,Qi,R; € ST i € N,w>0,0 >0, and o > 0, such that

i ' PB woKT™Q 7
0 woK{Q
o 3
L0 woKy,
: 0 ’LUO'KJQ
P b :
Do :
= 0 wo K Q < 0. (5.13)
0 woK{Q
|
[
| _
0 waK;Q
. uSB 0
* : —wo) 0
i * 10 —wof) |

Then the closed-loop system is exponentially stable with decay rate c.

Proof. See Appendix O

5.2.2 Setpoint tracking and disturbance rejection

In the previous subsection, we provided a stability condition of event-triggered
control without reference signals or disturbances. In this case, the equilibrium
point of the closed-loop system is the origin. However, when there is
a constant reference signal or disturbance, each element of the augmented
state z(t) converges possibly to a non-zero value even if the event-triggered
controller successfully stabilizes the plant. The steady-state control signal may
also be non-zero, which causes a tracking error even if the controller contains
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an integrator. This fact imposes modification of the event-triggering condition.
Considering this, we discuss setpoint tracking and disturbance rejection of
event-triggered control. We assume that the reference signal and disturbance
changes are sufficiently slow compared to the plant dynamics and hence can
be regarded as constants.

First, setpoint tracking is considered. We show the following lemma.

Lemma 5.2. IfU < 0, then A is invertible.

Proof. Let us denote

where x € R" is an arbitrary non-zero vector. Then we have

o =o' <P£1 +ATP 2P+ [1 - e_%‘hin} )a: <0.
ieN

Since 1 — e~22% > ( for h; > 0, Ais Hurwitz, and therefore, invertible. [

Consider the updated event-triggering condition

(u(tr) = @(te—1)) " Qulty) — @(tp—1))
> o (u(ty) — ue(tr) " Qu(ty) — uc(tr)) + p (5.14)

where () = —A‘l(BRr(tk) + Brr(ty — ho)) and uc(tx) = Kazo(ty) +
Kgr(ty) + Kgr(t, — ho). Note that A is invertible when ¥ < 0 (Lemma.
The controller updates the signal according to

a(t) = { u(ty), t€ [tk tit1), if (5.14) is true,

U(tg—1), t € [te,trtr), if (.14) is false, (5.15)

with ug = u(to).

Remark 5.3. The modified event trigger (5.14)—(5.15) extends the trigger (5.8)—
(5.9), by including a steady-state control signal term.

Theorem 5.2. Consider the closed-loop system with d(t) = 0
and the event trigger (5.14)—(5.15) with p = 0. Assume that there exist
PWo,W;,W;,Qi,R; € S",i € N,w > 0,0 >0, and o > 0, such that
U < 0. Then the equilibrium point x} = —A~Y(Bg + Bg)r is exponentially
stable with decay rate .
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E i Seansor |§r1'5?|
B o |

5 Observer DR o

b d(tr) P

! yn(sn(tr)) P
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Figure 5.2: Block diagram of the event-triggered control system for setpoint
tracking and disturbance rejection.

Proof. By Lemmal5.2] there exists an equilibrium point z}. We apply a coordi-
nate transformation Z(t) = x(t) — x}. Then the system (5.12) can be written
as

#(t) = Az(t) + Agi(t) + 3 Aia(si(ti)
ieN
+ Z Aiz(si(te) — hi) + BE(t).
ieN
By Theorem this system is exponentially stable with the event-triggering
condition

(a(ts) — Wt 1) Q0 (t) — ite1)) > ou" (1) (1)
where @(t;) = u(ty) — uc(t). This completes the proof. O

Next, we consider disturbance rejection. We introduce an observer to esti-
mate the steady-state control signal, which cannot be obtained when there is
an unknown disturbance. The block diagram of the proposed system is shown
in Figure In this system, the disturbance estimation cz(tk) is used in the
controller for feedforward compensation. To model this system, consider the
augmented plant

Fa(t) = Aqza(t) + Bai(t), (5.16)
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yi(t) = Ciza(t), i€N, (5.17)
where 24(t) = [z, (t),d"]" € R™*" with

_ |4y By _ | Bp i [
Aa_[o 0}, Ba_[o], c,=[C; 0].

For the system (5.16)—(5.17), we introduce an observer with sampled-data im-
plementation

Céa(t) = Aaxa(tk + Bau + Z L yz Sq tk Lcaj(tk)) (5.18)
ieEN

where @,(t) = [#, (t),d" (¢)]" is the estimate of z4(t), L; = [Li",LiT]T
R™*"a [, = [Ly,..., Ly], the observer gain, and Co = [CcIT ... ,CNTIT,
Introducing e,(t) £ x,(t) — 2,(t), ea(t) £ d — d(t), and

H) £ L)Ci, H,2> H), H;2LiCi, Hy=> H
ieN ieN
we have the plant state estimation error dynamics
ép(t) = App(t) — (Ap — Hp) p(tr)

— 3" Hiwp(si(th)) + Apep(ti) + Baealty),
iEN

and the disturbance estimation error dynamics

éd(t) = —HdiL‘p tk Z H iL‘p Sz(tk)) + Hdep(tk)
1EN

This gives the controller

Fe(t) = Acwe(te) + Y Biyi(si(ty) + > Biyi(si(ty) — ha)

1EN 1EN
+ B,r(t) + Byr(te — ho) + Byd(ty), (5.19)
u(t) = Ceme(te) + Y Diyi(si(tr)) + > Diyi(si(ty) — hi)
ieEN 1EN

+ Dyr(ty) + Dyr(ty, — ho) + Dyd(ty). (5.20)
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By augmenting the state

xp(t
x(t) 2 ng
(

edt

c Rn+np+n,1 ,

)
)
)
)
we have the following closed-loop system description

(1) = Ax(1) + Aox(te) + Y Ax(si(te)) + > Ax(si(te) — hi)

ieN ieN
+ BE&(t) + Bpd(t) + Brr(ty) + Brr(te — ho) (5.21)
with
A, 00 0 0 B,C. 0 —B,D;
0 000 0 A 0 -B;
= prng — ¢ d
A A, 0 0 0]’ Ao ~A,+H, 0 A By |’
0 0 0 0 Hy 0 —H, 0
B,DLC}, 0 0 0 B,DLCH 0 0 0
BiCt 0 0 0 - BiCt 0 0 0
- = c p . = cTp
A —HI’,OOO’AZ 0 00 0’
-H, 0 0 0 0 000
B, Bd+BPDcZ B, D,
0 B; B,
= = d = U
B NE Bp 0 , Br R
0 0 0
B,D,
_ B,
Br=|
0

Similar to (5.12), let us denote

AéA—I—A(H—ZAi, AéA—i—ZAi, Ko2[0 C. 0 0],
ieEN ieEN
K, = [DiC; 0 0 0], K,2[DiCi 0 0 0], K2Ko+ > K,
ieN
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K2K+) Ki, Kp2D,, Kp2D,Kp2D
ieN

d”.

We now consider the event-triggering condition

(u(ty) = a(te—1)) " Qu(ty) — @(ty—1))
> o(u(ty) —uc(ty)) " Qulty) — ue(ty)) +p (5:22)
where x. () = —A-1 (de(tk) + Bpgr(ty) + Brr(ty — h())) and u.(t;) =

Kx,(t,) + Kgr(ts) + Krr(ty — ho) + Kpd(ty). Under this condition, the
controller updates its signal according to

() = u(ty), tE€ [tk,thr1), if (5.22) is true,
ﬂ(tk_l), te [tk, tk+1), if (5.22) is false,

with 49 = u(tp). This event-triggered control systems is exponentially stable,
as stated next.

(5.23)

Theorem 5.3. Consider the closed-loop system (5.21) and the event trig-
ger (5.22)—(5.23) with p = 0. Assume that there exist P, Wo, W;, Q;,R; €
Sntmetna > 0,0 > 0, anda > 0, such that == E" = {Z,} < 0 where

En =PA+ATP+2P+ ) [Qi—e R,
ieN

1+1) = PA; + e 2R, i=1,...,N,

Wisnt2) =PA;, i=0,1,...,N,

1iton+2) = PA;, i=1,...,N,

[11 [ [11

[1]

1(3N+3) = ATS7

[1]

13N +4) = PB,

[1]

13N+5) = woF T Q,
e = —e 2M(Qi+ Ry), i=1,...,N,
i+neNy =A;S, i=1,...,N,

1] [1]

[1]

(i+1)@N+5) = woK]Q, i=1,... N,

7T2

(i+N+2)(i+N+2) — _Zwia i=0,1,..., N,

[1]

[1]

(i+N+2)(3N+3) :AIS, ’iZO,l,...,N,
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[1]

(N+2)(3N+5) = wO’FJQ,

E(i+N+2)(3N+5) = waKZ-TQ, i=1,...,N,

™ ki .
S(i+2N+2)(+2N+2) = ~ € MW, i=1,...,N,
Eironi2aNs) = AJS, i=1,...,N,
E(i+2N+2)(3N+5) = woK,Q, i=1,...,N,

[1]

(3N+3)(3N+3) = =5,

[1]

(3N+3)(3N+4) = SB,

[1]

(BN+4)(3N+4) = —wS,

[1]

(3N+5)(3N+5) = —wotl,

with

S £ ple2ehow, + Y [(ho + hy)2em 2ot h) (W + W) + th@} :

ieN

Fo 2 Ko-KAT'BpE, F2K-KA'BpEwithE2 [0 0 0 I,],
and the other elements are zero matrices. Then the equilibrium point x* =
—A- Y(Bpd + (B + Bg)r) is exponentially stable with decay rate c.

