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Abstract

Distributed parameter systems (DPS) are systems that have their evolution
through time and in space. These systems are present in every type of indus-
trial process, from chemical to electrical applications. Thus, proper modeling
and control of DPS are indispensable for the optimization and control of such
processes. Due to their spatiotemporal dynamics, these systems are generally
represented by partial integro-differential equations (PIDEs), which brings is-
sues with the control and monitoring of such applications. This thesis studies
the modeling and control of such systems, specifically the ones modelled by
first and second-order hyperbolic PDEs, not relying on the spatial approxima-
tion generally applied to deal with the PIDEs. First, an alternative model for
transport-reaction processes is analyzed, taking into account the possible iner-
tia present in the transport. Second, the regulator design of a heat exchanger
system in the continuous-time setting is developed, ensuring disturbance re-
jection and proper output tracking. Then, the leap from the continuous to the
discrete-time is taken by studying the regulator design for the sediment-filled
water canal dynamics. Lastly, the optimal constrained controller is developed
in the last chapters to take into account constraints applied to the system.
First, an autothermal reactor operating in an unstable condition is considered.
The simulations show the controller performance and proper convergence to
the desired steady-state. In the subsequent chapter, the constrained control
problem is solved for the alternative model of transport-reaction processes.

The difference in the system response of the commonly used model and the
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proposed model is noticeable. The discrete representation used for the systems
in the discrete-time setting does not consider the early spatial approximation

generally used when dealing with DPS.

1l



Preface

This thesis resulted in five papers:

Chapter 2 of this work has been published as Guilherme Ozorio Cassol, Ste-
van Dubljevic, “Hyperbolicity of reaction-transport processes”, AIChE Jour-
nal (2021). I was responsible for the theory development, numerical simula-
tions, analysis of the results, and manuscript composition. Stevan Dubljevic
was the supervisory author involved with concept formation and manuscript
composition.

Chapter 3 was published as Guilherme Ozorio Cassol, Dong Ni, Stevan
Dubljevic, "Heat exchanger system boundary regulation”, AIChE Journal
(2019). T was responsible for the theory development, numerical simulations,
analysis of the results, and manuscript composition. Dong Ni and Stevan
Dubljevic were the supervisory authors involved with concept formation and
manuscript composition.

Chapter 4 has been published as Guilherme Ozorio Cassol, Stevan Dublje-
vic, "Discrete output regulator design for the linearized Saint-Venant-Exner
model” | Processes (2020). I was responsible for the theory development,
numerical simulations, analysis of the results, and manuscript composition.
Stevan Dubljevic was the supervisory author involved with concept formation
and manuscript composition.

Chapter 5 of this work is published as Guilherme Ozorio Cassol, Stevan
Dubljevic, "Dynamical Analysis and Model Predictive Control of an Auto-
Thermal Reactor” , Industrial and Engineering Chemistry Research (2019). T
was responsible for the theory development, numerical simulations, analysis of
the results, and manuscript composition. Stevan Dubljevic was the supervisory

author involved with concept formation and manuscript composition.

v



Chapter 6 has been submitted for publication as Guilherme Ozorio Cas-
sol, Stevan Dubljevic, “Model Predictive Control of a Second-order Hyperbolic
transport-reaction process”, AIChE Journal. I was responsible for the theory
development, numerical simulations, analysis of the results, and manuscript
composition. Stevan Dubljevic was the supervisory author involved with con-

cept formation and manuscript composition.



Acknowledgements

First, I would like to express my profound gratitude to my supervisor, Prof.
Stevan Dubljevic. His assistance and involvement made this journey tolerable
and exhilarating. Although we started working together by the end of my
studies, I also want to thank Prof. Youssef Belhamadia for his patience.

I thank my family for their emotional support throughout these years.

I am also grateful to my colleagues in the distributed parameter systems
group and the visiting students I had the pleasure to work with: Junyao Xie,
Lu Zhang, Jukka-Pekka Humaloja, Seyedhamidreza Khatibi, Azzam Hazim,
Xiaodong Xu, Jie Qi, Yanjiu Zhou, and Behrad Moadeli.

Last but not least, I thank CAPES for the financial support, and I am
grateful for this opportunity.

vi



Contents

Introduction
1.1 Literature Review . . . . . . . . . . . . .. ...
1.2 Thesis Outline . . . . . . . . . . . .,

Hyperbolicity of reaction-transport processes

2.1 Imtroduction . . . . . . ... ... ..

2.2 The heat equation . . . . . .. .. ... L.
2.2.1 Boundary Conditions . . . . . . .. ... .. ... ...
2.2.2 Eigenvalue Analysis . . . . . . ... ... ... .....
2.2.3 Adjoint operators and the orthonormal basis . . . . . .

2.2.4  Analytic Solutions . . . . ... ...
2.2.5 Simulation Results for the Heat Transport . . . . . . .

2.3 The Axial Tubular Reactor . . . . . . ... .. ... .. ....
2.3.1 Boundary Conditions . . . . . . ... ... ... ....
2.3.2 Eigenvalue Problem . . . . . .. .. .. ... ... ...
2.3.3 Simulation Results for the Closed-Closed Boundary Con-
ditions . . . . . ..

2.4 Heat Equation and Stefan Problem . . . ... ... ... ...
2.5 Conclusion . . . . . . . ... ...
2.6 Acknowledgments . . . . . ... ..o

Heat Exchanger System Boundary Regulation
3.1 Imtroduction . . . . . . . ...
3.2 System Description . . . . . .. ..o
3.2.1 Spectral Properties of the System . . . . .. ... ...
3.2.2 Boundary Control Transformation . . . . . . . . . . ..
3.3 Regulator Design . . . . . ... .. .. ... .. ... .. ...
3.3.1 System Stabilization with Output Feedback . . . . ..
3.3.2 Full-state feedback control . . . . . ... ... ... ..

3.3.3 Observer Stability . . . . . .. ... ... ... ... ..
3.3.4 Full-state observer based control . . . . . .. ... ...
3.3.5  Output Tracking . . . ... ... ... ... ... ...
34 Results. . . . ... .
3.4.1 Output Tracking - Stable System . . . ... ... ...
3.4.2  Output Tracking - Full-state feedback . . . . . . . . ..
3.4.3 Output Tracking - Observer based . . . . . . . .. ...
3.5 Summary and Future Work . . . . .. .. ... ... ... ..
3.6 Acknowledgements . . . ... ... ... ... ... ...

vii



4 Discrete Output Regulator Design for the Linearized Saint-

Venant—Exner Model 109
4.1 Introduction . . . . . . . ... 109
4.2 Problem Formulation . . . . . ... ... . ... ........ 112
4.2.1 System Properties. . . . . . . ... ... L. 116
4.3 Continuous Time Regulator Design . . . . . .. ... .. ... 119
4.3.1 System Stabilization . . . ... ... ... ... ... 120
4.3.2 Output Regulation . . . .. ... ... ... ...... 123
4.3.3 System Observer Design . . . . . . ... ... .. ... 126
4.3.4 Exosystem Observer . . . .. .. .. .. ... ..... 127
4.4 Discrete Time Regulator Design . . . . . .. .. .. ... ... 128
4.4.1 Discrete Representation . . . . . ... ... ... ... 130
4.4.2 Discrete System Stabilization . . . . .. ... .. ... 132
4.4.3 Discrete Output Regulation . . . . ... ... ... .. 133
4.4.4 Discrete System Observer Design . . . . . .. .. ... 136
4.4.5 Discrete Exosystem Observer Design . . . . . . .. .. 138
4.4.6 Finite-Time Discrete Exosystem Observer Design . . . 138
4.5 Results. . . . . .o 139
4.5.1 Continuous Time Regulation . . . . . .. ... .. ... 139
4.5.2 Discrete Time Regulation . . . . .. .. .. ... ... 147
4.6 Conclusions . . . . . .. ... 152
Appendix 4.A  System Stabilization: Backstepping . . . . . .. .. 153
Appendix 4.B  Observer Design: Backstepping . . ... ... ... 154
Appendix 4.C Discrete System Observer Stability . . . . . .. .. 156
Appendix 4.D Discrete Exosystem Observer Stability . . . . . .. 159
Dynamical Analysis and Model Predictive Control of an Auto-
Thermal Reactor 161
5.1 Introduction . . . . . . ... ... 161
5.2 System Description . . . . . .. ..o 164
5.3 Non-linear behaviour analysis . . . . . .. ... .. ... ... 167
5.4 System Linearization . . . . .. .. ... ... ... 177
5.5 Linear System Stability Analysis . . . .. ... ... .. ... 180
5.6 Boundary transformation and system discretization . . . . . . 184
5.7 Model Predictive Controller Design . . . . . . . ... ... .. 185
58 Results. . . . . ... 187
5.8.1 Plant: Linear Model . . . . .. ... ... ... ... .. 187
5.8.2 Plant: Non-linear Model . . . . . . .. ... ... ... 193
5.9 Conclusions . . . . .. ... 195
Model Predictive Control of a Second-order Hyperbolic transport-
reaction process 196
6.1 Introduction . . . . . . . ... ... 196
6.2 The tubular reactor . . . . . . ... 198
6.2.1 Boundary Conditions . . . . . .. .. .. .. ... ... 200
6.2.2 Control Problem . . . ... ... .. ... ....... 200
6.3 System Properties. . . . .. .. ... 201
6.3.1 FEigenvalue Problem . . . . . . . .. ... ... ..... 202
6.3.2 Resolvent Operator and Transfer function . . . . . .. 202
6.3.3 Adjoint operator and the bi-orthogonal basis . . . . . . 204
6.4 Controller Design . . . . . . .. . ... ... ... 205
6.5 Discrete-time representation . . . . . . . ... ... ... ... 206
6.5.1 System representation . . . . .. ... ... ... ... 207
6.5.2 System observer . . . . . ... ... 208
6.6 Model Predictive Control . . . . . . .. .. ... .. ... ... 209



6.7 Results . . . . . . . . 212

6.8 Conclusion . . . . . . . . .. Lo 219
Appendix 6.A System’s eigenvalues and eigenfunctions . . . . . . . 220
Appendix 6.B Adjoint operator and its eigenfunctions . . . . . . . 221
Appendix 6.C Solution of the Lyapunov Equation and the terminal
cost operator . . . .. ..o 223
Appendix 6.D Solution of the Ricatti Equation for the Observer
Design . . . . . . . . 223
Appendix 6.E Parabolic PDE properties. . . . . . ... ... ... 225
7 Conclusions and Future Work 226
7.1 Conclusions . . . . . . . . ... 226
7.2 Future Work . . . . . . ..o 228
References 230

1X



List of Tables

oo

DN —

Tranfer functions obtained using early and late lumping . . . .

Properties of the parabolic heat equation (Eq. 2.3) . . . . ..
Initial conditions and initial errors in the approximation
Initial conditions and initial errors in the approximation

Values of the parameters considered. . . . . .. ... .. ...

Eigenvalues obtained with the linearized system stability anal-
VSIS e

Parameters used in the simulation. . . . . .. ... ... ...
Total cost of the optimization problem for the different cases
considered: unconstrained fullstate feedback; constrained full-
state feedback; unconstrained output feedback; and, constrained
output feedback. . . . . .. ...



List of Figures

1.1

— =
wW DN

N
—

2.2

2.3

2.4

2.5

2.6

2.7

2.8

Types of DPS Inputs: (Top) Infinite-dimensional in-domain
input; (Center) Finite-dimensional in-domain input; (Bottom)
Finite-dimensional boundary input; . . . . . . ... . ... ..
Early and late lumping controller design . . . . . . . ... ..
Hyperbolic system (Eq. 1.7) representation . . . . . . . . . ..

Parabolic (circle) and hyperbolic (cross) PDEs’ eigenvalues dis-
tribution for BC 1 (Eq.2.8) and BC 3 (Eq.2.10). The red values
are added for the third set of boundary condition. . . . . . . .
Simulation results for the Parabolic PDE, with initial conditions
given in Table 2.2: (a) and (b) T'(¢,t) and 0, T((,t) for B.C. 1;
(c) and (d) T'(¢,t) and 0, T((,t) for B.C. 2; (e) and (f) T(¢, 1)
and 0,T(C,t) for B.C. 3. . . ... .. ... ...
Simulation results for the Hyperbolic PDE, with initial condi-
tions given in Table 2.2: (a) and (b) T'((,t) and 0,7(¢,t) for
B.C. 1; (c¢) and (d) T'(¢,t) and 0,7(¢,t) for B.C. 2; (e) and (f)
T(¢,t) and O,T(¢,t) for B.C. 3. . . . ... ... ..
Comparison of the simulation for the Hyperbolic PDE with B.C.
2 and three different initial velocities (time increases with the
line width). . . . . ... ...
Comparison of the simulation results for the Hyperbolic PDE
with B.C. 1 and three different values of 7: (a) Spatial profile for
T((,t) at different times; (b) Spatial profile forg,7(¢,t) at dif-
ferent times. Time increases with the line width. (¢) Response
of T(¢ = 0.5,%); (d) Response of 9,7(¢ =0.5,¢). . . ... ...
Tubular reactor representation: (top) Closed-Closed boundary
condition; (bottom) Open-Open boundary conditions. . . . . .
Tubular reactor eigenvalue distribution for Closed-Closed B.C.
with D = 1, k = 2 and 7 = 0.01 for 0.1 < v < 15: (a)
Parabolic; (b) Hyperbolic (Delayed Diffusion); (c¢) Hyperbolic
(Delayed Flux). o represents the beginning of the line (v = 0.1)
and x the end value (v=15). . . ... ... ... ... . ...
Tubular reactor simulation results with Closed-Closed B.C. con-
sidering v =6, D = 1, £k = 2 and 7 = 0.01 for the hyperbolic
PDE: (a) and (b) C((,t) and 0,C((, t) for Parabolic; (c) and (d)
C(¢,t) and 0;C(¢,t) for Hyperbolic (delayed Diffusion); (e) and
(f) C(¢,t) and 0,C((,t) for Hyperbolic (delayed total Flux).

x1

23

30

32

35

37

40

46

48



2.9 Tubular reactor eigenvalue distribution for Closed-Closed B.C.
with D = 1, k = 2 and 7 = 0.01 for 0.1 < v < 15: (a)
Parabolic; (b) Hyperbolic (Delayed Diffusion); (¢) Hyperbolic
(Delayed Flux). o represents the beginning of the line (v = 0.1)
and X the end value (v=15). . . . ... ... ... ... ...

2.10 Tubular reactor simulation results with Open-Open B.C. con-
sidering v = 6, D = 1, k = 2 and 7 = 0.01 for the hyper-
bolic: (a) and (b) C((,t) and 0;C((,t) for Parabolic; (c¢) and
(d) C(¢,t) and 0,C((,t) for Hyperbolic (delayed Diffusion); (e)
and (f) C(¢,t) and 0,C((, t) for Hyperbolic (delayed total Flux).

2.11 Representation of the system with phase transition. . . . . . .

2.12 Stefan problem simulation results. considering a; = 0.5, a7 =
1, Br = By = 1 and 7 = 0.01 for the hyperbolic: (a) Space-
time result of T'((, t) for the Parabolic; (b) Space-time result of
T((,t) for the Hyperbolic; In both cases, the red line indicates
the boundary between the two phases; (c¢) Time evolution of the
moving boundary for the Parabolic (blue line) and Hyperbolic
(red line). . . . . . . . ..

3.1 (Left): The counter current heat exchanger used in a process
for heat integration; (Center): The process is represented as
boundary delayed flow feedback; (Right) Schematics of mod-
elling transformation of (3.1a)-(3.1b) to (3.2a)-(3.2b). . . . . .

3.2 Calculated eigenvalues for different values of the boundary feed-
back gain k: (Top) counter current configuration; (Bottom)
parallel configuration. . . . . . . .. ... Lo

3.3 Calculated eigenvalues for different values of the feedback gain
K in: (Top) counter current configuration; (Bottom) parallel
configuration. . . . . . ... L L

3.4 System output response with feedback gain K = —1.2. .

3.5 Closed system representation using a full-state feedback.

3.6 System stabilization with fullstate feedback: (Top) counter cur-
rent configuration; (Bottom) parallel configuration. . . . . . .

3.7 Calculated eigenvalues of the observer for different values of the
observer gain ¢: (Top) counter current configuration; (Bottom)
parallel configuration. . . . . . . . ...

3.8 Closed system representation using a observer to reconstruct
the state variables. . . . . . . . .. ... ... ... ...

3.9 Closed system representation using a observer to reconstruct
the state variables with the output error. . . . . . . . . . . ..

3.10 Simulation results for the stabilized counter current operating
configuration: (Top) output and reference signal; (Bottom) sys-
teminput. . . . . ...

3.11 Simulation results for the stabilized parallel operating config-
uration: (Top) output and reference signal; (Bottom) system
input. . ...

3.12 Fullstate feedback tracking using the parallel configuration: (Top)
System output and input profiles; (Left) 6; time-space profile;
(Right) 0 time-space profile. . . . ... ... ... ..

3.13 Counter current configuration when a observer based controller
is used (ym # v): (Top) System output and input profiles; (Bot-
tom) Lo norm of the observer errors. . . . . . ... ... ...

xii

53

55
o7

61

69

78

82
84

87

92
94
95

98

99



3.14 Parallel configuration when a observer based controller is used
(ym = y): (Top) System output and input profiles; (Bottom)
L, norm of the observer errors. . . . . . . ... ... ... ..
3.15 Counter current configuration when a observer based controller
is used (only e(t) is known): (Top) System output and input
profiles; (Bottom) Ly norm of the observer errors. . . . . . ..

PDE system (Equation (4.2)) representation. . . . . . . . . ..
System eigenvalue distribution for the parameters given in Table

DN —

Continuous closed-loop representation. . . . . . .. ... ...
Discrete time closed-loop representation. . . . . . . ... ...
System stabilization with the control law given in Equation (4.22).

Ol W

System stabilization and output regulation with the control law
given in Equation (4.10). . . . . . .. ... oL
4.7 System observer error, using the observer developed in Section

4.3.3. .