Proof. We apply a coordinate transformation X(t) =

system (5.21) can be rewritten as

x(t) — x}. Then the

x(t) = Ax(t) + Aox(ty) + Z Aix(si(tr))

+ > AX(si(ty) -
ieN
Using
Xe(tk’) - =A"
= A"
=A"!

ieN

"Bpeal(tr)
1BDEX(tk)

Ex(tg),

where the last equality holds since Ex} = 0, we have

hi) + BE().

(5.24)

ﬂ(tk> — uc(tk) = Foi(tk) + Z [Kii(si(tk)) + Kii(si(tk) — hz)] .

ieN
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Substituting this into (5.22) and following the proof of Theorem [5.1] for the
system (5.24), we have that (5.21) is exponentially stable with decay rate . [

In virtue of Theorem we can obtain the optimal threshold ¢* for a
given convergence rate c.

Corollary 5.1. Givenw > 0 and o > 0, if the SDP

c*fmax o st =<0 (5.25)

is feasible, then the closed-loop system (5.21) with the event trigger (5.22)—(5.23)

with o = o™ is exponentially stable with decay rate .

Remark 5.4. If only setpoint tracking is considered, the observer is not needed.
The constraint = < 0 in (5.25) is then simplified to ® < 0.

Remark 5.5. To find the maximum threshold, a grid of w can be introduced and
the SDP solved for every grid point.

5.3 Applications to PID, cascade, and decoupling
control

In this section, we apply the theoretical results of the previous section to PID,
cascade, and decoupling control. Numerical examples are also provided to il-
lustrate how the proposed controllers and event thresholds are obtained.

5.3.1 PI and PID control

First, we apply the results to PI control. A PI controller is given by (5.19)-(5.20)
with A. = 0,B} = -1,B} =0,B, =1,B, =0,B; =0,C. = K;, D} =
-K,, Dg =0,D, = K, D, =0, and DdA = K¢, where K is the feedforward
gain. By setting the control parameters K, K;, K¢, sampling intervals hg, hy
in —, decay rate o, and observer gain L, the maximum threshold is
obtained by solving SDP (5.25).

Example 5.1. We first illustrate an example of PI control for a first-order linear
system and compare the proposed event-triggered control (ETC) with three differ-
ent strategies: event-triggered PIDPLUS control (PIDPLUS) [194], event-triggered
PI control with send-on-delta triggering (SOD) [195], and time-triggered con-
trol (TTC). We assume that all the controllers are co-located at the sensor since
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# events
Type  IAE it = 500
ETC 19.5 47
PIDPLUS 34.7 73
SOD 44.0 96
TTC 27.7 1667

Table 5.1: Comparison of the ETC, PIDPLUS, SOD, and TTC.

the event-triggered PIDPLUS control needs to have the controller capability at the
Sensor.
Consider a first-order linear system

Ep(t) = —0.7zp(t) + a(t) + d(t) + w(t),

where w(t) € R is the random process noise, which is assumed to be Gaussian
with zero-mean independent and identically distributed with variance 0.25. The
control parameters are given with K, = 0.23, K; = 0.077, and Ky = —0.5.
The sampling intervals are set with hg = h; = 0.3 using the criteria in [116].
By solving SDP (5.25), we obtain o* = 2.72. The SDP can be effectively solved
by YALMIP toolbox [222)]. We consider the reference signal r(t) = 1,Vt > 0 and
the disturbance d(t) = —0.5,¥t > 250. The response with p = 10~ is shown
in Figure[5.3 together with PIDPLUS, SOD, and TTC.

To evaluate the performances, we introduce the Integral of the Absolute Er-
ror (IAE) as

t
JAE — /0 " 1r(t) — i ()t (5.26)

with ty = 500. The IAEs and the numbers of event generations (the average
of 1000 times simulations) are shown in Table[5.1] It can be found that the ETC
extremely reduces communications compared with the TTC while both controllers
update each state every h = 0.3 seconds. The ETC achieves smaller IAE than the
PIDPLUS and SOD with less samples. This is partially because observer-based
feedforward control is employed in the ETC.
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Figure 5.3: Responses of the proposed event-triggered PI control (ETC, blue),
PIDPLUS (red), SOD (orange), and TTC (purple). The top plot de-
scribes the outputs, the middle control signals, and the bottom event genera-
tions.
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PID PID+FF
o* 0.19 0.40

Table 5.2: Obtained thresholds for the PID (including PI-D and I-PD) control
with and without FF.

Next, we consider PID control. Setting PID control parameters K, Kj,
Kq, Th, K¢, and sampling intervals hg, hy in (5.5)—(5.7), a PID controller can
be written as the form (5.19)-(5.20) with

10 0 1 -1 =1 0
ae=[o ) B= L) B n)

1 = 0 0
B, = |:C/T1h0:| ) B, = |:—C/T1h0:| ) B(i - |:0:| ) Cc - [Kl Kd} )

D} =-K, D=0, D,=bK, D, =0, D;=K;.

Note that PID controllers have variations based on settings of weight parame-
ters b and c. We indicate the case b = c = 1 by PID, b = 1, ¢ = 0 by PI-D, and
b = ¢ = 0 by I-PD. Setting decay rate o and observer gain L, the maximum

threshold o* is obtained by solving SDP (5.25).

Example 5.2. Consider a linear system

)= |3 | w0+ [3] @ + a0,
y(t) = [2.5 0] zp(2),

and PID, PI-D, and I-PD controllers with the parameters: K, = 1.63, K; = 2.71,
Kq = 0.075, and Ty = 0.052. The control parameters are obtained by applying
MATLAB function pidtune. By solving SDPs (5.25) with intervals hg = hy =
0.01 and o« = 0.3 for the two cases: PID both with and without feedforward
controller (FF, Ky = —0.5), we find the event thresholds as in Table

We consider the reference signal r(t) = 1,Yt > 0 and disturbance d(t) =
—2,Vt > 10. Numerical results with p = 1075 for ETC with and without FF,
compared to TTC, are shown in Figures[5.445.6 and Table[5.3
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Figure 5.4: Responses of the event-triggered PID control (ETC without FF: blue,
with FF: red) and the time-triggered control (TTC: orange). In each figure,
three plots show the outputs, control signals, and event generations of the
ETCs from the top.
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Figure 5.5: Responses of the event-triggered PI-D control (ETC without FF:
blue, with FF: red) and the time-triggered control (TTC: orange). In each figure,
three plots show the outputs, control signals, and event generations of the
ETCs from the top.
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Figure 5.6: Responses of the event-triggered I-PD control (ETC without FF:
blue, with FF: red) and the time-triggered control (TTC: orange). In each figure,
three plots show the outputs, control signals, and event generations of the
ETCs from the top.
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Type T, M T, IAE ﬁrftvlﬁn}s
ETC (PID) 051 64 280 134 21
ETC (PID+FF) 049 58 273 094 16
TTC (PID) 0.53 7.7 3.04 1.37 299
" ETC(PLD) 059 111 298 146 18
ETC (PI—D+FF) 0.59 114 296 1.07 14
TTC (PI-D) 0.56 9.1 3.08 1.40 303
ETC (I-PD) 1.15 4.5 3.54 1.90 31
ETC (LPD+FF) 118 46 341 150 25
TTIC (I-PD)  1.14 33 354 185 340

Table 5.3: Comparison of the ETCs and TTCs.

As performance metrics, we introduce the rise time T overshoot set-
tling time Tsﬂ and the IAE withty = 20. It can be found from Figures—
that the ETCs compensate for the step disturbances as we showed in The-
orem Thanks to feedforward controllers, the effects of the disturbances are
reduced more efficiently. The IAEs of the ETCs with FF are smaller than those of
the ETCs without FF and TTCs as in Table[5.3 The response of each ETC (blue
solid line) are similar to the TTC (orange dash-dotted line) in Figures[5.4{5.4 We
can see that the event-triggered controllers can track their setpoints as well as the
time-triggered controllers without performance degradation. In fact, the quan-
tities such as rise time, overshoot, and settling time for the ETCs and TTCs are
almost same (Table.[5.3). We also indicate the number of event generations until
t = T. It can be seen that event generations are extremely reduced compared to
the TTCs while keeping the control performance.

"Time that the step response y1 (t) takes to rise from 10% to 90%
?Percentage overshoot compared to the setpoint
*Time that error |r — y(¢)] to fall with in 2% of the setpoint
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Figure 5.7: Event-triggered cascade control with an observer.

5.3.2 Cascade control

With given control and sampling parameters, a cascade controller (5.19)-(5.20)
is given by
0 0 0 0 -1
|0 —ym oo o s |~1/Ti
K K} 0 0 |7 T —-K} |’
0 0 0 —1T 0
[0 0 0
0 = 1/T1hy = 0
Bz - 71 9 Bcl - / 0 ) Bc2 - O 9
| 1/Tohs 0 1/Tohs
[ 1 0 0
B, = |l B = |7 g o]
bK 0 U
.0 0 f
C.=[K:K! KK} K! K3, D!=-K\K., D?=-K
D!=0, D=0, D,=bK\K) D,=0, D;=KK

The block diagram of event-triggered cascade control with an observer is

shown in Figure

Example 5.3. Consider the system illustrated by Figure[5.7, where plant 1 is
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CAS CAS+FF PI  PI+FF
o* 0.79 0.80 0.07 0.18

Table 5.4: Obtained thresholds for the cascade and PI control.

given by
-1 1 0 0
:L‘p71(t) = 0 —-1.2 1 xp71(t) + {0 yg(t),
0 0 -15 4
yi(t)=[25 0 0] zp(t),
and plant 2 by

Tpa(t) = —2xp2(t) + 2 (a(t) +d(t)),
yg(t> = 1.5$p’2(t).