4.8 System closed-loop response, using the observer developed in
Section 4.3.3 and the control law given in Equation (4.10).

4.9 System closed-loop response (on the left), using the system
and exosystem observers and the control law given in Equa-
tion (4.10). On the right, the exosystem states and its observer
states. . ... Lo

4.10 System closed-loop response (on the left), using the system ob-
server, finite-time exosystem observer and the control law given
in Equation (4.10). On the right, the exosystem states and its
observer states. . . . . . .. ..o

4.11 Discrete system stabilization with the control law given in Equa-
tion (4.53), considering zp =0.. . . . . . ... ...

4.12 Discrete system stabilization and output regulation with the
control law given in Equation (4.53), assuming that z;, are known
states. . ..o

4.13 Discrete system closed-loop response, using the observer de-
veloped in Section 4.4.4 and the control law given in Equa-
tion (4.53). ...

4.14 Discrete system closed-loop response (on the left), using the
system and exosystem observers and the control law given in
Equation (4.53). On the right, the discrete exosystem states
and its observer states. . . . . . .. ..o

4.15 Discrete system closed-loop response (on the left), using the

observability matrix to reconstruct the exosystem states. On

the right, the discrete exosystem states and the observer states.

e

(e}

Autothermal Reactor Representation . . . . . ... ... ...
Steady states of reactor temperature at the top and conversion
at the bottom obtained for different values of the input T%. . .
Different Steady-States profiles for the same value of T} = 550
K.
Representation of the Pseudo arclength method . . . . . . ..
Parameter continuation results for: (Top) 5 = RBy — 0.15, <

ﬁ < 160, (Bottom) @ZJ = Rwo — 01@[)@ < 77/) < 15@[)0 .......

grot v ot
(G2 0N w DN —

xiil

141

143
145

146

147

148

149

150

151



5.6 Parameter continuation results for: (Top) v = Ryy — 0.8y <
v < 1.27; (Bottom) A system with no temperature dependence
on the reactionrate . . . . . .. ... ... oL

5.7 Parameter continuation results for: (Top) A = RA\g — 0.1\ <
A < 1.5)Ag; (Bottom) p = Rpg — 0.6p0 < p<15py . . . . . ..

5.8 Parameter continuation results for: (Top) w = Rwy — 0.1wy <
w < 1.2wp; (Bottom) d = Rdp — 0.760 < I < 1.50¢ . . . . . ..

5.9 Paiameter continuation results for a system without cooling
jacket ..o

5.10 JEigenvalue distribution for the three possible steady-states at
Tr=550 Ko oo

5.11 Implementation of the MPC: (Left) The MPC model and the
plant model are the discrete linear model; (Right) MPC uses the
discrete linear model, the plant model is the original non-linear
model . . ...

5.12 Results obtained for one of the stable steady-states. . . . . . .

5.13 Spatial profiles of the jacket temperature obtained for the sta-
ble steady-state. (Top row) Open-Loop: (Left) Bed Reactor
Temperature; (Right) Jacket Temperature; (Bottom row) Con-
strained MPC |T}| < 55 K:(Left) Bed Reactor Temperature;
(Right) Jacket Temperature. . . . . . . ... ... ... ....

5.14 Results obtained for the unstable steady-state. . . . . . . . ..

5.15 Spatial profiles of the jacket temperature obtained for the un-
stable steady-state:(Top row) Open-Loop: (Left) Bed Reactor
Temperature; (Right) Jacket Temperature; (Bottom row) Con-
strained MPC |T}| < 165 K:(Left) Bed Reactor Temperature;
(Right) Jacket Temperature. . . . . . . . .. ... ... ....

5.16 Results obtained for the when the non-linear model is used as
the plant model, showing, from Left to Right, the jacket temper-
ature, the reactor temperature and the concentration profiles,
respectively. (Top Row) MPC model |T}| < 220 K: Unstable

Steady-State; (Bottom Row) MPC model |T}| < 220 K: Stable
Steady-State . . . . . . ...

Tubular reactor representation. . . . . . . . ... ... ....
Discrete-time closed-loop representation. . . . . . . . ... ..
(Top): Eigenvalue distribution (left), with a enlarged segment
(right), showing the unstable eigenvalues for the conditions shown
in Table 6.1; (Bottom): Eigenfunctions - ¢ (Left) - and eigen-
functions of the adjoint operators - ¢ (Right) - associated to
the unstable eigenvalue; . . . . . . ... ... ...
6.4 Simulations results for the non-constrained MPC with fullstate
feedback: (Top-left) Input sequence; (Top-right) MPC Cost
Function; (Bottom) State (C') norm; . . . .. ... ... ...
6.5 Simulations results for the constrained MPC with fullstate feed-
back: (Top-left) Input sequence; (Top-right) MPC Cost Func-
tion; (Bottom) State (C') norm; . . . . . ... ... ... ...
6.6 Norm of the observer error for (k) = C(k) for the output feed-
back controller (Top) and the system output: (Bottom-Left)
Fullstate feedback; (Bottom-Right) Output feedback. . . . . .

PR
W DN —

Xiv

174
176

178
179
182

187
188

189
190

192

213

214

215



6.7 Simulations results for the non-constrained MPC with measured
output feedback (observer based): (Top-left) Input sequence;
(Top-right) MPC Cost Function; (Bottom) State (C') norm; . 217

6.8 Simulations results for the constrained MPC with measured
output feedback (observer based): (Top-left) Input sequence;
(Top-right) MPC Cost Function; (Bottom) State (C') norm; . 218

XV



Chapter 1

Introduction

When ”Stirred pots and empty tubes” [1] was written by Aris and Varma, the
mathematical models for ideal reactors and the diffusion-reaction in porous
catalysts were being studied. The researchers were trying to determine the
criteria for the uniqueness, multiplicity, and stability for such systems’ steady-
states. About 40 years later, these mathematical models are still used, as
stirred tanks and tubular reactors are extensively used in chemical and bio-
chemical transformations.

The dynamics of tubular reactors are represented as mathematical mod-
els having both temporal and spatial characteristics, and these processes are
named distributed parameter systems (DPS). Examples of applications include
heavy oil recovery in the petroleum industry, tubular and plug-flow reactor sys-
tems used for chemical production and refinement and heat exchangers used
in various industries. In the same line, in manufacturing industries, phase
transitions and thermal treatment, represented by DPS models, are critical
factors in the fabrication and processing of materials, such as crystal growth
methods for semiconductor production.

The mathematical models of this kind of system are given by partial differ-
ential equations (PDEs), and they belong to the class of infinite-dimensional
systems. Due to the existence of the spatial variable in the mathematical
model, the state estimation and control of distributed parameter systems are
challenging and interesting. Hence, there is a rich and active research interest

in this field that draws upon the well-established classical tools of mathemati-



cal analysis and employs the recent advancements in computer technology for
process simulation and numerical studies of complex problems.

A PDE includes partial derivatives of a function regarding two or more in-
dependent variables. The distributed nature of the state is the distinguishing
feature of process variables modelled by PDEs in contrast to those represented
by ordinary differential equations (ODEs), for which the process variables
are represented by functions of only a single independent variable. Consider
x(¢,t), a dependent variable, function of other independent variables: (, an
independent spatial variable belonging to a domain 2 € R; t, the indepen-
dent time variable, considered as t € ®T. The function z({,t) represents the
system’s state at the time ¢ along with the space domain and is the process
variable of interest.

Linear (or linearized) PDEs can describe many transport-reaction processes
in chemical and materials engineering. The system properties strongly depend
on the type of PDE that models the system. These types of equations have

their classification defined based on the following form:

8 0%z 0%z ( ox Ox . )

o G+ Batac(g’ )”862@ B =F (250 50 b (1.1)

If 32 — 4oy > 0, the PDE is hyperbolic; if 3% — 4a~y = 0, it is a parabolic
PDE; finally, if 3% — 4oy < 0, the system is represented by an elliptic PDE.
An axial dispersion chemical reactor is described by parabolic PDE, while a
plug flow reactor is modelled by a hyperbolic PDE.

A general representation of a linear PDE with input is given as below:

ox

5 (1) = A(G )2 (¢, 8) + B(C, )u(t) (1.2)
where A((,t)(+) is the spatial operator, and, for most common chemical pro-
cesses, it can be written as:

ACH() = ;Z( (.1 (3) K R I O E)

This generic type of PDE given in (1.2)-(1.3) includes two important trans-
port mechanisms: the diffusion (represented by the diffusion coefficient D((, t))

and convection (represented by the velocity v((,t)). This type of equation
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also accounts for a generation/consumption term, represented by k((,t). The
B((,t) term in (1.2) represents the input operator and depends on the type of
actuation imposed on the system.

In both PDEs and ODEs, the system is not properly posed without speci-
fying the initial conditions. For PDEs, not only the initial conditions (z({,t =
0) = x,({)) are necessary, but also the boundary conditions. These conditions

are generally of three types:

e Dirichlet (also called first-type) boundary condition: specify the func-

tion at the boundary:

ax(¢ = (,t) =c (1.4)

e Neumann (or second-type) boundary condition: specify the value of
the spatial derivative at the boundary:

0

ac (=Cnt)=c (1.5)

e Robin (or third-type) boundary condition: specify a linear combina-

tion of the function and its spatial derivative at the boundary:

ox

ax(C = o, t) + bﬁ_g(C = Cmt) =c (16)

The type of actuation applied to the system also significantly influences
how to properly design the controller. Generally, three different types of input
can be considered on the controller design for a DPS, as illustrated in Figure
1.1. The first type of actuation, shown on the top of the figure, considers
that the input is distributed throughout the domain and that it is possible
to control the actuation at any point (i.e., u((,t)). Thus, both the inputs
and states belong to infinite-dimensional spaces. Unfortunately, although the
assumption of an infinite-dimensional space is mathematically correct, the
possibility of implementation is near impossible. As illustrated at the top of
Figure 1.1, if we consider a reactor, this assumption would only be realizable
if an infinite number of heat elements were acting on the reactor, making it
possible to manipulate the input at any point.
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The illustration at the center of Figure 1.1 represents the second type of
input, one that belongs to a finite-dimensional space and acts on the states
in an in-domain distributed manner. A reactor surrounded by a jacket with a
high flow (or heat capacity) heating/cooling fluid inside is an example of this
input type. In this case, the fluid temperature inside the jacket will not change
throughout the domain. Thus, the temperature of the heating/cooling fluid
that enters the jacket remains the same. The inlet temperature to the jacket
is this system input and affects the states due to the temperature difference
between the two fluids.

The last type of input is similar to the second case and represented at the
bottom of Figure 1.1. Instead of considering that the jacket’s temperature is
constant, now it is assumed that both the jacket and reactor’s temperatures
will change throughout the domain and are states of the system. The input
only changes the jacket inlet temperature, which corresponds to the boundary
condition of the jacket’s states. These instances, where the actuation is applied
at the boundary, are called boundary control problems. The input acts only
at the domain boundary and is not spatially distributed. Notice that all the
types of boundary conditions shown above can be considered in boundary
control problems (i.e., ¢ = u(t) in the Dirichlet, Neumann or Robin boundary
conditions).

Due to these characteristics, the DPS regulator design is more complex
than in the finite-dimensional systems (also called Lumped Parameter System
- LPS and generally represented by ODEs). The presence of spatial variables
presents limitations to the controller design accomplished in the LPS setting.
For instance, in some cases, the inputs and outputs can be given as bound-
ary conditions, which adds to design complexity. In general, there are two
approaches taken for controller design and state estimation of DPS, as illus-

trated in Figure 1.2:

1. Early lumping: the DPS is first discretized into an approximate LPS,
leading to a system of ODEs. The LPS control theory is then applied

for the controller design and state estimation. As the resulting system
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u(t)-

Figure 1.1: Types of DPS Inputs: (Top) Infinite-dimensional in-domain input;
(Center) Finite-dimensional in-domain input; (Bottom) Finite-dimensional
boundary input;



of ODEs depends on the discretization method and the number of the
discretization points, the conditions for controllability, stabilizability and

observability can also vary, which is a drawback of this methodology.

. Late lumping: the control theory is applied directly to the DPS, and
discretization is used at the final stage for implementation. This method-
ology considers the theory and analysis of PDEs to define the system
properties (controllability, stabilizability, and observability).
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The difference between these methodologies can be seen in the following

example. Considering the following PDE, represented in Figure 1.3:

a:c(act, t) _ A(C D¢, 1) = _vaxé% )
2(C = 0,t) = u(t) .
u(t) ) ,?gt,’,q), N . > ’// 7 ()
¢ L 0 oC . ; .

Figure 1.3: Hyperbolic system (Eq. 1.7) representation

The finite differences method can be used to get a system of ODE that
approximately represents the partial differential equation. Once the finite-
dimensional representation is obtained, standard finite system control defi-
nitions such as controllability, stabilizability, observability and transfer func-
tion representation can be explored. Considering the early and late lumping
methodologies, the results shown in Table 1.1 are obtained for the transfer
function representation, where N represents the number of intervals in the

discretization (i.e., number of total points minus one) and v is the system

velocity.
Methodology | Transfer Function
a l’(C = O? t) = u(t) Ear]_y 1
A(G,1) = —vgs, . G(s) = —L
¢ y(t) =x(¢ = 1,1) umping (1+5%)
Late Lumping G(s)=e»

Table 1.1: Tranfer functions obtained using early and late lumping

The transfer function obtained by applying finite differences in the partial
differential equation shows that the system is supposed to have poles at s =
—uvN with multiplicity N. The analytical transfer function does not display

any poles; in fact, as expected, it only represents a time delay. It is possible
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to show that as N — oo the transfer function obtained with the discretized
system converges to the analytical solution, i.e.:
. : 1 s
J\llm G(s) = A}lm —x =€ (1.8)
S
Therefore, if a large number of discretization points are used, the system of
ODEs obtained by the early lumping methodology approximately well repre-
sents the system. This is one of the drawbacks of the early lumping methods,
as a higher number of discretization points increases the computational cost
to represent the distributed parameter system properly.
This thesis proposal aims to study the modeling and controller design for
DPS without the use of early lumping in the context of chemical systems, con-

sidering the design in both continuous and discrete-time settings. Specifically,

systems that can be modelled by hyperbolic PDEs are studied.

1.1 Literature Review

One of the main goals of any control strategy is to make the system dynamics
behave in a specified, desired manner. Therefore, the classical problem of a
servo-design regulator is defined as the design of the closed-loop control system,
which tracks a prescribed signal, rejects possible disturbances applied to the
system, and guarantees the closed-loop stability with some degree of robustness
[2]. The distributed parameter system class includes a diversity of important
processes in science, and engineering [3]-[5]. In the literature, this type of
system is addressed with two approaches: finite-dimensional approximation of
the distributed system followed by finite-dimensional design and functioning
assessment (the early lumping methodology); and a direct infinite-dimensional
design for the distributed parameter systems followed by finite-dimensional
(numerical solution) implementation [6]—[8].

By following the well-known regulator designs from the finite-dimensional
systems theory, one possible way to design the regulator for the distributed
parameter systems is to use the early lumping approach. Hence, standard

regulator design methods applicable to ODE systems can be realized, and
9



several contributions deal with the regulator problem for finite-dimensional
linear systems [9], [10]. However, the early lumping approach also results in a
possible mismatch between the dynamical properties of the original distributed
parameter and the lumped parameter models, which inevitably affects the
designed regulator performances [11].

A more rigorous way to address regulator design in the realm of distributed
parameter processes is to exploit the infinite-dimensional characteristic of the
system, as past contributions in the literature have done: the Pl-controller
for distributed parameter systems with constant disturbance was developed
[12]; the use of the geometric theory for the regulation problem for infinite-
dimensional linear systems driven by finite-dimensional exosystems was also
studied [13] and the regulator design was proposed for a class of first-order
hyperbolic PDE systems with space-varying coefficients [14]and for a system
of hyperbolic transport equations [6]. The output and error feedback regulators
design for a linear scalar nonspectral hyperbolic system with boundary and
in-domain actuation was developed [15].

Furthermore, the type of information available for the regulator also deter-
mines its features. For example, given that the full-state information is avail-
able, which rarely happens in practice for a DPS, one can design a full-state
feedback regulator. The spatial and temporal properties of the distributed
parameter systems, coupled with the spatially distributed or boundary actua-
tion and measurement, make it impractical to measure the system states at all
points [16], [17]. The practical design realizations need to account for scenarios
when only output and/or error measurements are available. Thus, using the
states reconstructed by observers, filters, and estimators is interesting [6].

With the early lumping methodology, the observation problem is addressed
with the tools available in the more developed field of finite-dimensional sys-
tems [18], [19]. The infinite-dimensional designs have been conceived by us-
ing different strategies, such as the geometric control method equipped with
manifold theory [4], back-stepping integral transformations [8], variable struc-
ture estimation schemes [20], nonlinear evolution equations [21], open-loop

observers [22], and absolute stability [7]. The infinite-dimensional observer
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design problem was also addressed with an adjustable-weight Lyapunov func-
tion [23], and the related convergence inequalities were handled with a linear
matrix inequality approach recalled from optimal boundary control design [24].
The optimal constrained state estimation problem has also been addressed by
the use of a sequential, algorithmic optimal constrained state estimator, capa-
ble of dealing with boundary actuation and point measurement [25].

A state-of-the-art controller realization is ultimately digital, therefore, dis-
crete. This motivates the search for a control design that considers the closed-
loop system’s discrete-time nature. Modern control techniques (such as the
model predictive control) generally use a discrete version of the overall system.
Therefore, the traditional numerical time discretization schemes are frequently
considered to transform models and/or controllers for implementation. But,
the accuracy of the discrete system representation may be impacted as the
sampling period is increased, which adversely may affect the overall model
and closed-loop stability [26].

From the linear systems theory, it is known that simple explicit and implicit
Euler time discretization may impact the systems’ stability by mapping sta-
ble continuous to possible unstable discrete counterpart system and vice versa
[27]. This issue becomes even more prominent in the case of controller design
and /or realizations for DPS. Hence, it is essential to explore time discretization
schemes that provide an accurate and reliable transformation of continuous lin-
ear infinite-dimensional systems to the linear discrete-time infinite-dimensional
one. The application of Crank-Nicolson midpoint integration rule [28], a type
of discretization in the systems science also known as Cayley-Tustin time dis-
cretization, has been shown to preserve the intrinsic energy and dynamical
characteristics of the linear distributed parameter system [29], with no spatial
discretization or/and spatial model reduction needs to be applied.

In reality, actuators and sensors have their limits due to physical properties,
or the desired output is required to be within a specific range. This adds
constraints to the control problem. Among modern control designs, if optimal
control is considered and constraints are imposed in the systems’ settings,

advanced control strategies - such as model predictive control (MPC) - can
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be used to achieve the optimal system response without constraints violation.
MPC incorporates constraints explicitly, is easily formulated as a constrained
optimization problem, and can be solved with standard software. It also can
anticipate future events and take control actions accordingly. This predictive
ability is something classic controllers like PID controllers do not have.

In essence, a linear MPC refers to a class of control algorithms that compute
the controlled variables profiles by utilizing a linear process model to optimize
an open-loop quadratic objective function subject to constraints over a future
time-horizon [30], [31]. Only the first control action of the computed profile is
applied, and this process is repeated at each time interval [32], [33]. In the case
of linear models, the model predictive control utilizes a linear state space or
transfer function representations obtained by modeling or empirical response
of the controlled plant [30]. The outstanding feature of linear model predictive
control is that constrained and multivariable processes can be addressed with
emphasis on a robust algorithm realization that can be implemented online.

The MPC for DPS has to consider the distributed nature, the naturally
present constraints, and limitations on available measurements into its optimal
performance. In particular, there are similarities among constrained optimal
controller design formulations for finite and infinite-dimensional systems. The
differences in the controller synthesis are associated with how the stable and
unstable infinite-dimensional systems are treated. Along the line of similari-
ties, the well-known formulation of the quadratic form optimization functional
on the infinite horizon is used for both infinite, and finite-dimensional systems
[34]. Various development of MPC for distributed parameter systems have
been explored considering distributed actuation [35], boundary actuation [36],

and output and full-state feedback control [37].

1.2 Thesis Outline

This thesis proposal aims to study the modeling and control of DPS without
using early lumping techniques, considering the design in both continuous and

discrete-time settings. Hyperbolic models are the focus of this thesis, which is
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divided as follows:

In Chapter 2, common chemical engineering transport-reaction systems are
modeled by considering the inertia in the transport phenomena. This results
in second-order hyperbolic PDEs, which account for a finite speed of propaga-
tion. The findings provide the derivation of the hyperbolic transport-reaction
partial differential equations and a direct comparison with their corresponding
dissipative parabolic PDEs. The stability analysis of the dynamical systems is
considered and complemented by numerical simulations for typical processes,
such as the heat diffusion in a slab, transport-reaction inside a chemical reac-
tor, and a phase change problem. The results show the effects of the modeling
and/or limits of the approximation used in deriving and considering the hy-
perbolic PDE for transport-reaction systems.

In Chapter 3, the boundary feedback regulator design for heat exchangers
with delayed feedback is developed. Counter-flow /parallel-flow heat exchanger
systems described by a pair of coupled transport hyperbolic partial differential
equations (PDEs) with delayed boundary feedback loop are considered. By ap-
plying a boundary transformation, the coupled transport hyperbolic PDEs and
boundary delay are changed into a corresponding linear infinite-dimensional
system used in the regulator design. The design initially addresses a full state
feedback controller realization augmented by the observer design to simultane-
ously output exponential stabilization and tracking and disturbance rejection
of polynomial and/or harmonic type of reference signals. The simulations
studies demonstrate the proposed design for counter-flow and parallel-flow
heat exchangers, two standard configurations present in industrial practice.

In Chapter 4, the regulator design in the discrete-time setting for the unsta-
ble linearized Saint-Venant-Exner model is addressed. The proposed regulator
ensures the closed-loop stability and proper tracking of polynomial and pe-
riodic reference signals using output feedback in a sample-data setting. The
system discrete representation is achieved by applying the structure-preserving
Cayley-Tustin time discretization, and the direct relation with the regulator
in the continuous-time setting is shown. The regulator design is developed

using the backstepping methodology to provide the closed-loop stability and
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the observer design. At the same time, the Sylvester equations are solved to
achieve proper tracking. Finally, the numerical simulation results show the
regulator’s performance.

In Chapter 5, the design of a model predictive controller for the auto-
thermal reactor with an internal counter-current heat exchanger (ARICHE)
is considered. This system is modelled by a system of quasilinear hyperbolic
PDEs and can exhibit a multiplicity of steady states, which is explored by con-
sidering a parametric analysis of the model. Generally, the unstable steady-
state, which provides optimal conversion and selectivity, is regarded as the
steady-state of interest. The linearization is utilized to obtain a linear sys-
tem of coupled transport-reaction hyperbolic PDEs. The structure-preserving
Caley-Tustin discretization is employed without any spatial approximation
and/or order reduction. The discrete model is utilized in the model predictive
controller (MPC) design, and it successfully addresses the control scenarios
which account for the optimality, stability, and constraints satisfaction.

In Chapter 6, the model predictive controller design is developed for the
type of PDEs studied in Chapter 2. The dynamics of a tubular chemical re-
actor with boundary actuation is assumed to be modelled by a second-order
hyperbolic equation. The discrete Luenberger observer design for state recon-
struction is addressed and integrated with the MPC design. The observer gain
is obtained by solving the operator Ricatti equation in the discrete-time setting
using the bi-orthonormal basis defined for the system operator. At the same
time, the MPC accounts for constrained and optimal control. In addition, the
results for considering both parabolic and hyperbolic equations are presented
and discussed.

Finally, Chapter 7 outlines the results of this thesis and discusses the

present and future research plans.
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Chapter 2

Hyperbolicity of
reaction-transport processes

2.1 Introduction

The heat transport thorough a solid is one of the simplest transport-reaction
processes one can come across in chemical/process engineering. The conduc-
tive transport of heat across the macroscopic scale is generally described by
a parabolic partial differential equation (PDE) obtained by defining the heat
flux given by the Fourier’s law. In Fourier’s law, an initial temperature gradi-
ent in a conductive medium causes an immediate heat flux, thus, any initial
disturbance in the material body is propagated instantly [38]. However, it has
been experimentally shown that, in some cases, the parabolic heat conduc-
tion equation may not accurately describe the process. Materials with non-
homogeneous structures, for instance, present thermal waves that travel with
a finite speed of propagation [39]. A similar behavior is seen when extremely
fast thermal disturbances are induced by a laser [40] or a flash lamp [41].

To deal with the undesirable feature characteristic of the parabolic PDE,
Cattaneo [42] proposed a modified Fourier’s law that took into account the
thermal inertia and, when applied to the energy balance, the resulting PDE is
a hyperbolic equation. This type of equation is physically relevant and has the
desired finite speed of propagation [42], [43]. Furthermore, the hyperbolicity
mathematically ensures the well-posedness of the local Cauchy problems [44].

The hyperbolicity of the transport phenomena has been analyzed in different
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contributions. In particular in King et al. [45], the numerical and analyt-
ical solutions of the hyperbolic heat equation were analyzed in an infinite
space. Similarly, in Novikov [46], the temperature propagation in an infinite
one-dimensional plate with a stationary heat sensor was solved considering
a hyperbolic heat-conduction equation. In Mitra et al. [47], the experimen-
tal evidence of the heat propagation in processed meat demonstrated that
the hyperbolic model is an accurate representation of heat conduction on a
macroscopic level. More recently, a modified equilibrium model of a heat-
conducting, heterogeneous mixture was proposed using the modified flux, and
a set hyperbolic equations was obtained [48]. The study of Nosko [39] proposed
different non-Fourier models to simulate temperatures in materials subjected
to extremely fast thermal disturbances, specifically for the microscopic sliding
contact. In addition, in Abbasi et al. [49], the optimal control in a biological
tissue modeled by a thermal wave equation, i.e., a hyperbolic heat equation,
was proposed.

The modeling feature associated with this delayed flux in the chemical en-
gineering process, for instance in tubular reactors [50], [51]), is interesting as
generally the models of reaction-diffusion nature are represented by parabolic
PDEs originated by assuming that the flux in the mass balance is given by
Fick’s law. As Cattaneo’s and Fick’s (or Fourier’s) laws are equivalent in the
steady-state condition, for some applications, the differences are generally seen
in small timescales. But, for systems characterized by long relaxation times,
such as polymeric fluids, heat and electric conductor at high temperatures,
the difference is noticeable. For mass transfer, where relaxation time might be
several orders of magnitude larger than in heat propagation, the same behav-
ior might hold [52]. This potential has been noticed in the literature, and was
considered to potentially represent anomalous mass transport phenomena [53],
[54].

Furthermore, the Cattaneo-type of flux has been shown to arise from statis-
tical mechanics as well. For example: in Nonnenmacher [55] the nonlinear con-
stitutive laws were derived from the nonlinear Boltzmann equation, which was

then linearized and, in turn, lead to Cattaneo’s modified flux. In Godoy [56],
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the quantum random walk was used to study diffusion in one dimensional crys-
talline nanostructures. A hyperbolic equation was derived to represent the
dynamic in the mesoscopic diffusion regime. The differences between these
classes of PDEs are also important when designing a controller since the devi-
ation in the system’s dynamics might affect the controller’s performance and
the closed-loop stability, as a model-based controller for transport problems
generally considers the parabolic model [36], [57].

In this contribution, the effects of the transport delay in a moving boundary
problem, specifically, a Stefan problem, are also analyzed. This type of system
is a specific class of boundary value problem for partial differential equations
that generally focus on the heat distribution in a body with a phase transition.
A common example of a Stefan problem is the diffusion of heat in ice melting:
the interface between the solid and liquid phase will change its position as the
ice melts [58]. The solution of this type of system needs to take into account
the determination of the moving boundary position as it changes with time
and cannot be determined a priori. Although this type of problem is generally
associated with melting and solidification problems, there are contributions
that address the fluid flow in porous media or even shock waves in gas dynamics
using Stefan-like problems [58].

This chapter analyzes the distinct characteristics of the second-order hy-
perbolic and parabolic PDEs obtained for different mass or heat transport
processes. First, the heat transfer in a finite body with different boundary
conditions is considered. The derivation and stability analysis of the parabolic
and hyperbolic equations are shown. In this case, an open-form analytical so-
lution can be obtained and the comparison between the results is made. Then,
the same characteristics are studied for an axial dispersion reactor considering
open and closed boundary conditions, which is a typical chemical engineering
example. Finally, a moving boundary problem is explored considering the two

types of PDEs and the numerical results of the simulations are discussed.
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2.2 The heat equation

Considering a fluid at rest with constant density and neglecting non-linear
terms in gradients and time-derivatives, the energy balance for the system,
considering only the transport in one dimension, leads to the following equa-
tion:

COT +deq =0 (2.1)

where C' is material heat capacity per unit of volume. The heat flux (¢) can

be defined by the Fourier’s law if only diffusion is considered:
q = —k)@cT (22)

where k is the material thermal conductivity, assumed to be constant in the

space. The energy balance can be rewritten as:

(9tT + (9¢q =0 = 8tT = Oé&gcT (23)

with a = ﬁ = %, p is the material density and c is the material heat capacity

per unit of mass. For an initial value problem (7'(¢,t = 0) = Tp(()) in a one
dimensional infinite spatial domain, the solution of this PDE is given as:

T(C 1) = ﬁ /_ Z T(2,0) exp (—ﬂ) i (2.4)

(4drat dat

As long as the initial condition is different from 0, this solution predicts
an instant heat propagation, which is called the Heat Conduction Paradox.
Cattaneo [42] wrote a paper at which the question of the paradox of heat
conduction was addressed. The author modified Fourier’s law, based on the
elementary kinetic theory of gases. It was argued that there is a time-lag
between the start of the particles at their point of departure and the time of
passage through the middle layer. Therefore, if the temperature changes in
time then, the heat flux at a certain time should depend on the temperature
gradient of an earlier time. This assumption leads to the following definition
of a modified heat flux:

q=—k(1—-70,)0,T (2.5)
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where 7 is called the characteristic time. If 7 — 0, the following approximation
can be used:

(1—70)"' =~ (1+70) (2.6)
and the energy balance can be rewritten as a second order hyperbolic PDE:
70T + O, = a0 T (2.7)
with the understanding that, if 7 = 0, the original parabolic PDE from Eq.
2.3 is obtained.
2.2.1 Boundary Conditions

Considering the heat conduction equations shown in Eq. 2.3 and Eq. 2.7,
three different sets of boundary conditions are assumed and will be used in

the following sections:

T(0,t) =0
1.{ T(11) =0 (2.8)

d:T(0,t) =0
2 { TC(M) “ 0 (2.9)
o [ 0T(0,1)=0 510
1 aT(1,t) = 0 (2.10)

The first set of boundary conditions (Eq. 2.8) represents two Dirichlet
boundary conditions and assumes the direct control of the temperature on the
boundaries, which physically represent the case when large heat sinks/sources
with constant temperature placed at the boundaries. Eq. 2.10 represents two
Neumann boundary conditions, which assumes the possibility that the flux
can be controlled. Eq. 2.9 has mixed boundary conditions as the types of

boundary conditions at the two boundaries are different.

2.2.2 Eigenvalue Analysis

In this section, a comparison among the eigenvalue distribution of the parabolic

and second order hyperbolic is made to understand how the system dynamics
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are different in these two modeling settings. As the results for the parabolic
have been extensively studied and reported, the outcome for this type of equa-
tion is shown in Table 2.1.

The eigenvalue problem is defined as Ap = A\¢, where A is the operator

considered, ¢ is the eigenfunction and X is the eigenvalue.
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For the second order hyperbolic, the partial differential equation shown in

Eq. 2.7 can be written as:

T 0 1 T
0
ot T 8C2 T ot

such that the operator A is defined as:

0 1
A=| 402 1 (2.12)
T( T

thus, as the eigenvalue problem is defined as A¢ = Ao, the following system

of equations is solved as:

@32?% 0 (2.13)
«Q 1 2 2.13
T Ty A

which leads to the following second order ODE:

AT
dC; = (A + )¢y (2.14)

This second order equation has a general solution given as:

{ dfcb } _ A—0) { dﬁfg(b%(g) } Y { g(ArOJr ) ; } (2.15)

where ¢ = ¢; and N = 3()\7 + 1) and {, = 0. Applying the assumed

boundary conditions gives the following distribution of eigenvalues and eigen-

functions:

L ¢1k(Q) = agsin(mkQ), p2k(¢() = apAgsin(rk() and N\, = 5—71 +

L — o for k>0

2. ¢14(¢) = akcos(2k+ C) $26(C) = agAg cos (2k+1 C) and \, = ;—Tl +
Vit — 2= (%) for k>0

472 T

3. 1.6(C) = ax cos(mk(), $1,0(C) = ao, P2,£(C) = arAgsin(mk(), P20 = agAk

and Ay = 52 41/ — 98 for k>0

22



Remark 2.1 : The solution of the eigenvalues problem of the hyperbolic PDEs
results in a different set of eigenvalues when compared to the parabolic equation
(shown in Table 2.1). For the parabolic case, it can be seen that the dynamics
of the heat transport problem contains only negative real eigenvalues that are
distributed apart of each other in a quadratic sense, reflecting the exponential
attenuated dynamical response of the system (the response does not have oscil-
latory behavior). The second order hyperbolic PDE does not have an infinite
set of real eigenvalues as shown above (for the parabolic equation, A\, — —o0 as
k — o0), in fact, for all solutions, the whole set of eigenvalues are constrained
n a region where _71 < Re(\,) <0, as it is shown in Figure 2.1, for « = 0.25
and 7 = 0.01. Furthermore, the complex eigenvalues of the hyperbolic equa-
tion will have the same real part (—1/27). This infinity number of eigenvalues
with the same real part is manifested in the hyperbolic PDE modeling as the
finite speed of propagation. For the same value of «, the hyperbolic (A\y) and
parabolic eigenvalues (Ap) are, for the heat diffusion in a resting body, related
by:

Ag(AgT+1) = Ap (2.16)

Parabolic (BC 1)
+ Parabolic (BC 3)
X Hyperbolic (BC 1)| %
» Hyperbolic (BC 3) «

Im(\)

X
Re()\)
Figure 2.1: Parabolic (circle) and hyperbolic (cross) PDEs’ eigenvalues distri-
bution for BC 1 (Eq.2.8) and BC 3 (Eq.2.10). The red values are added for
the third set of boundary condition.
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Limit of the approximation

As the assumption that 7 — 0 was used to transform the modeling setting from
hyperbolic to parabolic PDE, one can also expect an upper limit for 7, at which
the hyperbolic equation will not be physically meaningful. By examining the
solutions for the eigenvalue problem, there is a value for 7 > 7,4, at which
all eigenvalues of the hyperbolic equation will be complex eigenvalues with a

common real part but different imaginary parts:

1 an? 1
1. T e < 0 = Thaz = 3725
1 on? ( 1 )2 _ 1
2. 47_7%“11_ P 2 < 0 i Tmax — a
1 am? s 1
3. 472 00 Tmax <0 Tmaz = 42

Thus, for cases 1 and 2, the system will present only complex eigenvalues if
T > Timae- Case 3 will always have 2 real eigenvalues o3 = 0, g2 = 1/7, but
all others will be complex if 7 > 7,,4,. Thus, for 7 > 7,,,4., the eigenvalues
distributions predict a response of the system with attenuating oscillations,
which might not have physical meaning. However, the finite speed, associated

with the multiplicity of eigenvalues with the same real part, is still present.

2.2.3 Adjoint operators and the orthonormal basis

In the next section, the open-form analytical solutions of the parabolic and
hyperbolic equations are developed. The motivation for this analysis stems
from the need to provide an analytic solution for the unforced system dynamics
evolution. To obtain these analytic solutions, we first derive the adjoint of the
operators, which is used to define an orthonormal base and is then employed
in the analytical solution. To find the adjoint operator, the general definition

of inner product is used:
(Az,y)y = (z, A"y)x (2.17)

where z € X, y e Y, A: X - Y, A*: Y = X, and (,-)y, (-,-)x are the
inner products.