We apply event-triggered cascade control (CAS) with a PID-PI pair: Kg =
0.18, Kil = 0.07917K(}1 = 0.0439,T7 = 0.0175 for the outer controller and
Kg = 0.244, K? = 1.82 for the inner controller, with and without feedforward
control Ky = —0.5. We compare this to PI control with K, = 0.109, K; =
0.0488. Solving SDPs with intervals hg = 0.02,h; = 0.04, hy = 0.02,
and o = 0.1, the event thresholds are obtained as summarized in Table[5.4,

We consider the disturbance signal d(t) = 0.05,Vt > 0. Numerical results
with p = 108 are shown in Figure and Table It can be found from Fig-
ure (5.8 that the proposed event-triggered cascade controller compensates for the
disturbance. Compared to the event-triggered PI control, the effect of the distur-
bance is significantly reduced. The maximum value of output y; (t) is about 0.05
(without FF), while that of the PI control is more than 0.25. The IAE of the cascade
control are around 0.3, while that of the PI control are around 1.0. We can also
see that the disturbances are effectively compensated by the feedforward control
in both cascade and PI controllers. We indicate the number of event generations
of each event-triggered controller until t = 20 in Table[5.5 It can be seen that
event generations are extremely reduced compared to the time-triggered cascacde
control with slight performance degradation, which can be further reduced by in-
troducing feedfoward control.



128 Event-triggered Actuation for Multi-loop Control Systems

03 T T T T
ETC (CAS)
TTC (CAS)
ETC (PI)
Y1 0. — — — “ETC (PHFF) ||
- TTC (PI)
0
_0.1 1 1 1 1
0 5 10 15 20 25
T
|
20 25
s
c
oS ;X OEBEK X BB X XX X X X x -
c®
U o
> o
w c
o S ORI HORKKOK * -
—_ Lo — e
0 5 10 15 20 25

Time[s]

Figure 5.8: Responses of the event-triggered cascade control (ETC (CAS)),
time-triggered cascade control (TTC (CAS)), event-triggered PI control (ETC
(PI)), and time-triggered PI control (TTC (PI)). The top plot describes the out-
puts, the middle control signals, and the bottom the event generations of ETCs.
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Type Yimax  IAE un#’iiflvf n:tSQO
ETC (CAS)  0.055 0.296 41
ETC (CAS+FF) 0.027 0.176 32
TTC (CAS)  0.048 0.177 1000
ETC (PI) 0.257 1.058 73
ETC (PI+FF) 0.132  0.547 65
TTC (P) 0241 1.025 1000

Table 5.5: Numerical results of the event-triggered and time-triggered cas-
cade/PI control.

5.3.3 Decoupling control
A decoupling controller can be written by the form of (5.19)-(5.20) with

0 0 0 0 -1
o 0 —1/T1 0 0 1 —Cl/Tlhl
Ac = 0 0 0 0 » Be= 0 ’
0 0 0 —1/T 0
[ 0 0 0
e T P e PR B
_—CQ/TQhQ 0 CQ/TQhQ
[ 1 0 0 0
c1/Tvh 0 = —cy1/T; 0
B’/’: 1/01 0 1 9 BT: 10/ ! 0 9
L 0 CQ/TQho 0 —CQ/TQ

1 1 1772 1772 1
Cc = |: KI;:;(I KIQ(—;{I K]%(*I;l K}g{[gd] ) D g = |: ;{Igf(l] ’
gt g id i d T tgttp

1

~KlK? _ _ 0 KLY W KIK2
2 _ g p L pl— = 17p 15" p
D [ -K? ] » De=De [0} » Dr [bgKgKrl) by K2 } ’

- Joo [ K} KK}
DT‘[O 0]7 Dd‘[Kszl K2 |
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Figure 5.9: Event-triggered decoupling control with an observer.

where K} and K? are the feedforward gains of controllers 1 and 2, respec-
tively.

The block diagram of event-triggered decoupling control with an observer
is shown in Figure

Example 5.4. Consider the distillation column [25], which state-space formu-
lation is given by

—0.0599 0 0 0
. 0 —0.0476 0 0
ap(t) = 0 0 —0.0917 0 zp(t)

0 0 0 —0.0694
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Decoup. PI
o* 0.097  0.14

Table 5.6: Obtained thresholds for the decoupling control and PI control.

Type Yimax IAE (y1)
ETC (Decoup.)  0.17 5.56
TTC (Decoup.)  0.15 4.96

ETC (PI) 049  13.07
TTC (PI) 044 1226

Table 5.7: Numerical results of the event-triggered and time-triggered decou-
pling/PI control (disturbance rejection).

_.|_

—_ O

0
y1(t) = [0.767 0.90 0 0] zp(t),
y2(t) = [0 0 0.605 1.347] zp(t).

We introduce decoupling control consisting of two PI controllers Kpl) =
0.0537, K} = 0.0112,K2 = 0.0814, K} = 0.0146, K} = K¢ = 0,
and decouplers [Kgl,Kg] = [—1.0336,—0.2381]. We compare this to non-
decoupled PI control, i.e., [K}, KZ] = [0,0]. By solving SDPs with intervals
ho = h1 = ha = 0.5, and o = 0.025, event thresholds are obtained (Table[5.6).

We consider the step reference signal v(t) = [0,1]7,Vt > 0. Numerical
results with p = 1075 are shown in Figure Tables and It can be
found from Figure[5.10] and Table[5.7 that the proposed event-triggered decou-
pling controller compensates well for the disturbance. The number of events until
the settling time of y2(t) is extremely reduced compared to the time-triggered
decoupling control with slight performance degradation as shown in Table[5.§
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Figure 5.10: Responses of the event-triggered decoupling control (ETC (De-
coup.)), time-triggered decoupling control (TTC (Decoup.)), event-triggered
PI control (ETC (PI)), and time-triggered PI control (TTC (PI)). From the top,
each plot describes the outputs y; (t) and control signal @; (¢) of one control
loop, outputs y2(¢) and control signal @2 () of another, and the event genera-
tions of ETCs.
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Type LM T AE@)
ETC (Decoup.) 12.67 154 54.66 14.03 19
TTC (Decoup.) 1246 127 5742 1355 115
~ ETC(PI) 989 39 8056 1106 | 20
TTC (PI) 943 25 7438  10.54 149

Table 5.8: Numerical results of the event-triggered and time-triggered decou-
pling/PI control (setpoint tracking).

5.4 Summary

This chapter studied periodic event-triggered PID, cascade, and decoupling
control. The controllers updated their commands when the values went be-
yond given thresholds. We formulated an output feedback control system as a
general form of the three systems, and derived an exponential stability condi-
tion. Furthermore, it was shown that the proposed controller has a capability
of setpoint tracking and disturbance rejection. Event threshold tuning was
also proposed. We then applied the framework to PI, PID, cascade, and decou-
pling control. The numerical examples showed that the proposed controllers
reduced the communication load while maintaining the control performance.

5.A Proof of Lemmal5.1l

Before presenting the proof, we introduce the following lemma.

Lemma 5.3. ([126]) Let z : [a,b] — R™ be an absolutely continuous function
with a square integrable first order derivative such that z(a) = 0 or z(b) = 0.
Then for any o > 0 and W € S'{ ,, the following inequality holds:

b N2
/ 2t T (W z(t)dt < Zal(b-0) 40— 0)7

a

/b etz T ()W 2(t)dt.

72 a

Now, we derive the stability condition of the system (5.12) with () = 0.
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Consider the functional

V=Vo+ Vi, + > Vir + > Vi, + >V (5.27)
1EN 1eN 1EN
where
Vo £ a(t) T Pa(h)
t
Viv, = h?)eQahO/ ~2=9)3:(s) TWoi(s)ds
tg
- ﬂj K —2a(t—s) sT
1 e dg (s)Wodo(s)ds,

ty

t
Viv, 2 (ho + hy)2e?(hothi) / e 200=5) () TWiii(s)ds
Si(tk)

-
- / e~ 200=3)5 T ($)Wids(s)ds,
4 Si(tk)

t
Vig, 2 (ho + hy)2e2(hoth) / 620095 ) T Wi (s)ds
i(tk)—hi
- / e20(=5) 5T () 1T5:(5)ds,
(tr)—

VRz’ é/ 72a(t s) T( )Rlx(s)ds
t—h;
0 t
+ h; / / e 200=9) 5T (5) Ryie(s)dsd,
—h; Jt+60

with 50(t) é a:(tk) — a;(t), (5,(t) é :c(s,(tk)) — a:(t) and gz(t) é $(Si(tk) —
h;) — x(t). Using Lemma and t — t < hg, we have Vjy, > 0. In addition,
we have Viy; > 0 and Vi, > 0 as

t— Si(tk) =t—tp + (tk — Si(tk)) < hg + h;.
We take the derivatives of each term

Vo+2aVp =z" (t)(PA+ AT 4+ 2aP)x(t)
N

+2 aT()PA(t—hi) +2)  a' () PAS(L)

ieEN i=0
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+2> ' () PAS(L),

ieN
Viv, + 2aViy, = h2e? Mo iT (6 Woi(t) — 7;255 (t)Wodo(t),
Viv, + 2aViy, = (ho + hy)2e2hotha) o T (Y Wia(t) — =6, (£)Wids (1),
Vig, + 2aVig, = (ho + hy)?e?* Mot T (1) Wi (t)
— Tfe—QahiSiT (t)Wids(t),

and, by Jensen’s inequality [223]],
VRi +2aVg, < z! t)(Q; — efzahiRi)x(t) + 2e2ahigp T () Rix(t — hy)
— e_2ahil‘—r(7§ — h‘l)(QZ + Rl)x(t — hl)
+ h2i T () Ry (t).