24



Next, the eigenvalue problem of the adjoint operator is considered, as its
eigenfunctions will build the orthonormal base used in the solution. As it can
be noticed from Table 2.1, for all boundary conditions and the adjoint oper-
ator defined for the parabolic PDE, A = A* and D(A) = D(A*). Thus, the
operator is self-adjoint, which implies a spatial symmetry of the dynamics. As
the parabolic operator is self-adjoint the solution of the eigenvalue problem for
A* will give the same result as A, thus ¥({) = ¢((), where ¥(() is the eigen-
function of the adjoint operator. The orthonormal basis can be constructed
with ¢(¢) and ¥((), such that:

00 =8, = { 3 17 (2.18)
and with the solutions of the eigenvalue problem for the different boundary

conditions, it is possible to define a; such that the above condition is true. For

the hyperbolic PDE, the operator defined in 2.12, the following is obtained:

Glal D L] [

/01 { ) ]TA* { .7;; } 0C = (x, A7) x (2.19)

X2

which gives the following adjoint operator (A* = AT in Eq. 2.12):

0 20
A* = 1 (2.20)

1
-

with the following boundary conditions:

As A* #£ A, the operator of the hyperbolic PDE is not self-adjoint, thus, the

eigenvalue problem needs to be solved to find the eigenfunctions of the adjoint
25



operator. The eigenvalue problem A*)) = Ay has the same characteristic

equation as A, thus, the same eigenvalues. Its eigenfunctions, however, are

given by:
Ay = Occiha iy = 24y
— T ; 2.21
{ Ay =Py — 22 Wy = aeﬁC + be_ﬁf ( )
where: N = 2052 and g and b are found using the boundary conditions

T

defined above, which leads to the following solution:

L 1(Q) = a2 sin(mk(),or(¢) = ajsin(rk(), with af = ap =
,/1+2T/\ ,for k>0

2. Y1x(¢) = a2 cos (BEERC) ,ha () = axcos (EE7() , with a =

ak—,/1+2)\,fork>0

3. Y1k(Q) = a2 cos(mh(), ¥10(¢) = H2Tad, 9, (¢) = aj cos(mk(),

— % _ — 27
Vo0 = ag, with a = ap, = |/ 755 for k>0

where the condition a; = a; was assumed such that (¢;((),;(()) = d;;

and ¢;, v; form a biorthonormal basis of the hyperbolic PDE.

2.2.4 Analytic Solutions

The analytic solutions of the PDEs are obtained in this section using the
method of separation of variables. In this method, the solution T'((,t) is
assumed to be a product of a spatial function Z(¢) and a temporal function
O(t), i.e.,, T(() = Z(¢)O(t). As before, the solution of the parabolic PDE will
not be shown in detail and is presented in Table 2.1. For the hyperbolic PDE,
substituting 7°(¢, t) in Eq. 2.7 and dividing both sides by Z({)O(t) leads to:

o) 1 do@) 1 &Z() 1
az o) dat o) " e Z(C)

(2.22)

where ¢ is a constant that does not depend on time or space. This gives

following ODEs:

o) 229
7_d th)2(t) + d@tt) _ C@(t)

Q)is Z(¢) = aeVal 4 bef\/gc, where
the coefficients are calculated using the boundary conditions:
26
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The general solution of the ODE for Z



1. Zp(¢) = ap sin(mk() with: ¢, = —ar?k?, for k > 0

2. Z,(¢) = agcos [ (k+ 1) (] with: ¢ = —an? (%2—“)2, for k>0

3. Zp(¢) = ap sin(wk¢) with: ¢ = —an?k?, for k >0

Notice that ¢ is not the same as the system eigenvalues, as the ODE for the
time-dependent part is a second order equation and it can be written as a

system of first-order ODEs:

O 0 1 O(t
— dek((tg =1 ¢ -1 d@k((t)> (2.24)
dt T T T
The solution is given by:
2]-
dOr(t) | —
dt
e%;t_e*ﬁt_,_ (e’\zt—&-ex’:t) VacT+1 e’\ﬁt—e’\;t-i-(ekfzt—ekzt) (4epT+1)
2v/AcrT 1 dopy/AoRT 1 { ©x(0) }
d0, (0
Ck (eklztfekﬁt) ekztfexlzkk (eAI:tJre)‘;rt) VacpT+1 +;)
R Vac,T+1 2/4cT+1 |
B (2.95)
2.25

where A" and A\ are the two possible solutions of A, (A is the solution
of a second order polynomial - the same shown in section 2.2.2). Using the
principle of superposition, the general solution of the hyperbolic PDE can be

written as:

[dut] ZAk { Z, (2.26)

where Ag(t) can be simplified to:

Ag(t) = [ ﬁ%l(g /11228 _ (2.27)

with: ( )
1,1 p— 1 sinh ﬁﬁ/ck7+l
ez [h (far 1)+ = /—+}
27¢~ 7 sinh L SepT+1
A]?2(t) = <2T k +4>

VicepT+1

AZL(f) = 2ce” 27sinh (o \/cpm+1 )
k

- VicpT+1

2,2 -4 sinh é\/ckfrj
A(t) = e 2r [cosh <ém> - 2<T+i4>}
27

(2.28)




To find the coefficients A, and By, the initial conditions and the orthogo-
nality of Zj are used. For each Zj, we can find a Z; such that (Zy, Z}) = d;;:

1. Z;(¢) = a} sin(mk¢) with: ap = a, = v/2, for k>0

2. Z{(C) = aj cos [71' (k + %) C] with: ap = a} = V2, for k>0

3. Z{(¢) = a} cos(mk() with: aj, = af = /2, for k > 0 and ag = aj) = 1

Thus, if the inner product with respect to Z;(¢) is taken in both sides of
the solution at ¢t = 0 (thus A(0) = I), the following is obtained:

(T(¢,0), Z5,(0) = 2k Ax(Zr(€), 2 (Q)) == Ax = (T((,0), Z;(C))
- )

(T2, 7 (0) = X0 BilZi(Q), Z3,(Q)) = By = (52, Z;(Q))
(2.29)

where the fact that <Zi(( ), Z5 (¢ )> = §;; was used to simplify the summa-

tion. Thus, given the initial condition, the solution of the hyperbolic PDE can

be written as:

(T'(¢,0), Z;(C))
(G Zi(0)

[ Slaoaozm zosozm | g8
0 k ’

2.2.5 Simulation Results for the Heat Transport

TEH =57 [0 A7 ] Tk =

(2.30)

In this section, the simulation results for the heat transport are discussed.
First, as it is not possible to realize an infinite number of eigenvalues in the
solution of the PDEs, the high fidelity approximation is considered and the
approximation error of the initial conditions is analyzed. One thousand eigen-
values (and eigenfunctions) were used in the simulation, and the integrals were
calculated using the trapezoidal rule with one thousand discretization points
in space. The norm of the error in the approximation of the initial condition

is defined as:

[e(O)] = [2(0) — z(0)]] = \//0 [2(¢,0) — a(¢, 0)]" d¢ (2.31)
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where z(0) are the chosen initial conditions (just 7(¢,0) for the parabolic;
T(¢,0) and 9,T(¢,0) for the hyperbolic) and x4(0) is the approximation (given
by the truncation at ¢ = 0 of the sum for the parabolic PDE shown in Table
2.1 and Eq. 2.30 for the hyperbolic). Table 2.2 shows the values of the initial
errors and the initial conditions chosen. As the initial velocity is considered to
be zero for the hyperbolic PDE, the approximation error depends only on the
initial condition for 7', which was set as the same function for the parabolic

and hyperbolic PDEs.

Table 2.2: Initial conditions and initial errors in the approximation

PDE Type Initial condition | Initial Error
Parabolic (B.C. 1) T(0)=-¢*+¢ 1.6912¢-14
Parabolic (B.C. 2) T0)=-"+1 4.4495e-14
Parabolic (B.C. 3) | T(0) = —2¢3 + 3¢® 6.3790e-14

. T(0) = —C*+¢
Hyperbolic (B.C. 1) 5T(0) =0 1.6912e-14
. T0)=—-C"+1
Hyperbolic (B.C. 2) 5T(0) = 4.4495e-14
. T(0) = —2¢3 + 3¢2
Hyperbolic (B.C. 3) 5T(0) = 0 6.3790e-14
The simulation results are presented for arbitrary values of @ = 1 and

7 = 0.01. The spatial profiles of T'(¢,t) and 9,7(¢, t) for the parabolic PDE are
shown in Figure 2.2. Due to the initial conditions, it is easy to see that 9,7(, 0)
is going to be different than zero for all cases and it is at its maximum at the
beginning. As shown in the previous sections, all the boundary conditions

used result in stable systems.
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The same results are shown for the hyperbolic PDE in Figure 2.3. It is pos-
sible to see that the velocities profiles, i.e., the rates of temperature change, are
completely different from the results presented in the parabolic PDE case. The
system takes some time to reach the maximum velocity, not instantaneously as
was the case for the parabolic. The velocities profiles are initially different, as
the parabolic presents a smooth profile, while the hyperbolic presents sudden
changes. As expected, the PDEs converge to the same steady-state profile,
although the apparent difference is seen in the initial dynamic response. This
difference also shown in Cassol et al. [59], which showed the distinct slope in

the profiles of the hyperbolic and parabolic PDEs.
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Next, a comparison for different initial conditions for the 9,7(¢,t), as one
might argue that the previous results show a distinguished difference between
the hyperbolic and parabolic because the initial condition was 9,7(¢,0) = 0.
The system responses, only considering the second set of boundary conditions,
for different initial conditions of 9,7°(¢,0), but with the same 7'(¢,0), are
displayed in Figure 2.4. The initial conditions used and the initial error are

shown in Table 2.3.
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The responses show that, as 9;,T((,t) are initially different, the profiles
of T(¢,t > 0) are distinct at the same time, as expected. For ¢ > 0, the
difference between the values of 0,7((,t) starts to decrease and the rate of
change converge to the same spatial profile. Thus, the rate of change of the

hyperbolic PDE will be the same after some time, independent of the initial

condition used for 9,T(¢,0).

1.2

0.8

0.4F

0.2}

Time

' —IC (1)
—_ —IC (2)|/
—IC (3)

0 0.2 04 0.6 0.8 1
Time

Figure 2.4: Comparison of the simulation for the Hyperbolic PDE with B.C.
2 and three different initial velocities (time increases with the line width).
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One last comparison is made considering the hyperbolic PDE with different
values of 7, as shown in Figure 2.5. Three different values are considered
(1 = {0.01,0.1,1}) and the same initial condition (9,7'(0) = 0) is used. The
responses are distinct from each other, and, as expected, the higher the value
of 7, the slower is the system’s response. But, a higher value of 7 may also lead
to a physically unfeasible response, as discussed in Section 2.2.2 and shown
in Figure 2.5 (c) and (d). In this figure, the responses are shown at ¢ = 0.5
and the different values of 7 are considered. The maximum value for which
the approximation should hold is 7,,4, =~ 0.0253. For 7 = 0.01 the response
exponentially converges to the steady-state without showing oscillations; 7 =
0.1 produces a response with oscillations and these oscillations become greater

for 7 = 1. This type of behavior is not expected in a finite slab.
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Figure 2.5: Comparison of the simulation results for the Hyperbolic PDE with
B.C. 1 and three different values of 7: (a) Spatial profile for T'(¢,t) at different
times; (b) Spatial profile ford,T'(¢,t) at different times. Time increases with
the line width. (c¢) Response of T'(¢ = 0.5,t); (d) Response of 0,T(¢ = 0.5, ).
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2.3 The Axial Tubular Reactor

Considering a fluid, with a constant density and diffusivity (D), moving inside
a tube with velocity (v). The tube has a constant cross-sectional area and
a first-order reaction happens inside of it. The fluid’s velocity is not high
enough to neglect the diffusive effects. If the radial and angular diffusion can

be neglected, the mass balance for the system leads to the following equation:

oC

5p = ~OcF +r=—0F —kC (2.32)

where F' is the mass flux and r is the reaction term (in this case a first-order
reaction with constant specific reaction rate). The mass flux can be given by
the sum of the diffusive term (Fick’s law) and advective term. If only the axial

effects are considered, the flux is defined as:
F=-Do.C+vC (2.33)

This leads to the following parabolic PDE:

88—3 = D&«C — U&CC — /{ZC (234)

Fick’s law does not consider any inertia, thus, similarly to the heat diffusion,

it is possible to assume that a delay is present in the mass flux as well:
F=-D(1—-1710)0,C+vC (2.35)

This leads to the following PDE:

aa—(; = D(l — T@t)a<<C — 1]8(0 — kC (236)
If 7 — 0, then (1 —79;)~' ~ (1 + 79;), the equation becomes:
T@ttC' + 8tC = D@CCC — v@CC — 'UTaCtC — kC — kTatC (237)

Lastly, one could also argue that the delay is present in both diffusive and

advective terms, leading to:

F=(1-70)(—Do.C +vC) (2.38)
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Substituting in the mass balance gives:

% = (1 — Tat) [DOCCC — ’U8<C] — kC (239)

Using the approximation for 7 — 0 gives the following second order hyper-
bolic PDE:
T@ttC’ + 3tC' = Olagcc - ?}8{0 — kC — kTatC (240)

Thus, the two different second-order PDESs take into account different phys-
ical assumptions. If it is considered that the delay on the particles only occur
in their response to a concentration gradient, then the delayed diffusion PDE
shown in Eq. 2.37 would be more appropriate. If the time-lag that happens
until the particles start moving, as proposed by Cattaneo [42], also happens
in the advective transport, then, the total flux is considered to have a delay

and Eq. 2.40 represents this assumption better.

2.3.1 Boundary Conditions

Two types of boundary conditions are considered: closed vessels and open
vessels [51], [60], as represented in Figure 2.6. An open condition means that
dispersion occurs, while a closed condition does not take dispersion into ac-
count. Thus, for closed-closed vessels, represented on the top of Figure 2.6,
there is no dispersion in concentration either upstream (right before the inlet
of the reactor, at { = 07) or downstream (right after the outlet, at { = L™). In
an open-open vessel, represented on the bottom of Figure 2.6, the dispersion
occurs both upstream and downstream. Thus, these are different possible sets
of boundary conditions that can be achieved by assuring the continuity of the

flux in the inlet and outlet:
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Figure 2.6: Tubular reactor representation: (top) Closed-Closed boundary
condition; (bottom) Open-Open boundary conditions.

1. Closed-closed: No dispersion in the flux upstream and downstream, thus
F(07) =vC(07) and F(L*) = vC(L"). Considering that the reaction
just occurs inside the reactor, C'(L") = C(L™), this leads to the following

boundary conditions:

vC(07) = vC(0") — DIC(0") and 9:C(L™) =0 (2.41)

2. Open-Open: dispersion happens upstream and downstream, thus F'(0~) =
vC(07) — DO:C(07) and F(L*T) = vC(LT) — DOC(L*). For this case,
the continuity of concentration is also considered, such that C'(07) =
C(0") and C(LT) = C(L7), leading to the following boundary condi-
tions:

0:C(07) = 9,C(0*) and 9.C(L~) = 9.C(L*) (2.42)

If a delay is considered only in the diffusive term, the boundary conditions

are going to change for the hyperbolic PDE:

1. Closed-closed:

vC(07) =vC(0") — D(1 — 78,)9,C(0") and :C(L™) =0  (2.43)
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If 7 — 0, the boundary condition becomes:

(14 70,)vC(07) = (1 + 79,)vC(0") — DI:C(0T) and O,C(L™) =0
(2.44)

2. Open-Open: F(07) = vC(07) — D(1 — 70;)0,C(07) and F(LT) =
vC(LY) — D(1 — 70,)0,C(LT). Assuming continuity of concentration,

the following boundary conditions are obtained:

GCC(O_) = 6<C(0+) and 6<C(L_) = 8<C(L+) (245)

Therefore, by considering delay in the total flux, the boundary conditions

become:
1. Closed-closed:
vC(07) = [vC(07) — DO.C(0")] and O.C(L™) =0 (2.46)
2. Open-Open: F(07) = (1—78,) [vC(07) — DO,C(07)] and F(L*) = (1—
78,) [vO(L+) — DO, C(L+)]. With the continuity of concentration:
9.0(07) = 8.0(0*) and 9.C(L") = . C(L") (2.47)
2.3.2 Eigenvalue Problem

In this section, the difference in the PDEs’ dynamics is examined by exploring
the differences in their eigenvalues distributions, taking into account the closed

and open boundary conditions defined in the previous section.

Closed-closed Boundary Conditions

1. Parabolic PDE: For the parabolic PDE, the operator A can be defined
as:

Ax = DO¢ex — vO;w — ko = A (2.48)

with the boundary conditions defined in Section 2.3.1. As defined pre-

viously, the eigenvalue problem is given as the solution of A¢ = \¢.

Substituting the operator and solving for ¢ gives the following ODE:

il ¢1 [0 11 ¢
d_C{ddb}_{% %Hdcﬂﬁ} (2:49)
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And its general solution is given by:

AR Rl P2

with:

sinh  (¢—Co)y/ % +a
Fi(CA) = ez [(:osh ((g — o)/ &+ a) .y ( - T )]
Tta
e%“’“)sinh((cfco)\/%)

f12((’)‘) = \/ng
1 a
e%(c_g‘))sinh (¢€—¢o) el
fa((A) =a \/(b2+ : )
x a
sinh  (¢—Co)y/ E+a)
— o5(C=¢ _ /2 b ( .
foa((A) =€ (¢=¢0) [cosh <(C o) 7 +a) + 3 7, ]

(2.51)

And, in this case, a = %, b= 5 and (o = 0. Using the closed-closed

boundary conditions defined in Section 2.3.1 with zero inlet flux (i.e.,
C(07) = 0), the boundary conditions are 0 = v¢(0)—D0I;$(0) and O:¢(L) =

0, resulting in the following equations:
{ 9c(0) = 56(0)
Ja1(L, N)9(0) + faa(L, A) 09 (0) = 0 (2.52)
= ¢(0) [f21(L7)\) + B fo(L, )\)} =0

If (0) = 0, the eigenfunction will be the trivial solution, which is not
desired. Thus, fo1(L,\) + 5 f22(L, A) = 0 must hold. Replacing by the

functions given in Eq. 2.51, the following equation is obtained:

L [ —v\/§+D(l~c+A)
tanh | =\/— +D(k+X\) | = 2.53
(D 4 ( )) 2 D(k+ \) (2.53)

Differently from the eigenvalue problem considered in Section 2.2.2 for

the heat equation, this is a transcendental equation and its analytical

solution is not available. Thus, a numerical method is used to find Ag.
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2. Hyperbolic PDE - Delayed diffusion: For the hyperbolic PDE there are

two different scenarios for the flux. First, the operator that considers
the delay in the diffusive term is analyzed:
C(t) C(
0
#lacin [+ ae

t)
C(t) 2,C(t) }

[@ _Uacik—i] [8?6(*2)}

T

(2.54)

which is equivalent to write the PDE shown in Eq. 2.37 and its boundary
conditions were shown in Section 2.3.1. Thus, the system of equations

obtained is given by:

G2 = A1
{ DOcctr — L0chr — £y — Loy — 00c 3 — kipo = Ay (2.55)

which can be written in the following form:

d_(’ [ df(lﬁl ] - l (k+N)(1+AT)  v(1+A7) } {dilﬁl } (2.56)

D D

The solution of this system has the same structure as Eq. 2.50 with
(kN A+M7) b — v(1+AT)
- D Y= 7D

and (p = 0. Applying closed-closed boundary
conditions and the relation ¢ = A¢q, the following conditions need to
be satisfied:
0c61(0) = vEF261(0)
{ Jor (L, A)¢1(0) + fa2(L, A)0ch1(0) = (2.57)
= ¢1(0) [far(L, )+’U%fz2(L7)\ﬂ =

Thus, for1(L,\) + v1+7’\f22(L, A) = 0 is the characteristic equation for
this case. Substituting the functions given in Eq. 2.51, the following

equation is obtained:

tanh (%\/ﬂ + D+ N1+ /\r)) _

—0(1 4 A7)/ U Dk A) (L + Ar) (2:58)

PAADY L Dk + A)(1+ A7)

which is solved with a numerical method. It can be seen that in the
limit 7 — 0 the above expression becomes the expression Eq.2.53 which

is related to parabolic spectral characteristics.
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3. Hyperbolic PDE - Delayed total flux: For the delay in the total flux, the

operator is defined as:

2 ci) | A ct) | 0 1 C(t)
ot | 0Ct) |~ T ac) | T | Bk g1 | 9,0()
(2.59)
which is equivalent to writing the PDE shown in Eq. 2.40, with boundary

conditions presented in Section 2.3.1. The following system is obtained

from the eigenvalue problem:

P2 = APy
{ gaccﬁﬁl — 20ch1 — éqﬁl — %¢2 — ke = A (2.60)

resulting in:

el |~ w5 ]| 5

_ = N w 2.61
d¢ | detn % v degn (2.61)
The solution has the same structure as Eq. 2.50 with a = w,

b= % and ¢, = 0. Applying the boundary conditions results in the
condition below:
{ 9c$(0) = 56(0)
far (L, A)(0) + fao (L, A)Och(0) = (2.62)
6(0) [far (L, A) + ﬁfaz(L,A)] =0
Setting aside the trivial solution, the characteristic equation for this

operator is given by fo1(L, ) + % fo2(L, A) = 0, which leads to:

) —0y/% + D(k+ A)(1+ A7)
; _

Y+ D(k+A)(1+ A7)
(2.63)

L [v?
tanh(B — + D(k+ X)(1+ A7)

Remark 2.2 Although this is a transcendental equation, a direct relation with

the Eq. 2.53, obtained for the parabolic PDE, can be derived:

—(14+k7) £ /(1 + kT)2+ 47)p
2T

where \p is the eigenvalue of the parabolic PDE and Ay 1is the solution for the

delay in the total flux.
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The eigenvalues distributions for a set of parameters are shown in Figure
2.7, for 0.1 < v < 15. The same behavior seen in the heat transport by
conduction is observed in the case of reactor dynamics. The eigenvalues for
the parabolic PDE are all placed apart in the quadratic manner at the real
axis, while just a finite number of the eigenvalues of the hyperbolic PDE follow
the same trend. These eigenvalues are placed at the real axis within a finite
interval. As the velocity increases, it is expected that the eigenvalues are going
to shift to the left side, as a plug-flow reactor (obtained when 3 — 0o) would
be inherently stable. Furthermore, an increase in the velocity also helps to
discern the difference between the delayed diffusion and the delayed total flux.
Although they both have a similar response to the increase in the velocity,
the effects are different. For the total delayed flux (Figure 2.7 (c)), all the
eigenvalues shifted from the real axis to the complex plane. For the delayed
diffusive flux (Figure 2.7 (b)), the shift for the left side of the complex plane
is more evident and the distance between the real eigenvalues decreases as v

increases.
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2.3.3 Simulation Results for the Closed-Closed Bound-
ary Conditions

Lastly, the simulation results for the closed-closed boundary conditions are
shown in Figure 2.8. For this simulation the initial conditions used were
T(¢,0)=—-3C*+6(+1,withv=6,D=1,k=27=0.01 and 8;,T(¢,0) =0
for the hyperbolic. Once more, the difference in the rate of change (0,7(¢,1t))
is clearly noticeable, as the rate for the parabolic PDE starts at its maximum
at some points. The hyperbolic cases take some time to reach the same rate
as the parabolic and the responses never get to the same magnitude when
compared to the parabolic values. This behavior causes a delay in T'((,t) for

the hyperbolic PDE, as expected.
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Open-open Boundary Conditions:

Unlike the closed-closed boundary conditions, the open-open boundary con-
ditions assume that the upstream and downstream flux will have a diffusive
term as well, thus, the movement driven by the gradient of concentration is
added to the front wave that is characteristic of the advective term. The
boundary conditions for the rector generally assume continuity of the total
flux and concentration in the beginning of the reactor (i.e., F(07) = F(0%)
and C'(07) = C(0")) and at the end of the reactor (i.e., F(L~) = F(L") and
C(L™) = C(L")). The total flux, as considered previously, is different for each
type of PDE and the complete operator (represented by .A), that consider both

the transport zones and the reaction zone, can be defined as:

Ar 0 0
A= 0 A 0 (2.65)
0 0 Ar

where Ar is used to represent the transport happening upstream and down-
stream, such that Ay = —0.F. A is the operator for the reactions zone (i.e.,
A = —0.F —r) and can be one of the operators defined in Equation 2.48, 2.54
or 2.59.

1. Parabolic PDE: the flux for the parabolic is defined as F' = vC — DO.C,
thus ApC' = DO C —v9,C and AC = DO;C —v9.C —kC. A transport
zone with length § is considered before and after the reaction zone (one
could consider two transport zones with different lengths, but, for the
sake of simplicity, the same length is considered in this contribution).
The eigenvalue problem is given by A® = AP and besides the four
boundary conditions already shown in Section 2.3.1, two more boundary
conditions are necessary. It is assumed that there is no incoming flux at
¢ = —0, thus F(—6) = vC(—0) — DO;C(—0) = 0; and that at the end
(¢ = L+6) the concentration does not change further (0.C(L+ ) = 0).
Finally, the eigenfunctions will be the solution of the following differential

equations:
Dd<c¢1 - Udg¢1 = A1
Ddecgo — vdedg — kg = Ao (2.66)
Dd¢cgpz — vdegs = A3
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with the boundary conditions:

vP1(=0) = Ddedr(=0) =0 61(0) = ¢2(0)  dc1(0) = dc2(0)

¢a(L) = ¢3(L) deo(L) = dcgs(L)  deds(L+6) =0
(2.67)
Each eigenfunction will have the same structure defined in Eq. 2.50,
Witha:%,b:%and(’oz—éforgbl;a:%,bz%amd(oz()

for ¢o; and a = %, b= 35 and (o = L for ¢3. Applying the boundary
conditions to the solution gives the following equation:
(L) 13 (L A)
S (LA) - f13) (LX)
N 500 |1
() (1) v | P1(=0) =
f21 (07 )‘) 22 (Oa )‘)

where k in the superscript of fi(f) indicates to which eigenfunction (¢y)

| @8N L5 |

(2.68)

is the function related to and each component is given by Eq. 2.51.

. Hyperbolic PDE - Delayed diffusion: the flux is defined as F' = vC —
(1—-70,)DO,C and using the approximation for 7 — 0, A is the same as
in Eq. 2.54. Similarly, A7 will be defined with the same structure, but
with £ = 0. Considering the same transport zone with length ¢ before
and after the reaction zone, no incoming flux at ( = —d and continuity
of concentration at ( = L+, the eigenvalue problem gives the following

system of equations:

P21 = Ad1y
?dcg%,l - %dcﬁbm - %%,1 - Ud<¢2,1 = )\¢1,k
%dCC¢1,2 - §d<¢1,2 - §¢1,2 - %¢2,2 —vd¢pan — koo = )\(,152,2
7d<c¢1,3 - %dcﬁbl,s - %<152,3 - Ud§¢2,3 = )\¢2,3
(2.69)

where [ = {1,2,3} in the subscript indicates to which eigenfunction is
@1, or ¢g; assigned to. The boundary conditions for the eigenfunctions

are given as:

(0(1 4 7A)¢1,1(=0) — Ddcdra(—0) =0
$1,1(0) = ¢1,2(0)
d¢$1,1(0) = degr2(0)
$12(L) = ¢13(L)
detra(L) = d<¢1 3(L)
| dep13(L+0) =0
50

(2.70)




A(14A7)

The solution will have the same structure as Eq. 2.50, with a =

D )
b:U(lgAT)and<0:_5f0r¢l;a:w b:MaDdC:O
for ¢1o; and @ = 2D — YD g ¢ = L+ 6§ for 15 And,

by applying the boundary conditions to the solution of the ODEs, the

equation obtained is very similar to Eq. 2.68:

DL, ) £
[P+ S%L+@A>][€?&/§ Ay

1) (1)
11 (0, A) f (0, \)
[ 0,0 150, ] { vbAr } $11(—=0) =0

(2.71)

where k in the superscript of fi(;) indicates to which eigenfunction (¢ ;)
is the function related to and each component is given by Eq. 2.51 for
a, b and (p given above for each eigenfunction. Then, the eigenfunctions

¢2, can be easily found using the relation ¢o; = A¢ .

. Hyperbolic PDE - Delayed total flux: the flux is defined as F = (1 —
70)(v — DO )C, thus, A is defined as in Eq. 2.59 and Ay is the same,
with £ = 0. With the same previous assumptions regarding the transport
zone and boundary conditions, the new system of equations given by the

eigenvalue problem is:
([ ho1 = A1y

Ddeeprn — Ldedra — 1021 = Ar

Bdcctra — 2depra — Era — 2doo — koo = Aoy
| Bdectr s — Ldedrz — 2¢as = Ao

where [ in the subscript indicates to which eigenfunction is ¢1; or ¢

(2.72)

related. The boundary conditions for the eigenfunctions are given as:

( U¢1 1( ) Dd<¢1,1(—5) =0

hal0) 2R 0)
P11 = d¢p12(0
| 612(L) = é(L) (2.73)

degr2(L )—dc¢13( )
| dedrs(L+6) =0

The solution is given by Eq. 2.50, with a = A(lg’\ﬂ, b= 5 and (p = —
for ¢11; 0 = (’\+k)(+’\7),b: % and (o = 0 for ¢y 5; and a = M1+w, b=+

D
o1



and (yp = L + 9 for ¢1 3. And, by applying the boundary conditions to
the solution of the ODEs, the equation obtained has the same structure
as Eq. 2.68, with each component given by Eq. 2.51 for the a, b and (j

defined above for each eigenfunction.

Remark 2.3 The Closed-Closed boundary conditions can be solved in the same
way as the Open-Open boundary conditions (i.e., considering that there are also
two eigenfunctions related to the transport zones). But, as the transport zones
would be represented by hyperbolic equations and, as the condition in { = —0 is
the no incoming flux, the only solution for ¢1 is ¢1({) = 0. Thus, the boundary
conditions for ¢o are the same as shown in Section 2.3.2 and, as continuity
of concentration is assumed at the end of the reaction zone, ¢p3(L) = ¢o(L).
As ¢3(L) is also given by the solution of a first order hyperbolic equation, it
does not have any influence in the system stability. Thus, only the solution
of the eigenvalue problem in the reaction zone (¢o) and its boundary condi-
tions are necessary to analyze the system’s stability for closed-closed boundary
conditions. But, for the open-open boundary conditions, the transport zones
influence the system’s stability.

The eigenvalues’ distribution for the same set of parameters used in Section
2.3.2, considering a transport zone of 9 = 1, is shown in Figure 2.9 for 0.1 <
v < 15. As the open-open boundary conditions consider the transport before
and after the reaction zone, the effects are seen in the eigenvalue distribution,
as the number of eigenvalues increased in the same interval in comparison to
Figure 2.7. The overall behavior is similar to the previously obtained, with
the eigenvalues of the parabolic PDE placed in the real axis, while most of
the eigenvalues of the hyperbolic PDEs are in the complex plane with a finite
number of the eigenvalues in the real axis. When the velocity is increased, the
same behavior for the closed-closed boundary conditions is seen once again,
with the whole set of eigenvalues shifting to the left for all PDEs and some
of the eigenvalues of the hyperbolic PDEs shifting from the real axis to the

complex plane.
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Simulation Results for the Open-Open Boundary Conditions

In this section, the simulation results for the open-open boundary conditions
are discussed. Figure 2.10 shows the time-spatial profiles for T'(¢,t) and
0,T(¢,t) for the parabolic and the hyperbolic PDEs, considering delayed dif-
fusive flux and total flux. The same set of parameter used in the simulation of
the closed-closed boundary conditions were considered and 6 = 1. The initial
conditions used were T(—§ < ¢ < 0,0) = 0.25(C+1)2+6(+ 1, T(0 < ¢ <
1,0) = 0.25¢2 +6.5¢ +7.25 and T(1 < ¢ <2,0) = —3.5(¢ — 1) +7¢ + 14 and
0,T(¢,0) = 0 for the hyperbolic. As discussed previously, the difference in the
initial rate of change (0,7(¢,t)) of the parabolic and the hyperbolic PDEs in
clearly noticeable, as the hyperbolic takes into account the delay, resulting an

initial difference in T'(,t) between the PDEs.
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2.4 Heat Equation and Stefan Problem

To analyze the difference between the results obtained by the hyperbolic and
parabolic PDEs, a heat diffusion problem with phase change is also consid-
ered. One of the simplest mathematical model to describe the phase transition
phenomenon is called Stefan problem [61]. If a phase change of a material oc-
curs at a given point, latent heat is released or absorbed and the temperature
of the material at that point remains constant. It is assumed that the phase
change temperature is constant and that the temperature across the material
is continuous. For the sake of simplicity, a one dimensional case is considered
in a material with constant cross sectional area. If the phase change happens

at a point ¢ = €(t), then:
Ti(C=€(t)—=06,t) =T (C=€(t)+6,t) =Tc (2.74)

where § is a small spatial variation (such that § — 0), T¢ is the phase change
temperature and the subscripts I and I are used to represent two different
phases. Therefore, this condition implies that the temperature close to the
phase transition point is continuous and is the same in both phases. The Stefan
condition is obtained by applying a energy balance between two instants ¢, and
t1 in a control volume that is going through the phase change. Assuming that
the phase transition point moved from €(ty) to €(t1) and €(t;) > €(to), the
energy involved in the phase change is given by the volume of the material
that went through phase change between these two instants and the latent

heat required for the transition:

Q = CiatAle(tr) — €(to)] (2.75)

where () is the energy involved in the phase transition, (', is the latent heat
(per unit of volume) and A is the constant cross sectional area. The amount
of energy released /required in the phase transition should be equivalent to the
heat provided by the heat diffusion in both sides of the interface in this time
interval, that is:

t1

0

Q= /to1 /A (g1 — qrr)dAdt = A/t (qr — qrr)dt (2.76)
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where ¢; and ¢y represents the heat fluxes from the phases and it is assumed

that the cross sectional area does not change. Then:
Q = Cra Ale(t1) — €(to)] Aft qr — qrr)dt =

Cratle(t1) — €(to)] fto qr — qrr)dt
Dividing the equation by t; —ty and setting t; — tg, finally gives the Stefan

(2.77)

condition:
Clatdte(t) = (][(t, Q = € — 5) — qH(t,C =€+ 5) (278)
The system considered here is shown in Figure 2.11, which could represent

the phase transition of water and ice.

Liquid Solid

Tr(0<(<e,t) >0 | Trr(e<¢<1,t) <0

¢ =0 — ¢=1
Te =0

Figure 2.11: Representation of the system with phase transition.

The transition temperature is considered to be T = 0. An initial tem-
perature of T7(0 < ¢ < €(0),0) # 0 and T7;(e(0) < ¢ < 1) # 0 is considered
throughout the system. It is also assumed that there are no heat sinks or
sources in-domain and that the temperatures at both ends are at the tran-
sition temperature (i.e., 77(0,t) = Ty;(1,t) = T = 0). This implies that,
initially, there are two flows in the system, coming to the interface from each
side of the system, until the temperature in the whole domain reaches the
transition temperature. This is called a two-phase Stefan problem as both
phases have temperature profiles to be determined.