By Schur complements, we have that V 4 2aV < 0if & < 0.

5.B Proof of Theorem

First, note that by the event-triggering condition (5.8), for some w > 0, we
have

wou (£)Qu(t) — we " (H)QE(t) > 0. (5.28)
Introducing the functional gives
V +2aV <V +2aV +wou' (t)Qu(ty) — we ' (£)QE(L).

Substituting u(tz) = Koz (ty) + Kiz(s;(tg)) + Kz (s;(ty) — h;) into this, and

applying Schur complements, we have V' + 2aV < 0if ¥ < 0.






Chapter 6

Event-triggered Actuation for
Time-delay Systems

Process plants usually have time delays due to physical movements of ma-
terial or energy. Time delays may deteriorate control performance or even
destabilize systems. The Smith predictor is widely used in process control ap-
plications to compensate for large time delays by predicting the plant output
using a simple plant model. This chapter investigates event-triggered PI con-
trol for time-delay systems as a way to reduce communication load. The plant
is given by continuous-time linear systems with parametric uncertainties. We
consider sampled-data PI control with the Smith predictor.
The main contributions of this chapter are as follows:

We derive an exponential stability condition of time-triggered PI control
systems with parametric uncertainties (Theorem6.1).

We introduce periodic event-triggered PI control for time-delay sys-
tems. An exponential stability condition is derived (Theorem|[6.2).

We propose an event threshold tuning procedure under a given stability
margin (Corollary [6.1). The optimal threshold is obtained by solving a
semi-definite programming (SDP) problem.

We provide numerical examples to illustrate that our proposed con-
troller reduces the communication load without performance degrada-
tion compared to conventional PI control.

137
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The remainder of the chapter is organized as follows. Section[6.1|describes
the PI control system with the Smith predictor. An exponential stability con-
dition is derived. In Section we propose event-triggered PI control and
derive an exponential stability condition. We provide numerical examples in
Section [6.3] The conclusion is presented in Section

6.1 Time-triggered PI control for time-delay sys-
tems

In this chapter, we consider a continuous-time linear plant with a process time-
delay. The plant is controlled by a PI controller with the Smith predictor (Fig-
ure [6.1). In this section, we introduce the plant with uncertain parameters,
the predictor, and the PI controller. An exponential stability condition for the
closed-loop system is derived.

6.1.1 System model

Consider a plant with a constant process time delay given by

iy(t) = Apzp(t) + Bpul(t —n), (6.1)
y(t) = Cpap(t), (6.2)

where z,(t) € R", u(t) € R, y(t) € R, n > 0, are the state, control sig-
nal, output, and a constant process time delay, respectively. We assume that
the sensor samples and transmits its measurement every h time interval. Let
tk, k € Np, be the time of transmission & of the sensor, ie., tx11 —tp = h
forall t > 0. A sampled-data implementation of a predictor, which updates its
state every h time interval, is given by

ép(t) = Ap@y(te) + Bpu(t), t€ [ty thr1),
Q(t) = ijp(tk)v

where Z,(t) € R" and §(t) € R are the predictions of the plant state and the
output. A PI controller is given by

Te(t) =71 —e(tr) = 9(tr), t € [t trrr), :
u(t) = Kizc(ty) + Kp(r — e(ty) — 9(tr)), (6.6)
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RAGAN - ult)l Event | _ ol y(t)
Controller ) trigger Plant

(tx)
Predictor I= e
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+
+

Figure 6.1: Event-triggered PI control with the Smith predictor. The event trig-
ger is introduced in Section

where z.(t) € R is the controller state, » € R the constant reference signal,
e(t) = y(t) — §(t — n) the prediction error.
We make the following assumptions on the uncertainty of the plant.

Assumption 6.1. The system matrix A, and the vector B), reside in the uncer-

tain polytopes
Ap=) NAY, By=) wB,
ieN ieN
where A% and B®W, i € N' 2 {1,...,N} are the vertex matrices and vec-

tors, respectively, and \;, p; € [0,1], are constants with ) ;.\ N; = 1 and
Dien Mi =1
Assumption 6.2. The system (6.1)-(6.2) with the uncertain polytopes is
(Az(,i), BI(,i)) controllable and (C), Az(,i)) observable for alli € N.

By augmenting the state z(t) £ [z, (t + 1), 2, (t), . (t)]" € R*"*! we

rre
have the following closed-loop system description

:C(t) = Aa:(t) + Ala:(tk) + Agx(tk — 7]) + Bgpr, te€ [tk, tk+1), (6.7)

with
(A4, 0 0 0 —-B,K,C, By K,
A=10 0 0, A =10 A,-B,K,C, ByK,|,
|0 0 0 0 -Cp 0
[—B,K,C, B,K,C, 0 B, K,
Ay = |-B,K,C, B,K,C, 0|, Br= |B,K,
. -G Cp 0 1
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Remark 6.1. Suppose that Assumption[6.1 holds. Then the matrices A, A, As,

and Bp, reside in the uncertain polytope

A=Y NAD o< <1,

d =1,

iEN 1EN
A1=ZMiAgi)a 0<pu; <1, Zﬂizl,
iEN ieEN
Ap = Mz‘Ag)a 0<p; <1, ZM: 1,
1EN ieN
BR:ZMZBTl)v O<MZ<17 Zulzlu
iEN iEN
where
0 A% 0 0 o [0 -BYK,c, BYK,
AY=10 0 0|, 4" =1|0 A4,—-B,K,C, B,K, |,
[0 00 0 -G, 0
. __BI(JZ)KPCP Bigz)KpCp 0 . BI(’I)KP
AY = | “BK,C, BK,C, 0|, BY=|B,K,
-Cp Cp 0 1

6.1.2 Stability of time-triggered PI control
We derive the stability condition of the closed-loop system (6.7).

Theorem 6.1. Consider the closed-loop system (6.7). Suppose that Assump-
tion holds. Given K, K, € R, and o > 0, assume that there exist
P, Ry, Ry, W1, Wy € S, such that

W 8 PP pAD (404 A0
« By 0 0 ADTQ
o0 = | .z 0 AT qQ <0,
* * * —%QQ_QQWWQ Ag)TQ
| * * * * —Q ]
(6.8)

foralli € N, where
(pgzl) A P(A(i) + Agi)) + (A(i) i Agi))TP L 9aP 4 Ry — efza"R%
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PAY) e 20mR,
Doy £ —e?I(Ry + Ry),
Q £ 0’ Ry + h*e** (W + e >¥1Wy).

K
2
N

[>

Then the closed-loop system with v = 0 is exponentially stable with
decay rate a.

Proof. See Appendix O

6.2 Event-triggered control of time-delay systems

In this section, we introduce event-triggered control. We derive an exponential
stability condition and propose a way to tune the event threshold with given
control parameters.

6.2.1 System model of event-triggered PI control
Consider the system
Tp(t) = Apap(t) + Bpu(t —n)

where (t) is the event-triggered control signal. We assume that @(t) is up-
dated by checking the event-triggering condition

(u(ty) — a(tr—1))* > ou?(ty) + p (6.9)

at every sampling time ¢;, k € Ny, where o > 0 is a relative threshold and p
a constant. The event-triggered control signal is given by

a(t) = u(tr), t€ [thytrr1), if (6.9) is true,
(tp—1), tE [t trer), if (69) is false,

with @p = u(tg). Define the control signal error as

= ﬁ(tk) — u(tk), t e [tk, tk+1).
Then the closed-loop system is given by

(1) = Aw(t) + Ayx(ty) + Asx(ty, — 1) + BE(t) + Bgr (6.10)
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where
B

P
B=|B,
0

Remark 6.2. Suppose that Assumption|[6.1 holds. Then B resides in the uncer-
tain polytope

N N
B=Y mBY, 0<p <1, > =1,
i=1 i=1
where ‘
e
B(Z) — Bp
0

6.2.2 Stability of event-triggered PI control
We have the following stability condition.

Theorem 6.2. Consider the closed-loop system (6.10) with p = 0. Suppose that
Assumption holds. Given Ky, K}, € R, and o > 0, assume that there exist
P, Ry, Ry, W1, Wo € S, w > 0, and o > 0, such that

[  PBY  woK] 1
0 woK,
10 0 wo K
v = 0 woK, | <0, (6.11)
QB 0
S 10 —wo |

foralli € N, where
Ki=[0 —K,C, K], Ky=[-K,C, K,C, 0].

Then the closed-loop system (6.10) with the event-triggering condition with

r = 0 is exponentially stable with decay rate o.