The Stefan condition for the moving boundary, using the Fourier’s law, is
given as:

€ =—=B1 0T|—iry + Brr 0Tl —or) (2.79)
o7



ki

o with k; as the material thermal conductivity, and ¢ = %. It

where (5; =
the modified heat flux shown in Eq. 2.5 is used, considering the same 7 for

the two phases, the Stefan condition obtained is:
Té+ €= =1 O Tl ) + Brr 0Tl c— (2.80)

where € = 2725. Thus, the modified heat flux results in a second order ordinary
differential equation for the moving boundary, while the original Fourier’s law
results in a first order ordinary differential equation. These equations need to
be solved along with the corresponding hyperbolic and parabolic PDEs, Eq.
2.7 and Eq. 2.3, respectively. As the resulting system has a time-dependent

domain, a change of coordinates is applied to the system prior to its solution:

e Liquid domain (Phase I): the following change of coordinates is used:

[ = i, for 0 < ¢ < e(t) (2.81)

€(t)
where [ € [0,1] is the new coordinate, which has a fixed domain. This
change of coordinates makes it necessary to redefine the partial deriva-

tives as well. For the spatial derivatives, the following is obtained:

1
ocTi(¢,t) = EalTI(l,t) (2.82)

1
OccTr((,t) = gallTIaat) (2.83)

The time derivatives become:
oTr(¢,t) = o0Ty(l,t) — ééalTI(l, t) (2.84)
€
21 . 20, .5 L.

attT[(C, t) = 8ttT[(l, t) — ?EalatT](l, t) -+ alT](l, t) 6—2(6) — EE (285)

Substituting in the parabolic PDE leads to the following non-linear PDE:
l 1
atT[(l, t) = EG@[T](Z, t) + aIE—QﬁuTI(l, t) (286)
And for the hyperbolic PDE:

20, 21 l.
OuTy(1,t) = =e0DTy(1,1) - ATH(1,1) L_z(dte)z ~ ge}

) z L (2.87)
+; {—@TI(Z, t) + EG@[T](Z, t) + 0616—28”T[<l, t):|

o8



Solid domain (Phase II): Similarly to the liquid, the change of coordi-
nates used in the solid phase is given by:

oy
1—e€(t)’

fore(t) < (<1 (2.88)

such that g € [0,1] has a fixed-domain. The new spatial derivatives are
defined as:
1
aCTII(Cat) = 1—_685T][(S,t) (289)

1
OccTri(C,t) = 25’33T11(8,t) (2.90)

(1—¢)

And the time derivatives:

1 —
atTH(C,t) = atTII(37t) - 1 i

éaST[](S,t) (291)

— €

2(1 —s)

OuTr(C,t) = OuTyr(s,t) — — €050, Trr(s,t)+

2s—1) ., s—1, (2.92)
(1—6)2(6) R

Thus, for the parabolic PDE, the following equation is obtained:

asT[[(S, t)

1—s 1
05171 (s,1 ———0s171(s,t 2.93
1_ ¢ 1r(s )+04[I(1_€)2 11(s,1) (2.93)

The hyperbolic PDE gives:

8,5T[[<S, t) =

attTH(S; t) =

2(1—3s). 2(s—1),.., s—1.
- €050, T11(s,t) — OsTyy(s,t) e (€) Tt

1 1-— 1

+; —atT[[<8,t) + 1 iéasT[[<S,t) + Oé[[—aSSTU(S,t):|

(1—¢)?
(2.94)

Moving boundary: Lastly, it is necessary to rewrite the Stefan condition
in the new coordinates. For the parabolic PDE, the moving boundary

dynamics were given by a first order ODE, which becomes:

1
1—¢

+ B 0,1 (s,t) (2.95)
=1

. 1
€= —Pr EalTI(law

s=0

Similarly, for the second order ODE derived from the delayed flux:

1
1—c¢

+ Bir 05T (s,t) (2.96)

=1

29

1
T€+ € = —,8[ EalT[(l,t)

s=0



Thus, for the non-delayed flux, Eq. 2.95 must be solved simultaneously
with Eq. 2.86 for the Liquid Phase and Eq. 2.93 for the Solid Phase. Similarly,
for the delayed flux, Eq. 2.96 for the moving boundary, Eq. 2.87 for the Liquid
Phase and Eq. 2.94 for the Solid Phase are numerically solved together.

Simulation results of the Stefan problem

For the results shown in this section, the following system parameters were
used: ay = 0.5, ay; = 1, By = B;y = 1 and 7 = 0.01 for the hyperbolic case.

The initial conditions were chosen as:

€(0) = 0.5
_ o (C—€(0) o
Tr((,0) = ~2¢ o = Ty(1,0) = —21(1 — 1) 207

(€ —eO)(¢C-1)
(1—¢€(0))?

The spatial-time evolution of the parabolic and hyperbolic PDEs, together

T11(¢,0) =4

= T71(s,0) =4s(s — 1)

with the time evolution of the moving boundary, are shown in Figure 2.12.
It is possible to see some differences between the time evolution of the two
phases for each type of PDE considered. However, the divergence becomes
more noticeable in the evolution of the moving boundary. At a first instance,
the solid phase increases due to the initial temperature profile. But, due to its
higher thermal diffusion, the temperature reaches the transition temperature
faster. Then, in the liquid phase, with a lower thermal diffusion, it takes more
time to reach the transition temperature, thus after some time, this phase
starts to increase up until the steady-state is reached. As the dynamics of the
moving boundary depends completely on the incoming fluxes, a difference in
the behavior of the parabolic is expected and is clearly seen in Figure 2.12 (c).
The overall behavior between the phases, as described above, is still present,
however, as the hyperbolic PDE takes into account a delay, the transitions

take some time to happen.
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2.5 Conclusion

In this chapter the differences between the parabolic partial differential equa-
tions, generally derived from diffusive transport, and the hyperbolic PDEs,
which arise if the delay in the transport is considered were explored. In the
non-delayed diffusion, any initial disturbance in the material body is propa-
gated instantly with maximum rate, which is characteristic of the parabolic
equation. To eliminate this undesirable feature, a delayed flux is considered to
take into account the initial inertia, and, with an approximation, a hyperbolic
equation is derived, which avoids the phenomenon of infinite propagation.

The eigenvalues of the systems were analyzed whenever possible and the re-
sults of numerical simulations were presented to show the distinction between
these two types of equations. All the reaction-transport processes consid-
ered, that is, a one-dimensional heat diffusion, an axial tubular reactor and a
phase change system, presented similar differences between the hyperbolic and
parabolic PDEs. Overall, the properties’ rate of change presented a noticeable
distinction from the hyperbolic and parabolic equation. As a consequence, a
disparity is also seen in the property itself. Specifically for the system with
a phase transition (modeled as a Stefan problem), the type of flux influences
the boundary’s dynamics. Thus, for this system the discrepancy between the
hyperbolic and parabolic PDE modeling was apparent.

This difference in the dynamics can be crucial for some applications in
material processing and subsequently will impinge on the controller design. If
a model based controller is designed, although it can guarantee the closed-loop
stability with some degree of robustness, the controller’s performance would

be affected by the modeling setting, which is a topic for future contributions.
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Chapter 3

Heat Exchanger System
Boundary Regulation

3.1 Introduction

The process industry and large utility plants operations are constantly moni-
tored and analyzed for novel ways to reduce energy consumption and increase
operational profitability. Heat exchangers are ubiquitously present in the pro-
cess industry and included in industrial plants, where they account for heat
recovery and ultimately improvement in process energy efficiency [62]. Also,
they are used to minimize the loss of heat by recovering some of energy from
the process discharge streams and/or applied to recover the heat contained in
a later stages process streams to preheat the earlier stages stream entering the
plant.

A counter current flow and a parallel flow, two heat exchanger system con-
figurations that are frequently found in practice are considered in this contribu-
tion. The counter current configuration has some advantages over the parallel
design since the counter current configuration provides temperature unifor-
mity between the two liquids that minimizes the thermal stresses throughout
the exchanger. In addition, the outlet temperature of the cooled liquid can
approach the most noteworthy temperature of the hot fluid; therefore this
configuration achieves a more uniform rate of energy exchange throughout the
heat exchanger, see Xu et. al. [6]. These systems, which are distributed param-

eter systems (DPS) are commonly modelled by partial differential equations
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(PDEs), and in general are more complex to deal with compared to the lumped
parameter systems, that are commonly modelled by ordinary differential equa-
tions (ODEs). Specifically, heat exchangers are modelled by applying mass,
momentum and energy conservation principles endowed with constitutive re-
lations that render a system of coupled transport hyperbolic PDE equations.
Due to their frequent presence in an industrial setting, most important as-
pects of the dynamical stability and system theoretic properties have been
thoroughly investigated. Namely, if there is no time lag in the boundary feed-
back loop, the exponential stability is shown for the counter-flow type by using
the port-Hamiltonian approach as well as by using the spectral analysis [63],
[64]. Along the same line, if the boundary delay is considered in a dynamical
representation, the stability of this system is explored by transformation of the
time lag dynamics to the corresponding transport equation and by applying
the port-Hamiltonian approach to the transformed system to get necessary
stability conditions for the system for both configurations [65].

One of the main goals of any control strategy is to be able to make the sys-
tem dynamics behave in a specified, desired manner. Therefore, the classical
problem of a servo-design regulator is defined as the design of the closed-loop
control system which tracks a prescribed signal and rejects possible disturbance
signals applied to the system with guarantees on the closed-loop stability with
some degree of robustness. Furthermore, the type of information available in
the regulator design also determines features of the regulator. For example,
given that the full state information is available, which rarely happens in prac-
tice and/or in an DPS setting, one can design a full state feedback regulator.
In effect, more appealing practical design realizations account for scenarios
when only error and/or output measurements are available (in some cases, the
measured output does not account for the regulated output whose behaviour
is enforced), see Xu. et. al. [6]. In general, it is considered in the regulator
design that the desired reference signals to be tracked and the known dis-
turbances to be rejected are generated by an exosystem [2]. Furthermore, by
following the well known regulator designs from the finite dimensional systems

theory, one possible way to design the regulator for the distributed parameter
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systems is to use a lumping approach, which implies that some type of model
approximation or/and model reduction is applied (which converts the PDEs
to sets of ODEs). Hence, standard regulator design methods applicable to
ODE systems can be realized and there are several contributions that deal
with the regulator problem for linear finite-dimensional systems [2], [9], [10].
However, this approach of early lumping also results in a possible mismatch
between dynamical properties of the original distributed parameter and the
lumped parameter models, which inevitably affect the designed regulator per-
formances [11].

A more rigorous way to address regulator design in the realm of distributed
parameter processes is to exploit the infinite-dimensional characteristic of the
system and design in the DPS setting. In particular, the method of design of
output and error feedback regulators for linear scalar hyperbolic PDE infinite-
dimensional system is explored and addresses boundary and in-domain regula-
tion problem for infinite-dimensional nonspectral linear system [15]. Along the
same line, the PI-controller for distributed parameter systems with constant
disturbance was realized by Kobayashi et. al. [12], while the geometric theory
for the regulation problem for infinite-dimensional linear systems driven by
finite-dimensional exosystems was developed in Byrnes et. al. [13]. Further-
more, the geometric theory for the regulator design problem was proposed for a
class of first order hyperbolic PDE systems with space-varying coefficients [14],
while the regulator design through internal model principle for the system of
hyperbolic transport equation was addressed by solving a constrained Sylvester
equation in Xu et. al. [6]. Boundary control problems are, as the name sug-
gests, problems that have a boundary condition as a function of the manip-
ulated variable. Many contributions have addresses this case for hyperbolic
systems, for instance, in Prieur et. al. [66], a Riemann invariants approach
was used to develop a robust boundary controller, in Krstic [67], the bound-
ary control of partial differential equations using the backstepping method is
developed. Along the same line of backstepping design, in Bastin [68], the
boundary stabilization of systems of two balance laws by both full-state and

dynamic output feedback was explored, while in Krstic and Smyshlyaev [69],
65



the backstepping methodology was use to stabilize first order linear hyper-
bolic PDE systems. The backstepping method has been generally used to
achieve exponential stabilization in boundary control problems: in Di Meglio
et. al [70], the boundary stabilization controller was designed for a linear
system of coupled first-order hyperbolic PDEs; in Deutscher (2015) [71] back-
stepping methodology was used to simplify the design of output regulators for
a linear parabolic PDE system; and in Deutscher (2019) [72], backstepping
was used to solve the output regulation problem for coupled parabolic partial
integro-differential equations. In the same spirit, in Xu et. al. [73], the out-
put regulation problem for a linear multiple input multiple output system of
hyperbolic partial integro-differential equations was considered also using the
backstepping methodology.

In the early works, in the case of regulator designs for heat exchangers,
an approximate modelling and control of nonlinear processes using a polyno-
mial expansion was applied with PI and PID regulators, but the system was
not considered to be distributed [74], [75]. Recently, the boundary geometric
control was applied to a counter-current heat exchanger, considering a model
based of two coupled hyperbolic PDEs, with the purpose of controlling the
internal fluid temperature by manipulating the jacket temperature at its inlet
boundary, which resulted in good regulation and tracking performances [76].
A control strategy based on the state-feedback using a Kalman filter to recon-
struct the entire state of the system was used in a parallel-flow heat exchanger
to control the internal fluid temperature by manipulating the inlet external
fluid temperature [77]. A repetitive control strategy was implemented in a
tubular heat-exchanger system to deal with intrinsic resonance dynamics when
residence time is variable and achieves fast, well-damped responses in the con-
trol of the outlet fluid temperature [78]. A model based control strategy that
uses the thermal energy in the fluids as a controlled variable instead of the
outlet temperature was used in compact plate heat exchangers to achieve a
robust control that does not rely on the specification of the overall heat trans-
fer coefficient, as it can strongly vary with a specific manufacturer [79]. Along

the line of the heat exchanger dynamics, common configurations of counter or
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cocurrent two flows exchanging heat across the exchanger are inherently stable
systems [6], [14], [80], whereas heat exchangers with reverse flow can lead to
unstable dynamics, so that regulation of more complex and physically relevant
models of reverse flow heat exchanger realizations needs to be addressed.
Motivated by the above considerations, the manuscript main contribution
is the design of output regulators (servo-mechanism) for realistic and complex
heat exchanger systems in both the counter and/or cocurrent flow configura-
tion with boundary returned flow modelled by time lag dynamics which ex-
hibits unstable dynamical behaviour. In particular, we address the modelling
framework by considering the initial setting of heat transport hyperbolic PDEs
endowed by the time lag dynamics representing boundary feedback flow that
is adequately transformed in the boundary infinite-dimensional state space
setting amenable to stability analysis and subsequent regulator design. The
manuscript contribution also accounts for stability analysis of the two config-
urations of the heat exchanger system and is followed by regulator designs.
The full state feedback regulator design is provided as an initial design which
ensures stabilization of the hyperbolic PDE system and also accounts for the
perfect trajectory tracking and/or disturbance rejection of any polynomial
functions and/or harmonic functions tracking and disturbance signals. Fur-
ther, we demonstrate that the important issue of the gain based output feed-
back regulator realization cannot be realized without the observer design, and
therefore the output and error feedback regulator designs are developed (prior
assumes that only output is available to the regulator, while former accounts
for the scenario when only an error between the regulated output and reference
is given). In all three regulator designs presented, the full state, the output
and the error feedback design, the salient feature of solution of the Sylvester
equation for the system of hyperbolic PDEs are realized and presented. Fi-
nally, we demonstrate three different designs and corroborate on the designs

characteristics associated with numerical simulations and presented results.
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3.2 System Description

The system of 1-D linear hyperbolic partial differential equations PDEs on

domain {t € R,,( € [0,1]}, representing a counter current heat exchanger

system with a delayed boundary feedback is given in the following Figure 3.1

and as system by:

\

00 00
a—tl = _Vla_gl + hl (‘92 — 91) + de
00 00
—a; = Vg—az - hg (92 - ‘91) + de

01 (t,¢ = 0) = 0in(t)
O2(t,(=1)=—kb (t—7,(=1)
0 (O, C) = 91,0(07 02 (07 O = 92,0(0
01(s,(=1)=¢(s), s € (—7,0)

y(t) = 92(ta g = O)a ym(t) = 02(ta g = Zm)
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where the heat exchanger states 6;(-,t) and 0(-,t) € H = £(0,1) repre-
sent the state variables (dimensionless fluid temperatures) while the boundary
input is applied at the inlet of #; and the output is at the outlet of the 0,.
The space of interest is a Hilbert space H = £%(0,1) equipped with the norm
-]l = fol (1) d¢, and hy and hy are constant heat exchange coefficients, while 14
and 14 are positive and represent the constant transport velocities. This model
can represent a process where the outlet of the first part of the heat-exchanger
(tube) is passed through other stages of the process and then comes back to the
heat exchanger into the second part (shell surrounding tube). Throughout the
other process stages, the temperature of the stream is changed, which could
be represented by the gain k. Furthermore, the time it takes for the stream to
come back to the heat-exchanger can be represented by the time delay 7. In the
special case of a reaction happening inside one section of the heat-exchanger,
the case of an auto-thermal reactor can be considered as analyzed by Bonvin
et. al. [81]-[83]. The disturbance applied, d(t), is applied on the system and
By(¢) is the disturbance input spatial distribution function. The controlled
output y(t) and the measured output y,,(¢) do not necessarily coincide and in
this work they are taken from different spatial locations along the second heat
exchanger state domain, that is y(t) = 05(t, 20) and y,,(t) = 02(t, zm).

The boundary applied time delay dynamics associated with the boundary
feedback flow is appropriately represented by a scalar transport equation, and
the stability of the input and disturbance free setting of the (3.1a)-(3.1b) has
been already addressed [65]. In order to address the system response in the
presence of boundary input and disturbance present one needs to account for

design of regulators to guarantee closed-loop stability and reference tracking.
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Hence, we transform the system as follows:

( % = —ylg—eg + hy (03 — 01) + Bad
% = 1/288—95 — hy (02 — 01) + Bud
ow ow (3.2a)
o =M e
6 (O, C) = 91,0(07 02 (07 O = 92,0(()
| w(0.0) = 6((¢ — 1))

y(t) = 02(t, 20 = 0), ym(t) = ba(t, 2m) (3.2b)

with w € H = £2(0,1) being the state variable representing a transport delay,
and ¢(s) is an arbitrary function that represents the initial conditions asso-
ciated with the time delay (when 0(t(7) with u positive and representing the
constant transport velocity (it is related with the time delay by p = 1/7). The

boundary conditions for this configuration are:

0, (t,C =1) = —kw(t,¢ = 1) (3.3)
w(t,(=0)=6(t,(=1)

where 0;,,(t) is the dimensionless temperature input at the boundary of the first
tube of the heat exchanger and is the manipulated variable (u(t)) considered
in this work, while k& is a positive constant that represents the static feedback
gain.

The parallel heat exchanger configuration is described by the following

system of partial differential equations:

% = —I/laa—e(:l + hl (92 — 91) + de
00, 00,
E = —l/ga—c — hg (92 — 81) —+ de (34a)
01 (tac - 0) - Qm(t)
02 (t,c = ) = —k’Ql (t—T,C = 1)
01 (0,¢) = 01,0(¢), 02 (0,¢) = b2,0(¢)
| 60 (5,¢=1) = 6(s), s € (-7,0)
y(t) = 0s(t, 20 = 1), ym(t) = 02(t, z) (3.4b)

As it can be seen, the parallel heat exchanger configuration given by (3.4a)-

(3.4b) differs from the counter current configuration (3.2a)-(3.2b) by the flow
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direction, the boundary condition and the second heat exchanger output. This
configuration can also be represented by three linear hyperbolic equations by

transforming the delay dynamics into a scalar hyperbolic PDE:

(21 —m%—% + hy (0 — 0,) + Bad
% = —1/2% — hQ (92 — 91) + de
S (3.52)
Ow L (9_w
o~ HMac
01 (0,¢) = 601,0(¢), 02(0,¢) = 020(C)
[ w(0,0) =¢((¢—1)5)
y:82<t’C: >7ym:02(t7<::zm>7 (35b)

As in the counter current configuration, #,,6, and w represent the state
variables, ¢(s) is the arbitrary initial condition of the time delay (when 0(¢(7),
v1, v and p are the constant transport velocities, h; and hy are the constant
heat exchange coefficients, d(t) is the disturbance and B,4(() is the disturbance
input. This new set of equations has the following boundary conditions:

01 (1, = 0) = (1) = u(t)
O (t,( =0)=—kw(t,(=1) (3.6)
w (t,¢=0)=061(t,¢=1)

Therefore, both configurations can be represented in the unified manner as

boundary control problem on space {t € R,,( € [0,1]}:

i(t) = Aa(t) + Bad(t) (3.7a)
y(t) = Ca(t) (3.7b)
Ym(t) = Cnz(?) (3.7¢)

B (t) = u(t) (3.7d)

where z(t,) € H = £2(0,1)? is the state variables, y(t) € R is the output
variable, y,,(t) € R is the measured variable and u(t) € R is the input vari-

able. The spatial operator 2 is a linear operator with the following domain

D) = {h(z) € L2(0,1)3|h(z) is abs. cont., and dh(z) € 52(0,1)3}, B €

dz
£(H,R) is a linear boundary operator, B; € £(R,H) is a linear disturbance

location operator, C' € £(H,R) is the output operator and C,, € £(H,R) is
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the measure input operator. Therefore, for the counter current configuration:

—1/1(9( — hl hl 0
A = hg 1/28< — h2 0 (38&)
0 0 — M (94

CU(C) = Wa(C = 0),Cn¥(¢) = Wa(C = zm) , BY(() = ¥1(¢ = 0)  (3.8b)

and for the parallel configuration one obtains:

—1/18< — hl hl 0
A = hg —u28< — h2 0 (39&)
0 0 — K (94-

CW(C) = Wa(C = 1), () = Ua(C = ), BU(C) = W,(C = 0)  (3.9b)

where O¢(+) is the linear differential operator %C) and ¥(¢) = [¥1(C) Vy(C)
W3(¢)]T is a vector of three spatial functions, while B4(¢) and B4(¢) for both

configurations are defined as:

) Bu(() 0,¢(0.4
By(O) = | B0 |, Ba(¢()={ 1,04< (<06 (3.10a)
0 0,0.6(C

Physically the disturbance can be seen as a heat source that is constantly
adding heat to the heat exchanger. In general, one can consider any location
along the domain and the analysis and results can be adequately adjusted
to account for any disturbance placement and/or type. Furthermore, these
configurations can be represented as regular well-defined distributed parameter

system [80] by:

i(t) = Ax(t) + Bad(t),xo € H (3.11a)
y(t) = Cra(t) (3.11Db)

Ym(t) = Cruaz(t) (3.11c)
Br(t) = u(t) (3.11d)

where Cy € £(H,R) and C,, 5 € £(H, R) are the A-extension of the operators
C and C,,, and are defined as Cpz(t) = limy ;oo CAN—A) " 2(t), Copaz(t) =
limy oo Cu AN — A)"1z(t), 2(t) € H. Throughout this work, the following

exogenous system as a integral part of the regulator design is considered. The
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importance of exogenous system is that it generates desired output signal
tracking signal and also accounts for the generation of the family of considered
disturbances. In particular, the exogenous system accounts for generation of

polynomial and harmonic reference and/or disturbance signals, and is given

o(t) = Su(t), v(0)= vy (3.12)
ye(t) = Qu(t) (3.13)
d(t) = Fo(t) (3.14)

where the matrix S is spectral and generates dynamics of the exosystem states,
@ is a matrix that gives the desired output tracking signal y,(t) and F' is the
matrix that generates disturbance dynamics. In this manuscript, the tracking
reference signals are given as family of steps, ramps and harmonic periodic

functions. Hence, for these functions the proper exosystem is given by:

0
0
0

—

(3.15)

o O OO
o O O
o0 oo

() is defined accordingly with the desired tracking signals characteristics and
F' is associated with the disturbance step signal. Finally, the important for-

mulation of tracking error used in the design is given as:

et) = y(t) — ye(t) (3.16)

which implies that output regulator design needs to ensure e(t) — 0 as t — oco.

3.2.1 Spectral Properties of the System

The underlying dynamical system which is given by the operator 2 in (3.11a)
represents a system of heterodirectional coupled hyperbolic PDEs, with bound-
ary and in domain coupling. In general, a scalar hyperbolic PDEs or homodi-
rectional system of hyperbolic PDEs without boundary coupling is character-
ized with the empty spectrum and ultimate dynamical stability on the finite

spatial domain, hence it is of importance to address the operator 2 features
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in the light of the intrinsic stability of the operator and/or spectral operator
properties. It can be shown that 2 is a spectral operator and the eigenvalues
and eigenfunctions of 2 can be found by solving the corresponding eigenvalue

problem given as:

Ap = Ao (3.17)

where ¢ correspond to the eigenfunctions of the system and A the correspond-
ing eigenvalues. The operator shown in (3.17) can be written as A = VO, + A,
where V' is a diagonal matrix with the system velocities and A is a matrix
that contains the system constants, defined in Eq. (3.18), where the sign of v,

depends on the heat exchanger configuration.

—U1 0 0 ) —hl h1 0
0 0 —pu 0 0 0

The eigenvalue problem for the error operator is given as:

Ap = (VO + A)p = Mo, (3.19)
b1

for ¢ = | ¢2 | which belongs to domain of 2, which can be written as J:¢ =
b3

VYA — A)gb and has a general solution given as:

¢(¢) = M(¢)o(¢ = 0) (3.20)
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where M (() is the matrix exponential of V="1(A\I — A) and is given as:

o M(©Q M) 0
M(Q) = eV WA= I My, (¢) Mao(C) 0
0 0 Ms;5(¢)
b
2

M171(C) = e%C cosh (gC) + (

5 — 122 ) sinh (5¢)
b
2

Lﬁ) sinh (5¢) (3.21)
b
2

b— \/<h1+,\ _ h2+,\>2 | AAQ+h tha)
121 12 viv2
A
M 3(¢) = e ¢

Using the boundary conditions:

¢1(C=0) =
((( 1) = —k;¢3( 1) (3.22)

0)=¢:1(¢(=1)

The spectral set for this system o(2A) = {1, g, ...} with \; € C, where C

represents the set of complex numbers, is given by the solution of the following

non-linear algebraic equation:

T[>

= —k——%’¢
b b
2 g 2

o mtd ginn (2 o
cosh (g) N (2 V1 ) () khl sinh (%) _ (3.23)

with a and b given in (3.21). The eigenvalue problem can also be solved for
the parallel configuration and has the same general solution as given in (3.20).
With the boundary conditions:

¢1(C=0) =

$2(¢(=0) = —k: ¢3(C=1) (3.24)
( ) =® (C )
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And exponential matrix given as:

a 4 hitX ) g b

2t >81nh(2C) (3.25)
b
2

inh( b
My, (C) = h_2e‘§é“smh§2g)

v2

0= — (h1+>\ X h2+>\>

2
b= hi+A + ho4A _ 4A(A+hi+hg)
- 11 12 vive

Ms3(¢) = e

And the spectral set for this system o(2() = {\1, Ao, ...} with \; € C is given
by the solution of:

) s h = (3.26)

with a and b given in (3.25). In the ensuing sections, we will consider a set of
parameters so that the underlying 2l is unstable with finite number of unstable
eigenvalues.

The eigenvalue problem solution shown in (3.17) for different values of the
boundary feedback gain k gives the spectral eigenvalue distribution of two
heat exchanger configurations and it is shown in Figure 3.2. It is possible
to see that the system becomes unstable as the value of k increases, as the
eigenvalues are shifted to the right complex plane. For the conditions used,
k = 2 results in one pair of unstable complex eigenvalues and k£ = 2.5 results
in two pairs. The results for the parallel configuration are very similar to the
countercurrent, as k = 2 results in one pair of unstable complex eigenvalues

and k£ = 2.5 results in two pairs.

7



2 *—0
15 k=125 = *°
* k=2 . * O
1 o k=25 * %0
g 0.5 [ . * O
% . * O
5 9 ° .
=
. * O
%—0.5*
L © 0
-1 : * 0
. * O
-1.5+
. * O
_2 I a % O |
-0.15 -0.1_ -0.05 0 0.05
Eigenvalue (Real)
ol e k=125
¢ %0 * k=2
B o k=25
s %0
o 1 > %0
® « %0
g « %0
‘E; « %0
* %0
c_ju 0 « %0
= * %0
© . %0
o) + %0
L —1 « %0
%0
« %0
* %0
_2 O .#o*o
(0]

-0.2 -0.15 _ -0.1 -0.05 0 0.05
Eigenvalue (Real)

Figure 3.2: Calculated eigenvalues for different values of the boundary feed-
back gain k: (Top) counter current configuration; (Bottom) parallel configu-
ration.
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3.2.2 Boundary Control Transformation

Along the line of the well-posed system description and associate controller
design we consider the following state transformation, which converts the un-
bounded boundary control input operator into a corresponding in-domain op-

erator:
p(t) = 2(t) + Bu(t) (3.27)
and the system can be rewritten as:

p(t) = &(t) + pu(t) = Ax(t) + Bu(l) + Bad(t)
— Ap(t) + ABu(t) + Bult) + Bud(t)
y(t) = Caz(t) = Cap(t) — CrPul(t) (3.28b)

(3.28a)

In general, in order to decouple states one needs to find 5 such as (5 = 0 and

Bp(t) = 0, so that the above system can be reduced and represented as:

5(t) = Ap(t) + Bi(t) + Badt
{ p(C=0,1) = 0 (3.29a)
_ _ ul)
0 = )~ Cuput) = (Cy 0 ] e

where A has the same elements as in (3.8a) and (3.9a), but its first boundary
condition is defined as 6;(¢ = 0) = 0. The system can be represented as the
following state space form:
u(t) 0 0 u(t)} {1} {0}
A = + u(t) + d(t
{ p(t) ] [O A} { p(t) B 0+ p, | (3.30)
—_—— —— ——
Ae € Be Bg
where 4(t) is the new manipulated variable and the manipulated boundary

input was changed to a correspondent in-domain input.

3.3 Regulator Design

In this section, the regulator design is proposed and the methodology neces-
sary to guarantee simultaneous stabilization and proper output tracking for
the system is explained. First, we consider the design of stabilizing full state
feedback gain based control law. Secondly, motivated with technical limita-

tions to measure full state of the temperature along the heat exchanger system,
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we design a boundary observer which is utilized in the state reconstruction. Fi-
nally, we construct the output regulation equations in the form of the Sylvester
equation which provides a solution to the feedforward gains deployed in the

output regulation and tracking as well as disturbance rejection.

3.3.1 System Stabilization with Output Feedback

The simplest possible way to consider stabilization of the heat exchanger is to
apply gain based output feedback u(t) = Ky(t). Then, the eigenvalue problem
(3.17) for a output feedback control law, shown in (3.31):

u(t) = Ky(t) (3.31)

induces the following form of the boundary condition for both (3.22) and (3.24)

configurations:
$1((=0) =u(t) = KCpo (3.32)

where C) is the output operator defined in (3.11b) regarding (3.8b) and (3.9b).
For the counter-current configuration (¢;(¢ = 0) = KC¢ = K¢o(¢ = 0)) the

spectral set of o(2) is the solution of:

1%) b

S (b
_plesinh (5) Cosh<b
2

with a and b defined at (3.21).
And for the parallel system (¢1(¢ = 0) = KCpr¢p = K¢o(¢ = 1)) spectral set
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is given by:

K%SIHQ(Q) . o2
2 5 1

ﬁsinh (g) A

(3.34)

and a and b defined at (3.25). It will be clear, in the ensuing sections that
parameter K can not ensure stability of the closed-loop system (in both config-
urations), since the spectral properties of the overall system remain invariant
with respect to gain modulation in the output feedback structure.

The eigenvalue problem solution for (3.17) with the boundary condition shown
in (3.32) gives the results shown in Figure 3.3. For both configurations the gain
based output feedback control (that is u(t) = Ky(t)) is not able to stabilize the
system, as the input is not able to shift all the unstable complex pair to the left
plane. In Figure 3.3 (Top), for the counter current configuration, the output
feedback is just able to shift the eigenvalues that are real and has almost no
influence exerted to the complex eigenvalues (the complex eigenvalues do not
change for different values of gain). As the output feedback gain is changed
(K = [—10: 10]), the real part of the unstable eigenvalue is barely changed, as
shown in the left subplot. For the parallel configuration, the output feedback
has influence on entire spectrum, but it is not possible to find a stabilizing
gain that guarantees that all the spectrum will be placed to the interior of
left complex plane. The right subplot in Figure 3.3 shows that as the output
feedback gain changes, there is always at least one unstable eigenvalue pair in
the system. Therefore, it is not possible to guarantee stability for the system

using the gain based output feedback.
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Figure 3.3: Calculated eigenvalues for different values of the feedback gain K
in: (Top) counter current configuration; (Bottom) parallel configuration.

The simulation results using an output feedback with the feedback gain
K = —1.2 in the counter current configuration are shown in Figure 3.4, and

as expected, the system is unstable and the output grows exponentially.
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Figure 3.4: System output response with feedback gain K = —1.2.

3.3.2 Full-state feedback control

In this section, a full-state feedback controller design is considered as the ini-
tial step in system stabilization. The closed-loop schematic representation for
this scenario is shown in Figure 3.5 and it is considered that all state variables
are available for design and for implementation (which means that we assume

that infinite dimensional states are available and can be directly measured).

The fundamental characteristic of dissipative spectral systems is that the
system eigenspectrum can be separated in finite dimensional unstable state
(Xv), and stable infinite dimensional state space complement (Xg), which are
related to the corresponding eigenfunctions (¢;), adjoint eigenfunctions ()

and eigenvalues (\;):

Xy = {1, ..., 0}
Xs = {Unt1,Vns2, - U0} (3.35)

where n is the number of unstable eigenfunctions (associated with a set of
unstable eigenvalues). The following theorem is used to guarantee the system

closed loop stability:
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Theorem 3.1 Given a system & = Az + Bu, x € X and B € L(C, X), and
if the following holds:

e Xy 1s finite dimensional
e T(H) Xy C Xg, T(t)Xs C Xg, given X = Xy & Xg
e The unstable part of the system, Xy, is controllable

then the (A + BK) generates an exponentially stable semigroup T ().

System (Plant)

y=Cx+ Du
T
v u=Kx+ Lv
0= Sv,v(0) = v,
d=Fv Controller
Yr = QU
L xosystem y
Yr
> €E=Yr—Y

Figure 3.5: Closed system representation using a full-state feedback.

Proof: The first condition is satisfied by analyzing the eigenvalue distri-
bution shown in Figure 3.2, as the value of k£ was chosen such that the system
has only a pair of unstable eigenvalues. The second and third conditions can
be proved by analyzing the dynamics of the unstable eigenmodes, which are

the conjugated complex of each other:

Xu = {1, 2} = M = A = 1 = 1y (3.36)
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, a+]g 0
XU(t) = AUXU('LL) + BUU(t) = [ 0]6 o — jﬁ XU(t) —+ BUU(t) (337)
where By = gU’l , with by, = (B, 1). Thus, it is easy to see that the pair
U1

(Ay, By) is controllable. Tf (Ay, By) is controllable, then there is a K such
that (Ay + By K) is stable. Then, for any x € Xy, T (t)z € Xg, where T (t) is
the closed-loop semigroup.

The appropriate value of K for the full-state control law is derived below.

Using the state transformation W = T X, we get the following system:

Wy (t) = AyWy(t) + Byu(t) (3.38)
with:
Lo
_ 2 2 i | a B 5 et | (Byn)
T = _— ,AU—[_BQ],BU—T {(Bﬂ/;ﬁ} (3.39)
2 2/

which yields the following control law:
u(t) = =KWy (t) (3.40)
that leads to the following equation:
Wy (t) = [Ay — By K] Wy (t) (3.41)

and it is possible to find values for K that makes subsystem [[lU — ByK }
stable and therefore, the entire system is stabilized in exponential manner.

The stabilizing final control law is given by:

u(t) = —K(X(t)) = —KT X (), ¢Yv) (3.42)
where K is an operator that acts on the full-state of the system. Along the
same line, the same procedure could be utilized to design pole placement con-
troller if more unstable eigenvalue pairs are considered.