Proof. See Appendix [6.B] O
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Remark 6.3. Forr # 0, we need to apply a coordinate transformation &(t) =
x(t)—x. wherex? = —(A+ A1+ As) "L Bgr is the equilibrium point. Note that
A+ A1+ Ay is invertible when a continuous controller (i.e., h = 0) stabilizes the
system and therefore A+ Ay + Ay is Hurwitz (Lemmal5.2). The event-triggering
condition is replaced by

(ulti) — @(ti-1))> > o (u(t) — ue)® + p

where u, = (K1 + Ky)z, is the steady-state control signal Theorem. can
be applied if we know the exact model Ap = A, and Bp = B,. Otherwise, we
use the prediction of A, A1, Aa, Br denoted as A ,Aq, Ao, BR The predlctlon
matrices are given by replacing Ay, B, in A, Ay, As, and Br by Ap, B . The
event-triggering condition is replaced by

(u(ty) — @(ty-1))* > o(u(ty) = dc)* + p

where i = — (K1 + K2)(A+ A1 + Ay) 1 Bpr is the prediction of steady-state
control signal. In this case, the prediction error e, £ {i. — ue leads to the steady-
state tracking error. The observer introduced in Chapter[3 can be used to avoid
the error.

Using (6.11), we can tune the event threshold ¢ to give a minimum com-
munication load satisfying a given stability margin a.

Corollary 6.1. Suppose that Assumption[6.1 holds. Given K,, K, € R, w > 0,
and o > 0, if the SDP:

o 2max o st U <0, ieN, (6.12)
is feasible, then the closed-loop system (6.10) under the event-triggering condi-
tion with o = o* is exponentially stable with decay rate c.

6.3 Numerical examples

This section provides numerical examples to illustrate our theoretical results.
Consider a first-order linear system

Ep(t) = azxp(t) + bu(t —n), (6.13)
y(t) = zp(t), (6.14)
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Comm. Comm.

until ¢ = 50 Reduction IAE

ETS (n = 1) 285 43.0% 3.39
TTS (n = 1) 500 0% 3.52
TTPI (y = 1) 500 0% 4.52
ETS (1 = 3) 316 36.8% 5.37
TTS (n = 3) 500 0% 5.43
TTPI (n = 3) 500 0% 400
Open-loop . - 18.94

Table 6.1: Number of communications, their reductions, and the IAE for the
strategles: ETS, TTS, and TTPL withn = 1 and n = 3.

where the system parameters take their values in a € [—0.055, —0.045] and
b € [0.45,0.55]. We use a plant model

Zp(t) = —0.05d,(t) + 0.5a(t — n).

The linear matrix inequality guarantees the exponential stability of
the time-triggered PI control system (6.13)—(6.14) with the control parameters
K, = 0.816, K; = 0.293, sampling interval i = 0.2, decay rate o = 0.04 for
time delays n < 3.4.

Initial response

We first see the responses of two different time delays n = 1 and n = 3 with
the reference » = 0 and initial state z(¢t) = [1,0,0], ¢ € [—3,0]. By solving
SDPs (6.12), we obtain the event thresholds o* = 0.245 and ¢* = 0.014 for
n = 1 and n = 3, respectively. The SDP can be solved effectively by YALMIP
toolbox [222]]. To evaluate the system performance, we use the Integral of the
Absolute Error (IAE)

—+o00
IAE:/ T
0

The results for three strategies: the event-triggered PI control with the
Smith predictor (ETS), time-triggered PI control with the Smith predic-
tor (TTS), and time-triggered PI control (TTPI), together with the open-loop
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— ETS
- == TTS
s e TTPI

sxsnusi Open-loop

20 25 30 35 40 45 50

1
0 5 10 15 20 25 30 35 40 45 50
g T D TP EREoToO— OO0 — T < D
58
> o
w c
% 1 1 1 1 I 1 1 I
0 5 10 15 20 25 30 35 40 45 50
t

Figure 6.2: Responses to the initial state z(¢) = [1,0,0], t € [—1,0] (top: y(t),
middle: u(t)) of the four strategies with time delay 7 = 1: the event-triggered
PI control with the Smith predictor (ETS: red solid line), time-triggered PI con-
trol with the Smith predictor (TTS: blue dashed line), time-triggered PI control
without the Smith predictor (TTPIL green dash-dot line), and open-loop sys-
tem (black dot line). The bottom plot shows the event generations of the ETS
at the controller.
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Figure 6.3: Responses to the initial state z(t) = [1,0,0], t € [—3,0] (top: y(),
middle: u(t)) of the four strategies with time delay n = 3. The bottom plot
shows the event generations of the ETS at the controller.
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system are summarized in Table The responses for n = 1 and n = 3 with
p = 0 are shown in Figure [6.2| and Figure respectively, where we assume
that the unknown system parameters are given by a = —0.048 and b = 0.52.
It can be found that the ETS and TTS successfully compensate for the time-
delays and the outputs converge to the origin. However, the TTPI is more
oscillative in Figure 6.2 (n = 1) and does not stabilize the system in Figure
(n = 3). In fact, the IAEs for the ETS and the TTS are close as in Table
while those for the TTPI are larger or diverges. The third plots in Figure
and Figure [6.3| show the time instances of the control command updates. We
can see, as well as Table that the communications between the controller
and actuator are performed only 35 times and 66 times until ¢ = 50. Including
the communications between the sensor and controller, the ETS reduces the
communications by 43.0% and 36.8% compared to the TTS.

Setpoint tracking

Next, we show the responses with 7 = 1. The results are shown in Figure
In setpoint tracking, we need to apply a coordinate transformation z(t) =
z(t) — &, where &, = —(A + A + Ay) "' Bgr. In Figure 6.4, the ETS has a
similar response as the TTS with only 30 samplings until ¢ = 50, even though
there remains a small oscillation due to inexact .

6.4 Summary

In this chapter, we studied periodic event-triggered actuation applied to time-
delay systems. We considered PI controllers, which updated its control signals
when the values went beyond a given threshold. A state-space formulation of
the Smith predictor was introduced to compensate for time delays. We derived
the exponential stability condition under the assumption that the system pa-
rameters resided in uncertain polytopes. Based on this result, we proposed the
event threshold tuning. Numerical examples showed that our proposed con-
troller reduces the communication load with slight performance degradation.

6.A Proof of Theorem

Consider the functional

V=W+Vr+ Vi, + Vir,, (6.15)
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Figure 6.4: Responses to the setpoint tracking r(t) = 1, Vt > 0 of the three
strategies with time delay 7 = 1. The bottom plot shows the event generations
of the ETS at the controller.
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where
Vo £ ' (t)Px(t),
t
/ ¢20(=1 T () Ry(s)ds

+77/ / 2005 3T (5) Ryi:(s)dsd),
t+6

Viv, 2 hZe M/ i (s)Wha(s)ds

lI>

Vr

tk
- 7;2 t 2 [5(s) — a(ty)]  Walz(s) — z(ty)ds,
Viv, & h2e2oh t @' (s)Wai(s)ds
w JARNCLED
I
= T lats) — e = ] TWale(s) - aty — n))ds.

Using Lemma [5.3|and ¢t — t;, < h, we have Vi, > 0 and Vi, > 0. We take
the derivatives of each term

Vo + 2aVp
T( t)Pi(t) + &' () Px(t) + 202 (t)Px(t)
T)(P(A+ A1) + P(A+ A1) +2aP)a(t) (t)PAsx(t —n)
o (OPAG(E) + 3" ()P A (t) + 2 (t — )ATPx< t)
+51 [ () A] Pa(t) + 65 (t) A Pa(t),

and

. 2
Viv, + 2aViy, = h2e2h3T () Wyi(t) — %5{ (t)W161 (),

. 2
Viv, + 2aVip, = h2e2h 3T (£)Wai(t) — %e*h’wg (t) Wb (t),

where 61(t) £ x(t) — z(t) and 02(t) £ z(tx — 1) — z(t — ). For Vg, by
Jensen’s inequality [72], we have

Vi + 2aVg
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= 2T () Rix(t) — e 22T (t — ) Ryz(t — n) + n°a " (¢)Rai(t)
- 77/ e 200=5) 5T (5) Ryi:(s)ds
t—n
<z (t)Ryz(t) — e 2T (t — n)Ryz(t — 1) + @' (t)Ro(t)
— e 2n /t @7 (s)dsRy / x(s)ds

-1 t—n
=2 () (R — e 2 Ry)x(t) + ¢ 22" () Ry (t — 1)
+ e 22T (t — ) Rox(t) + & (t) Roi(t)
— e 2y T (t — n)(Ry + Ro)a(t — n).

Thus, we have

(i)ll ?12 ?13 ?14

. P P LiiJ
< &7 * 22 @23 Pq
V+2aV <o . . By By
* * * i’44
B1s
D) I - _ _
+ @25 ot (@51 P52 P53 Pyl |4 <O
P35
Q45

where ¢ 2 [2T(¢), 2z (t —n),6] (t),0, (t)]T and

dyy =P(A+ A+ (A+A) P+2aP + Ry — e 2Ry,
‘ilg = PAy + 6_20”7R2, (i)lg = PA;, (i)14 = PAQ,
D5 =(A+A1)'Q, Py =—e (R + Ry),

Doz =0, Poy =0, Po5=A4]0Q,
_ 7'[‘2 _ _ T
P33 = *ZWh ®34 =0, P35=A4,0,

2
Dy = —%e_Qa"W% D5 =A3Q, O55=—0Q.

The proof completes by Schur complements and since ® = {®,,}, £,m =
1,...,5,is affine in A, A1, and As.
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6.B Proof of Theorem

First, note that by the event-triggering condition (6.9), for some w > 0, we
have wou?(t;) — wé2(t) > 0. Introducing the functional (6.15) gives

V 4+ 2aV

< ¢ Prad +x  (HPBE() +£T ()BT Pa(t) + & (H)Qa(t)
+ wou?(ty) — we(t)

0
0 | v+3"(H)Qi(t) +wou(ty),
0

where o) = [T (t), 2" (t —n),0{ (t),55 (t),£"(t)]" and ®1.4 is the submatrix
obtained by omitting the 5-th row and column vectors from ®. Substituting
u(ty) = Kiz(tg) + Kox(ty — n) and applying Schur complements, we have
that V + 2aV < 0 if

I ' PB woK| ]
-0 wo Ky
) 0 woK{
VA -0 wok, | <0.
1 QB 0
P £, —w 0
L * !0 —wo |

The proof completes since U is affine in A, A, As, and B.






Chapter 7

Event-triggered Controller
Switching

Deploying a new sensor can improve closed-loop control performance of pro-
cess control systems. Wireless sensors can be deployed easily since they do
not require cabling. In the previous two chapters, we considered fully wire-
less control and developed event-triggered actuation for multi-loop process
control and time-delay systems. In contrast, this chapter investigates partially
wireless control. We propose a way to introduce new wireless sensors to an
operating hard-wired control system to improve its control performance. In
particular, we consider the scenario that i) a hard-wired feedback control is
regulating a plant with a potential disturbance, and ii) we introduce feedfor-
ward or cascade control by deploying a wireless sensor to mitigate the effect
of the disturbance.

The usage of wireless sensors should be minimized since they usually have
no reliable energy sources. The idea to tackle this problem is to activate wire-
less sensors only when a disturbance appears. Sensor activation switches a
controller to a feedforward or cascade control mode from a PI control mode.
In this chapter, we propose a controller switching framework utilizing event-
triggered sampling.

The main contributions of this chapter is as follows:

« We introduce output feedback control that is a general form of feed-
forward and cascade control. Stability conditions are derived using the
Lyapunov-Krasovskii functional (Lemma7.1).

153
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« We propose a controller switching framework as a switched output feed-
back control system. The stability conditions for the proposed control
system are derived (Theorem[7.1).

« Applications to cascade and feedforward control are studied. It is shown
in numerical examples that our framework reduces communication be-
tween sensors and a controller while providing the disturbance rejection
capability.

The remainder of the chapter is organized as follows. Section[7.1|describes
the system considered. We introduce output feedback control and derive sta-
bility conditions. In Section[7.2] we propose a controller switching framework.
Section [7.3| discusses the applications of this framework to cascade and feed-
forward control. We provide numerical examples in Section The conclu-
sion is presented in Section [7.5]

7.1 Output feedback control with multiple sensors

In this section, we introduce a continuous-time linear system monitored by
multiple sensors and controlled by an output feedback controller. Stability
conditions are derived under bounded sampling intervals of each sensor.
7.1.1 System model
Consider a plant given by
Ip(t) = Apzp(t) + Bpu(t) + Bad(t), (7.1)
yi(t) = Cpizp(t), i€ N E{1,...,N}, (7.2)

where z,(t) € R"™, u(t) € R™, d(t) € R™ and y;(t) € R% are the state,
control signal, disturbance, and measurement by sensor i € N/, respectively.
The matrices Ay, By, By, and Cp;, ¢ € N are real matrices of appropriate
dimensions. We consider an output feedback controller

-fc(t) = Acxc(t) + Z Bc,iyi(si(t)) + B?"T(t)7 (7-33)
N

u(t) = Cexe(t) + Y Deayi(si(t)) + Drer(t), (7.3b)
N
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> U > Y1
Controller Plant

» YN

Figure 7.1: Output feedback control system with N sampled-data measure-
ments.

that employs sampled-data measurements, where .(¢) € R"< is the controller
state, 7(t) € R" the reference signal, and s;(¢) € R the latest time instance at
time ¢ when sensor ¢ transmitted its measurement. The matrices A., B.;, B,
Ce, D¢, Dy, i € N, are real matrices of appropriate dimensions. The block
diagram of the system considered is depicted in Figure

By augmenting the state z(t) = [z, (t),z/ ()] € R™ 7", we have the
following time-delay closed-loop system description

B(t) = Az(t) + > Aiw(t — () + Bpd(t) + Brr(t), (7.4)
N

yi(t) = Ciz(t), ieN, (7.5)
where
|4, B,C. | BpDciCpi 0
A=y B A Bl 0
_ | Bua _ |BpD,
BD - |: 0 :| ) BR - |: BT :| bl

Z‘Z[Cp’i 0], iGN,
)

and 7;(t) = t — s;(k) with 7;(¢) = 1 for all i € N are time delays due to
sampling.

7.1.2 Stability analysis

We derive stability conditions for the closed-loop system with bounded
sampling intervals. We assume that any sampling satisfies ¢t — s;(t) < h;, Vt >
0. For simplicity, consider the two-sensors case, i.e., N = 2. We have the
following lemma.
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Lemma 7.1. Assume that there exist P,Uy,Us € S'} ,, some matrices P, P,
and a constant o > 0 such that the linear matrix inequalities (LMIs)

Py D)
<0, 7.6
* Doy + hiUp + haUs (7.6)
(D1, D19 —h1P) A ]
* Doy + holUs —hlpz):rAl <0, (7.7)
| X * —h1U1672ah1_
Dy D19 —haPy Ay ]
* Doy + A Uq —th?:rAz <0, (7.8)
| * * —thQe_2°‘h2_
(D17 D12 —mP A —ha Py Ay
Doy — Py A —ho P Ay
" _hlUleg—Qahl 03 < Oa (7'9)
L * 0 —hoUse™20h2

where

b, = PQT(A + A + AQ) + (A + A + AQ)TPQ + 2aP,
Do =P —P) +(A+ A+ As) P,
®yp = —P3— Py,
are feasible. Then the closed-loop system with d(t) = 0 and r(t) = 0 is

exponentially stable with decay rate o > 0 for all sampling instants less than or
equal to hy for sensor 1 and ho for sensor 2.

Proof. See Appendix O

Remark 7.1. Lemma can be extended to N > 3. In this case, 2V LMIs will
appear. Our assumption that N = 2 is reasonable as many process control loops
consist of at most two sensors such as feedforward control and cascade control.

7.2 Event-triggered controller switching

The main idea of this chapter is to activate a sensor to improve the transient
response only when the output fluctuates. In this section, we propose a con-
troller switching framework, which activates another sensor only when its
measurement gap from the last sampling goes beyond a given threshold.
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Let us define two controllers, one of which computes the control signal
using one sensor output y; (), and another controller uses two outputs y; ()
and y(t). Consider the following two controllers

Fe(t) = Apry(t) + Biayi(si(t) + Ky ¢' (t) + By, (7.10a)
ul(t) = Ceae(t) + Deqyi(s1(t) + Dy, (7.10b)
and
a2 (t) = A2l (t) + B2y (s1(t) + BZaya(sa2(t))
+ K} ¢%(t) + B?r, (7.11a)

u?(t) = CJag(t) + DZ1yi(s1(t)) + DZoya(s2(t)) + Dir(t),  (7.11b)

where z1(t) € R",22(t) € R" are the controller states and ¢ (t) £ u(t) —
u'(t) the control signal error. Here, u(#) is the actual control signal to the
actuator, which is defined by

u(t) :{ ul(t), ifo(t)

=1,
u?(t), ifo(t) =2, (7.12)

where 0 : R — {1, 2} is the controller index function. It takes o (¢) = 1 when
controller 1 is activated, and o(t) = 2 when controller 2. The block diagram
of this switching controller is illustrated in Figure The terms K ¢'(t) are
called bumpless transfer introduced to reduce the effect of controller switch-
ing [221]]. Let us note that controller uses only the measurement from
sensor 1, while controller uses both sensors 1 and 2. Augmented by
x'(t) = [x;,r (t), 21T (t), 227 (t)]T € R™T7e*nZ we obtain the following hy-
brid system description

x(t) = A7Ox(t) + A7 Dx(s1(8)) + A5 x(s2(t))

+ BIVd) + BSYr(t), o) € {1,2}, (7.13)
y1(t) = Cix(2), (7.14)
ya(t) = Cax (1), (7.15)
where
A, B,C! 0
At=10 Al 0 ,

0 KC! A2-KPC?
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Controller +
r
ul
yl »| Controller 1
periodic sampling
u
> u2
y2 o| Controller 2
event-triggered
sampling I -
+

Figure 7.2: Block diagram of an event-triggered switching controller. Con-
troller 1 computes control signal u! and controller 2 computes u?. The control
signal to the plant u is chosen based on the switching rule.

BpD},Cpa 0 0
Al = B, Cp 0 0},
_Bg,lc 2+ Kg(Dé,l - Dg,l)CpJ 0 0
[ 0 00
Al = 0 0 0,
_Bg,chﬂ_KgDéQCp,? 00
By B,D}
Bh,=10]|, Bi= B} ,
0 B? 4 K3(D} — D?)
A, 0 B,C?
A*=|0 Al-Kic! Kic?|,
0 0 A?
i B,D?,Cp1 0 0
Af = B 1Cpa+ Ky (D2, —Di)Cp1 0 0],
i B2,Cp 0 0
ByD2,Cpy 0 0
A3 = K}DZ,D2,Cp1 0 O,
B2,Cpa 00
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By B,D?
B =|0|, Bp=|B'+K}D}-D}|,
0 B?

Ci=[Cp1 0 0], Co=[Ch2 0 0].

We define controller switching consisting of three modes Q £ {q1,92,43},
see Figurd7.3] The initial states of the switching is assumed to be ¢(0) = ¢1,
x(0) = xo € R Hmetne 51 (0) = 59(0) = 0, where ¢ : R — Q is the mode
index function. Each mode is characterized by which controller is activated
and when the sensor measurements are transmitted.

+ In mode ¢, controller 1 is used, and only sensor 1 transmits the mea-
surement with every h;j interval to the controller:

o(t) =1,
q1 : Sl(t) = Lt/hthl,
Sg(t) =0.

« In mode ¢o, controller 2 is used. Sensor 1 continues to transmit the mea-
surement with every hj interval to the controller, but sensor 2 transmits
through event-triggered sampling:

o(t) =2,
s1(t) = [t/h1]ha,

PN sa(t) = ming {¢': (Jya(t) — g2(t)]| > 6
At —t' > hmin) VE—t' = ha},

where the minimum inter-sampling time hpj, < ho is introduced to
avoid Zeno behavior.

« In mode g3, controller 1 is used and only sensor 1 transmits the mea-
surement with every h; interval to the controller:

(t)=1,
qs : Sl(t) Lt/h
s9(t) = so(t

q

1) ha,
),

where t' = maxi{t : ¢(t) = ¢2}.
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[y2(t) = ya(s2(O)II =6 lly2(t) —92(t)|| <6,V € [t', '+ T)

Figure 7.3: Mode transition diagram among ¢, g2, and ¢s.

Mode transition from mode ¢ to g2 occurs when ||y2(t) —y2(s2(t))|| > J, and
from g9 to g3 occurs att = t1+7T when ||y2(t) —y2(t1)|| < 6,Vt € [t1,t1+T),
for some t7.

Now, we make the following assumption.

Assumption 7.1. There exist P/, Uf, Ug € S, and some matrices P2j, Pg for
J = 1,2, such that the LMIs (7.6)~(7.9) hold in which the matrices are replaced
byP =P, U =U{,Uy=U3),P,=PJ, Py =P}, and

By = Py (A7 4+ A+ A)) + (A + Al + A)T Py + 2aP,
Py =P — Py + (A + Al + 4)T P,
Bgg = —P3— Pyl

Assumption [7.1| guarantees that both controllers (7.10) and (7.11) without
switching stabilize the plant (7.1)-(7.2). The following theorem summarizes
that the proposed switching framework yields a stable closed-loop system.

Theorem 7.1. Suppose Assumption holds. The event-triggered switching

control system defined by the plant (7.1)—(7.2) and the controllers (7.10)—(7.12)
is asymptotically stable with d(t) = 0 and r(t) = 0.

Proof. First, note that the state x(¢) converges to the origin if the system stays
in mode ¢; forallt > 0. We show that, in mode ¢», there exists time instance t;
such that [|y2(¢) — y2(t1)|| < 0 for t > ¢;. Due to Assumption[7.1] the system
with controller 2 is asymptotically stable. Thus, there exists a time instance ¢}
such that ya(t) never leaves the 0/2-neibourhood of the origin for ¢t > #].
Taking t1 > ¢ as the first sensor 2 sampling time after ¢}, then, for ¢ > ¢, we
have ||y2(t) — y2(t1)|| < d. This guarantees that the system goes to mode g3
after t = ¢; + 1. The proof completes since in mode ¢3, the system with
controller 1 is also asymptotically stable. O
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Figure 7.4: Event-triggered cascade control with controller switching.

7.3 Applications to cascade and feedforward control

In this section, we apply the controller switching to cascade and feedforward
control. Our idea is to use a PI controller when disturbances are not present
and to activate a cascade controller or a feedforward controller when they are
believed to be present.

7.3.1 Cascade control

In cascade control, the outer controller computes its control signal for the in-
ner controller. The inner controller then sends its control signal to the actuator.
Corresponding to the controller switching framework, the cascade control is
used in mode g2, while PI control is activated in mode ¢ and gs.

The block diagram of the event-triggered cascade control with controller
switching is shown in Figure Plants 1 and 2 are given by

Tp1(t) = Aprap1(t) + Bpiya(t),
Epo(t) = Apaxpa(t) + Bpoul(t) + Bagd(t),

with
y1(t) = Cpixp1(t), y2(t) = Cpozpa(t),

where x1(t) and x,,2(t) are the states of plants 1 and 2, respectively. Thus, we
have

— Apl BplcpZ . 0 . 0
Ap = |: 0 Ap2 , Bp = , Ba= ’
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Cp=[Cp 0], C2=1[0 Cp).

Consider PI control for both outer and inner controllers. Denote . (t)
and uq (t) as the outer controller state and its control signal, respectively. Then
we have

Fe1(t) =r(t) —yi(s1(t)),
ui(t) = Kfze (t) + K3 (r(t) — ya(s1(t))).

In the same way, we describe the inner controller as

dea(t) = ur(t) — ya(sa2(t)),
u?(t) = Kiyrea(t) + Ky (ua(t) — ya(s2(t))),
where .2 (t) is the secondary controller state. Introducing an augmented con-

troller state 22" () = [z} (t) 25 (t)] T, we obtain a cascade controller as
with

0 O -1 0
2 2 _ 2 _
Ac - |:K121 O:| ) Bc,l - |:_K2 :| ) Bc,2 - |:_1:| )
1
B | -k x)
D?,l = —K§2K§1, Dz,2 = _K§2’ D?« = K§2K§1'
In the same way, we obtain a PI controller as (7.10) with

Al=0, Bly=-1, B =1,
C;=K}, D,,=-K,, D;=K]. (7.16)

7.3.2 Feedforward control

The block diagram of the event-triggered feedforward control with controller
switching is shown in Figure[7.5] Plant 2 can be an uncontrolled stable plant, a
closed-loop system, or an independent controller located in a different place.
The plants are given by

Tp1(t) = Ap1ap1(t) + Bpru(t) + Baw(t),
Tpo(t) = Apawpa(t) + Bazd(1),
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—»| Plant 2

- v Controller Plant 3
—Pb Controller 1
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Controller 2 an
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Figure 7.5: Event-triggered feedforward control with controller switching.

p3(t) = Ap3wps(t) + Basy2(t),

with

y1(t) = Cprzpi(t),  y2(t) = Cpazpa(t),
w(t) = Cpgl‘pg(t).

The feedforward controller used in mode ¢ is described as (7.11) with

Ai =0, Bg,l =-1, B02,2 =Y Bz =1,
CCQZK127 Dg,lz_Kgﬂ Dz,Qsz27 D3=K§7

where K7 is a feedforward gain. In mode ¢; and g3, the controller is given

by (7.10) with (7.16).

7.4 Numerical examples

In this section, we provide numerical examples of the proposed framework
applied to cascade and feedforward control.
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7.4.1 Event-triggered cascade control

We first illustrate cascade control, where the plant is given by

0 1 0 0
.i’pl (t) = 0 0 1 .CCpl (t) + 0 yg(t),
-1 -3 -3 1

Epa(t) = —2mpa(t) + u(t) + d(t),
yi(t) =10 0 0]zpi(t), wa(t) = 3zp(t).

Lemmal|7.1{guarantees that both controllers with the parameters K é = 0.0119,
K{ = 0.0140, K, = 50, K2, = 0.015, K = 0.0209, K2, = 0.244, K =
1.8209, and KZ?T = [5, 5] stabilize the system with h; = 1.5, ha = 0.3. We
introduce the proposed event-triggered controller switching with 6 = 0.2 and
T=3.

Figure[7.6shows the response to the external disturbance d(t) = 5, Vt > 5.
It can be found that the disturbance activates sensor 2, and the controller is
switched to the cascade control. In mode g9, sensor 2 takes frequent samplings
at the beginning. After several periodic samplings, sensor 2 is deactivated and
the mode is switched to g3 (Figure[7.6; bottom).

Figure compares outputs yi(t) for three cases: the proposed event-
triggered cascade control with controller switching (ET cascade control, red
solid line), cascade control with constant sampling rates with h; = 1.5,
ho = 0.3 (TT cascade control), and PI control with h; = 1.5 (TT PI control,
green dot line). Apparently, the cascade controllers dramatically reduce the
effect of the disturbance. Furthermore, since the proposed control suspends
sensor 2 samplings after the mode is switched, fewer samplings are needed
than the cascade control with constant samplings rates. The proposed control
takes 41 samples only in g2, while the control with constant sampling rates
takes 117 samplings until £ = 35 and the total samplings will constantly in-

crease.

7.4.2 Event-triggered feedforward control

We next show a numerical example of the proposed event-triggered feedfor-
ward control. The plant is given by

i) = |7 o am+ || a0+ [j] wer,
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Figure 7.6: Response of event-triggered cascade control with controller switch-

ing (red: mode q1, yellow: mode g2, and green: mode ¢3).
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Figure 7.7: Outputs for the three cases: the proposed event-triggered cascade
control with controller switching (ET cascade control, red solid line), cascade
control with constant sampling rates (TT cascade control, blue dashed line),
and PI control (TT PI control, green dot line).

Tpo(t) = —xp2(t) +d(t),  Zp3(t) = —Bapa(t) + ya(t),
y1(t) = [0 10)azp1(t), wa(t) =3wp2(t), w(t) = zps(t).

Lemma guarantees that both controllers with the parameters Kg = 0.85,
Kl =0.0241, K} = 50, K2 = 0.325, K3 = 0.288, Kf = —0.1,and K} = 50
stabilize the system with hy = 0.5, hg = 2.5. We introduce the proposed
event-triggered controller switching with 6 = 0.1 and 7" = 12.5.
Figure[7.8|shows the response to the reference signal r(t) = 1,Vt > 0, and
the external disturbance d(¢) = 0.1,Vt > 15. The reference signal does not
activate sensor 2 and the mode stays mode ¢;. The disturbance occurs at ¢t =
15, which results in mode switching. In mode ¢, the feedforward controller
takes the corrective action based on sensor 2 measurements as shown in the
bottom plot of Figure[7.8] Sensor 2 takes frequent samples until around ¢ = 18,
then is deactivated at ¢ = 30 after several periodic samplings.
Figure[7.9|compares outputs for three cases: the proposed event-triggered
feedforward control with controller switching (ET FF + PI control, red solid
line), feedforward control with constant sampling rates with h; = 0.8, hy =
2.5 (TT FF + PI control, blue dashed line), and PI control with A; = 0.8 (TT
PI control, green dot line). The proposed controller realizes the same step re-
sponse as the PI control which has a smaller overshoot than the feedforward
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Figure 7.8: Response of event-triggered feedforward control with controller
switching (red: mode q1, yellow: mode ¢, and green: mode ¢3).
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Figure 7.9: Outputs for the three cases: the proposed event-triggered feedfor-
ward control with controller switching (ET FF + PI control, red solid line),
feedforward control with constant sampling rates (TT FF + PI control, blue
dashed line), and PI control (TT PI control, green dot line).

control. It achieves better disturbance rejection compared to the PI control
since the controller is switched to the one with a large integral gain and with
a feedforward controller. It has even better performance than the feedforward
control with constant sampling rates since the event-triggered samplings can
rapidly react to the disturbance.

7.5 Summary

In this chapter, we proposed an event-triggered controller switching frame-
work for plants monitored by multiple sensors. We considered a scenario that
a controller regulated a plant with a hard-wired sensor, and another wireless
sensor was deployed to improve closed-loop control performance. The wire-
less sensor was activated in an event-triggered fashion to attenuate the effects
of external disturbances. We derived the stability conditions of the proposed
systems. It was shown that this framework could be applied to cascade and
feedforward control. Numerical examples showed that the framework could
mitigate the effect of disturbances with fewer samplings compared to con-
trollers with constant sampling and without switching.
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7.A Proof of Lemma/[7.1

The proof follows [124]. Denote z:(f) = x(t + ), then consider the
Lyapunov—-Krasovskii functional

Vi(t, z(t), &) = V(1)
o' (t)Px(t) + Vi, (t, 20) + Vi (£, 44)

where .

Vi, (t ) = (hs = 7i(t)) / 25T (5) Ui (s)ds
si(t)

for i = 1, 2. Since
VU,‘ + 2aVy,

= — / t( | 205 T () Ui (s)ds + (hy — 7(t))d | (£)Uii(t)

< —e2oh /t(t) &' (s)Usd(s)ds + (hi — 7i(1)& T (Ui (t),

we have

V(t) +2aV(t)
< 2" (t)Px(t) 4+ 20 (t)Px(t)

Qe / i (5)Usi(s)ds — (hi — ()3 (OUs(1) | (7.17)
t—7i(t)

i=1

Defining

we apply Jensen’s inequality

t
/ @' (8)Usi(s)ds > 7 (t)v;Usv;
thi(t)

and the descriptor method [[224], where the right-hand side of the description

0=2[z" ()P +i'(t)P;]
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X [(A + A + Ag)l‘(t) —T1 (t)Al’Ul — TQ(t)AQUQ — l’(t)]

with some matrices P, P3 € R™*" isadded into (7.17). Thus, by setting (t) =
[",27(t),v{,vq ], we have

gV(z&) +2aV(t) <n'(t)Tn(t) <0

dt
if
Py P19 —n Py Ay —1 Py Ag
U(r1,72) = : 22 J*r P2 _;Eig—ilhl _72];; A2 | o (718
* * 0 —ToUe™22

where @4, = (hy — 71(t))U1 + (hg — 72(t))Us. The LMI holds if (7.6)-
are satisfied since

hi—71  hy —
N (o) = [ 2T (0,000 + 20T (0, ha)n
h I ha

h _
F 2T T by, 0y 4+ 2T W (hy, ha) .-
i\ o ha



Chapter 8

Conclusions and Future
Research

This chapter summarizes the main results of the thesis and discusses possible
directions for future research.

8.1 Conclusions

In this thesis, we focused on two essential problems for wireless process con-
trol: the design of a multi-hop network scheduler (Part[[) and event-triggered
process control algorithms (Part ).

Multi-hop network scheduler

In Chapter|[3] we proposed a multi-hop network scheduler for monitoring sys-
tems. We formulated an optimization problem minimizing an infinite-time av-
eraged estimation error covariance taking into account sensor energy con-
sumption. By exploiting the necessary conditions for network scheduling op-
timality, we showed that the problem could be divided into two subproblems:
tree planning and sensor selection. The tree planning subproblem gives opti-
mal routes from sensors to the remote estimator under a given set of sched-
uled sensors. It was shown that a solution could be derived efficiently. The
sensor selection subproblem offers an optimal sensor selection at every time
instance. By transforming the problem to a Markov decision process, we de-
rived a condition for the existence of a periodic optimal schedule. We proposed

171
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two algorithms for suboptimal schedules. It was demonstrated that the pro-
posed algorithms are effective through three numerical examples.

In Chapter [4] we proposed a co-design framework for sensor scheduling,
routing, and control over a multi-hop wireless sensor and actuator network.
We considered a sensor—actuator network where the controllers were co-
located with the corresponding actuators. In this framework, we showed that
optimal schedules, routes, and controllers could be obtained separately. The
optimal schedules were given by covariance-based threshold policies, routes
by solving the minimum-cost path problem between each sensor and actu-
ator, and controllers by the standard linear quadratic Gaussian controller de-
sign problem. We also provided algorithms for sensors and actuators to switch
routes and schedules locally in case of network link outage. The applicability
of the theoretical results and the proposed algorithms were illustrated in a
numerical example.

Event-triggered process control

In Chapter [5| we studied periodic event-triggered actuation applied to PID,
cascade, and decoupling control. The controllers updated its command when
its value went beyond a given threshold. We formulated an event-triggered
output feedback control system with delayed samplings, and its exponential
stability was derived in the form of linear matrix inequalities (LMIs). It was
shown that the proposed controller was capable of setpoint tracking and dis-
turbance rejection. Event threshold tuning was also proposed. We applied the
framework to PI, PID, cascade, and decoupling control. The numerical exam-
ples showed that the proposed controllers reduced the communication load
while maintaining control performance.

In Chapter [6] we investigated periodic event-triggered actuation applied
to time-delay systems. We considered a PI controller updating its control com-
mand when it went beyond a given threshold. The Smith predictor was intro-
duced to compensate for time delays. Stability conditions in the form of LMIs
under the assumption that the system parameters resided in uncertain poly-
topes were derived. Based on this result, an event threshold tuning procedure
was proposed. Numerical examples showed that the controller reduced the
communication load with only a slight performance degradation.

In Chapter [7} we proposed an event-triggered controller switching frame-
work for plants monitored by multiple sensors. We studied output feedback
control systems where one sensor was activated in an event-triggered fash-
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ion to attenuate the effects of an external disturbance. We derived stability
conditions of the proposed closed-loop systems. It was shown that this frame-
work could be applied to cascade and feedforward control. Numerical exam-
ples showed that the proposed algorithm mitigated disturbances with fewer
samplings than controllers with constant sampling and without the proposed
switching.

8.2 Future research directions

There are several interesting research directions based on the work presented
in this thesis. We summarize some possible extensions in this section.

Multi-hop scheduling under limited number of timeslots

Our framework in Part [[] assumed that we could use as many timeslots as
we need in every single superframe. However, the number of timeslots in a
single superframe is limited in existing protocols such as WirelessHART and
ISA100.11a. We are planning to consider this case, in which sensor data may
not reach an estimator or a controller in a single superframe, in the future.
An optimal network schedule, as the one derived in Chapter [3| does not then
necessarily form a tree graph. Moreover, we cannot obtain optimal routes and
schedules independently for each control loop, as was done in Chapter [4}

Network reconfiguration under detailed channel models

Optimal schedules and routes are not fixed as the wireless environment in
process plants may change significantly over time. In Chapter 4] we proposed
algorithms to switch schedules and routes when a link is unavailable. The
algorithms can be improved by introducing channel variation models to make
our framework tolerant to network environment change. For example, a semi-
Markov chain model can be used [[115].

Applications of event-triggered control

As an extension of the work in Part[[l] it is interesting to consider other control
architectures commonly used in process control systems, for example, split-
range control and override control [25]. Other types of predictors can also be



174 Conclusions and Future Research

considered. In [225]], the authors propose a sequence of subpredictors to stabi-
lize a plant with a long time delay. Event-triggered control with such predic-
tors could be developed. Uncertain time-varying delays can also be considered
by applying the results in [226]]. Anti-windup compensation could be extended
to other control architectures [201}227]].
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