Figure 3.6 shows results associated with deployment of the full state feedback
control law presented in Eq.(3.42), and as it can be demonstrated the expo-

nential stabilization is achieved with some oscillations which are associated
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with the transients related to initial conditions response contribution. There-
fore, once the stabilization of unstable dynamics is guaranteed, it is possible

to implement an output tracking design for the system.
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Figure 3.6: System stabilization with fullstate feedback: (Top) counter current
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3.3.3 Observer Stability

The results of the previous section imply that the full state feedback control
law is utilized for the stabilization purposes. However, this is simply not feasi-
ble and possible in any realistic application and/or setting. Therefore, the way
to address this problem is to use an observer to reconstruct the state variables
information by considering the output measurement and having in mind that
the heat exchanger outlet is only available output measurement. The recon-
structed states & dynamics associated with the heat exchanger system is the
copy of the system model dynamics and takes into account information given
by the output in affine manner. The type of the Luenberger observer design

considered here has the form given as:
I(t) = Az(t) + Bu(t) + Bad(t) +~vC(z(t) — &(t))(t) (3.43)

Hence, by considering the general representation of the system:

#(t) = Aw(t) + Bu(t) + Bad(t)
y(t) = Cx(t)

and by subtracting these equations, one can define the observer error as é(t) =

w(t) — (t):

(3.44)

é(t) = (A —1Cn)é(t), e(0) #0; (3.45)

Therefore, the observer stability depends on the choice of observer gain .
We emphasize that the observer gain is spatial operator which is given as
v=[¢ ¢ ¢]T. This choice of the observer gain means that the same constant
observer gain is used throughout the system (there is no spatial variation,
although it could be considered). In order to guarantee the observer stability,
it is necessary to choose a ¢ such that observer error (shown in (3.45)) is stable.
The analysis of the observer error dynamics can be used to achieve this goal.
The operator shown in (3.8a) and (3.9a) can be written as 2 = Va, + A,
where V' is a diagonal matrix with the system velocities and A is a matrix
that contains the system constants. The eigenvalue problem for the error

operator is given as:

(A —vCr)p = (VO + A —7Ci)p = Ao, (3.46)
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for = [ ¢1 ¢ @3 |7 belonging to the domain of 2. This equation can be

written as:

Ocp = VI = A)p+ V900 = VA — A) ¢+ V(¢ = Gn) (3.47)
N——’

A*

where (,, is the given output location. Hence, the general solution is given as:

(Q) = M(Q)(C = 0) + 65(C = Gn) fy M(C —m)V ™y
= M(Q)$(¢ = 0) + pa(C = Gn) A [M(Q) = [V ™!y (3.48)

-~

B*(¢)

where M () is the matrix exponential of A* (the same matrix defined in (3.21)
and (3.25)) and B*(¢) = [B:(¢) B:(¢) Bz(¢)]". For the counter current config-
uration, the boundary conditions are the same as given in (3.22) and are used

to find ¢(¢ = 0):
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(67°¢)

Y(1 =) (1= 9)%w + (1 = 2)%e

Y(1 =) (1= 9)%w + (1 = 2)%e

(1=l =2 — (1 =2 (1 = 2)igy + (1= 9% (1 = 9)ig]

(1= la(t=ewy + (1= )igy + (1 = 9)iq]
0

("9 = 3)%p—

("9 = 3)%p—
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where M, ;(C) are the elements (functions of () of the exponential matrix
(given in (3.21)). By evaluating the solution at ¢ = (,, the following result is
obtained for ¢2(():

$2(C = CGm) = —M22(C = ) P2(C = ()
[B5(C=1)+kB3(( =1) + kM3 3(¢C = 1) By (¢ = 1)]

Mol = 1) + Mra(C = DMys(C = 1) (350
+ ¢2(< - Cm)Bg(C - Cm)
Which leads to the following non-linear equation:
_ B (C=1) + kB3 (¢ =1) + kM3 5(¢ = 1) Bi (¢ = 1)]
A ) =) + Ma(C = DMaaC = Dk (35)

—B3((=Gn) =0
Notice that M (() is a function of A, which also makes B*(¢) not only a function
of ¢ (the observer gain) but also of X. If X is set as A = 0+aj (where j = /—1
and o € R), the Eq.(3.51) can be solved for ¢. As the system is unstable,
setting ¢ = 0 will result in an unstable observer. Therefore, the value of ¢
found in (3.51) by setting A = 0 + «j gives the value of gain ¢ for the case of
observer marginal stability (the eigenvalues cross the imaginary axes at this
?). Figure 3.7 (Top) shows the eigenvalues behaviour for different values of
(. As the value of ¢ is increased, the unstable pair of eigenvalues are shifted
to the left side of the complex plan, however as £ increases one pair of stable
eigenvalues are shifted to the right side which makes system unstable again.
Therefore, there is a stability region for the values of gain ¢ for this observer
gain design and the values of ¢ for these stability regions can be calculated by

considering Eq.(3.51).
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Figure 3.7: Calculated eigenvalues of the observer for different values of the
observer gain ¢: (Top) counter current configuration; (Bottom) parallel con-
figuration.

The same procedure is done with the parallel configurations using the

92



boundary conditions given by Eq.(3.24) and the ¢(¢ = 0) is given as:

0
B B3 =1) + Mys(¢ = 1)Bi (¢ =1)]
P(C=0) = R0 = 6n) =0 Mio(C=1)M;5(¢ = 1)k (3.52)

[Bi(¢ =1) —kBj(( = 1)M2(¢ =1)]
1+ Mio(¢=1)Ms3(¢ = 1)k

¢2(C - Cm)

Evaluating the solution at ¢ = (,,, the following result is obtained:

[B5(C =1) + M35(¢ = 1)Bi (¢ = 1)]

L kMa2(C = Gn) =70 M o(C = 1)Mss(¢ = 1)k

— B3((=G¢n) =0
(3.53)
and if A is set as A = 0+ ay, it is possible to find the the stability region for
the observer gains by numerically solving above non-linear equation. Figure3.7
(Bottom) shows the eigenvalues behaviour for changes in ¢ using the parallel
configuration. Similarly to the counter current configuration, as the value of
¢ is increased, the unstable pair of eigenvalues is shifted to the the left side of
the complex plain, while at the same time with the gain increase one stable
pair is shifted to the right side of the plain, making the system unstable again.
These values of ¢ which makes the system marginally stable are calculated

using Eq.(3.53).

3.3.4 Full-state observer based control

Considering that the observer from the previous section is used to reconstruct
the state variables based on the system output, the closed-loop realization is
represented by Figure 3.8. The regulator only admits as inputs the system
output (or the measured output) and the exosystem states as information. In
this case, the reconstructed states of the system are used in the control law

instead of the system real states, as this information is not available:

u(t) = —K(&(1)) (3.54)
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System (Plant)
o oe=u—y
uw|| &= Ax+ Bu+ Bgd >
= Cz &y, =C,,
Y &Y z Y/ Yrm
Yr
S =y — 01 e = Y — m
v = Sv,v(0) =v T = A% + Bu + Byd + e
’ ° ||jv&d — Ki+ L
d= Fu u T+ Lv
r = v
Y @ Regulator

Exo System

Figure 3.8: Closed system representation using a observer to reconstruct the
state variables.

The design of the output regulator is based on the assumption that the re-
constructed states & dynamic are the same as the system model (observer part
of the regulator), augmented by the information from the controlled output,
measured output or one can considered also the error signal. If the measured
output or the controlled output are given, the output regulator takes the fol-

lowing form:

z(t) = Ai(t) + Bu(t) + Bad(t) + vé(t) (3.55a)
J(t) = Ca(t) (3.55b)
Jm(t) = CraZ(t) (3.55¢)

where é(t) represents the error between the given output (y(t) or y,,(t)) and

the reconstructed output (7 or gy,):

é(t) = y(t) — (1) (3.564)
() = Ym(t) — n(?) (3.56b)

When the controlled output is considered, the error defined in (3.56a) is utilized
while if the some other output measurement is utilized and does not coincide

with the controlled output the error signal given by Eq.(3.56b) is used.
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Given that converging observer gain is designed and deployed, the error
between the reconstructed output and the actual output decreases, and the
reconstructed states are able to properly describe the system states evolution.
As the reconstructed states are used in the control law, it is also desired
that the observer states converge rapidly to the real states (although a slower
convergence will not affect the system stability).

In addition to the design given in Figure 3.8, frequently in the practice one can
measure just difference among desired and controlled output and not directly
the output signal. Hence, in this case only the error signal is given for the
controller design. In this case, the caveat is that not only the system states
need to be reconstructed, but also the exosystem states, as shown in Figure

3.9:

F = Ab+ Bu+ BaPo+ | € | (3.57a)
b=S50+m | ¢ | (3.57h)
y=ChrZ (3.57¢)
Um = Cp AT (3.57d)
System (Plant)
V)] e=y—y
u|| &= Ax+ Bu+ Byd
y=Cx&y, =Chr
Yr
eE=Qv—19
’I.}:SU,/U(O):’UO jZAZIAC+BU+BdFﬁ+’71{2:|
d=Fv
;. . e
Yr = Qu U:5U+72{é}
u= Kz + Lv
Exo System
Regulator

Figure 3.9: Closed system representation using a observer to reconstruct the
state variables with the output error.
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In this case, as there is no output utilized as the input signal to the observer,
and only difference between the tracking error e(t) and the reconstructed error
é(t) can be used. Again, as in the above analysis, the observer design needs to
ensure convergence of the observer error which induces properly reconstruction

of the system states that is used in the stabilization by full state feedback.

3.3.5 Output Tracking

The servomechanism design philosophy which is embedded in the output reg-
ulator design is to configure control system to achieve that the tracking error
evolution e(t) decays to zero and guarantees the system closed-loop stability.
If the system is inherently stable and the exosystem states are known, the
control law becomes:

u(t) = Lo(t) (3.58)

and it is only necessary to find a feedforward gain L that drives the tracking
error to zero as t — oo and guarantees the stability of the closed-loop system.
Given that the system is already stable, one can find L as the solution for the
following constrained linear Sylvester equations [14] associated with the closed

loop system dynamics:

1S = All + BL + B4F (3.59a)
CAll—Q =0 (3.59D)

where II is a spatially varying operator (IT = II(¢)), IT € £(R, H) and the
solution of the Sylvester equations exists if Il and L exist. If there exists a
bounded linear operator II such that the Sylvester operator equation (3.59)
holds, then the system (z(t)) and the exosystem (v(t)) are related by the ex-
pression Iv(t) = z(t). Generally, the initial condition of the system and the
exosystem do not satisfy the relation Ilv(¢) = z(t), however, if the tracking
error given by Eq.(3.16) decays, then the stabilizing dynamics can be obtained
such that the relation holds [14]. If the system is intrinsically unstable, but
stabilizable (as shown in 3.3.2), the control law must account for the stabiliza-
tion:

u(t) = —K(X(t)) + Lo(t) (3.60)
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Therefore, one needs to find L that decreases the tracking error and guarantees
the stability of the closed-loop system. With the assumption of approximate
controllability in the distributed parameter setting, and Theorem 3.1 holds,
the (Ay, By) is exponentially stabilizable (K is chosen in 3.3.2 to make (Ay —
By K) stable), then we can find L that satisfies the constrained Sylvester

equations [14]:

IS = (A — BK)Il + BL + ByF (3.61a)
CA\ll—Q =0 (3.61b)

If the reconstructed state is used, then the following control laws are utilized:

Ce(t) (3.62a)

} (3.62b)

where (3.62a) represents the control law when the output or measured output
are given, and Kis a gain based on the error of the reconstructed state and
the actual output measurement. Similarly, Eq.(3.62b) defines the control law
when there is no output and just the error is given, with K asa gain based on

the reconstructed error and the actual error signals.

3.4 Results

In this section, we provide the simulation findings associated with the proposed

designs.

3.4.1 Output Tracking - Stable System

For a condition where the system is stable and the exosystem state is known,
it is necessary to find an appropriate feedforward gain L that drives the track-
ing error to zero. Figure 3.10 and Figure 3.11 show the results for the stable

system in countercurrent and parallel configuration, respectively.
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Figure 3.10: Simulation results for the stabilized counter current operating
configuration: (Top) output and reference signal; (Bottom) system input.
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Figure 3.11: Simulation results for the stabilized parallel operating configura-
tion: (Top) output and reference signal; (Bottom) system input.

Figure 3.10 shows the simulation results for the counter current system
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when different kinds of tracking signals are used. First, the system starts
tracking a ramp, then it is followed by two decreasing steps. The results for
the parallel configuration tracking a periodic function is showed in Figure 3.11.
As both system are stable, it is expected that the output is able to track the

desired signal, as long as a adequate gain L has been used.

3.4.2 Output Tracking - Full-state feedback

As it is demonstrated in previous section given that information of all states
is available, it is possible to use full-state feedback to stabilize the system
and achieve proper tracking. Figure 3.12 shows the output and input profiles
when the tracking function is given by y,(t) = 1 + 0.005¢ 4+ cos(0.1t). The
spatial profiles of heat exchanger temperatures, ; and 6y are also shown in
Figure 3.12. The system takes some time to stabilize due to the transients
associated with initial conditions and the input on the first heat exchanger
needs to take into account the negative feedback of the delayed boundary,
which means that the input needs to compensate for the temperature change
that is going to happen when the fluid enters the heat exchanger shell after
the delayed feedback.
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Although there are some oscillations at the beginning, the controller is able
to maintain stability of the closed-loop system and achieves proper tracking of
the reference signal. In the simulation scenario, we consider that at ¢ = 300,
a step disturbance is applied to the system. This causes a sudden increase
in both variables, as it can be seen on the spatial profiles in Figure 3.12, due
to the energy added to the middle section of both heat exchangers by the
disturbance. As expected, this increase in the system energy also makes the
required input to decrease after the disturbance is applied, shown in the input

profile.

3.4.3 Output Tracking - Observer based

Given that in realistic heat exchanger realizations and settings just the output
or the tracking error information are given, an observer is used to estimate
the states in order to stabilize the system and achieve proper tracking of a
reference signal. First, the measured output is considered to be known and
the output is estimated (y(t) # vym(t)). The results for a tracking signal
y-(t) = 0.005¢ using the counter current configuration are shown in Figure
3.13. The measured output is given by y,, = 65(¢ = 0.5). It is possible
to see that the actions taken in the beginning are higher than expected, as
the controller is only using the observer states and the system has not been
stabilized. As soon as the reconstructed states are close to the real states,
the controller is able to stabilize the system and achieve proper tracking of
the reference signal. The L, norm of the observer error for 6;, #; and w
are also shown in Figure 3.13. One can see that the system stabilizes as the
observer error decreases, which demonstrates importance of designing observer
with higher observer convergence rate than the convergence rate of stabilized
system dynamics. As considered in the previous case, the disturbance happens
in the system when ¢ = 700. This increases the system energy, decreasing
the required input necessary to achieve proper tracking. As the observer has
already converged to the system states when the disturbance is made, there is
no visible effects of the disturbance in the observer error, hence the robustness

is achieved as well.
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Figure 3.13: Counter current configuration when a observer based controller
is used (ym # y): (Top) System output and input profiles; (Bottom) Ly norm
of the observer errors.

The same tracking signal used in 3.4.2 for the full-state feedback (y.(t) =
1 4 0.005t + cos(0.1t)) was used also in the parallel configuration, but this

time considering that only the output is given (and not the full-state feedback

103



realization as considered previously). This require the use of the observer to
properly estimate the system variables. The system output and input profiles
for this case are shown in Figure 3.14. As expected, in the beginning the
reconstructed states are different from the actual system states, which causes
the oscillations to be higher than what was shown in Figure 3.12 when the
full-state feedback was realized. Figure 3.14 also shows the L, norm of the
observer error for 6y, 6, and w. As the observer error decreases, the controller
is able to keep the system under control and track the desired signal. When
the disturbance happens at ¢ = 300, the system states have already been
properly estimated and there are no noticeable effects of the disturbance on
the observer error. This also produces a quick response of the regulator against
the disturbance and proper tracking is again rapidly established. As in the
previous cases, the energy increase caused by the disturbance reduces the

necessary input required by the system.
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Figure 3.14: Parallel configuration when a observer based controller is used
(ym = y): (Top) System output and input profiles; (Bottom) Ly norm of the
observer errors.

The last case considered, only the tracking error defined in (3.16) is avail-
able. The desired tracking signal y,.(t) = 0.005¢ is used and the counter-current

configuration is considered, as in the previous case when information of the

105



measured output was available. Again, it is necessary to use an observer to
estimate the system states and provide the necessary information to the con-
troller to achieve stabilization and proper output tracking. The system output
and input profiles and the L, norm of the observer error for 6, 6, and w for
this case are shown in Figure 3.15. As only the error is given and the ob-
server needs to reconstruct the system and exosystem states, there are more
oscillations at the beginning. When the observer error decreases, the system
stabilizes and proper tracking is achieved. Compared to results from Figure
3.13, the observer takes longer to properly estimate the system and exosys-
tem states, which also leads the slower controller convergence compered to
the previous cases. When the disturbance happens at ¢ = 500, the observer
has already estimated the system states, thus, the controller is able to rapidly

achieve proper tracking again.
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Figure 3.15: Counter current configuration when a observer based controller is
used (only e(t) is known): (Top) System output and input profiles; (Bottom)
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3.5 Summary and Future Work

In this chapter, the mathematical models of two different configurations of a

heat exchanger system were studied. Both configurations considered a delayed

107



boundary feedback between the heat exchangers and the manipulated variable
of the system was applied at the boundary. To deal with these conditions,
the system was transformed. A corresponding in-domain input was used in-
stead of the boundary input and the transport delay was transformed into
a equivalent transport equation. When the unstable system is considered, it
was shown that a output feedback is not sufficient to stabilize the system. For
this reason, a full-state feedback was used in the control law. Unfortunately,
information for all states of a distributed parameter system is hardly available,
and the observer is designed to reconstruct the system states with the infor-
mation from the measured output or the error signal. Finally, the computer
simulations for all cases considered were presented and discussed showing the
controller capability to stabilize the system and achieve output tracking of the
desired signal even with disturbances present in the system.

The regulator design considered guarantees the system stability, proper track-
ing and disturbance rejection, but does not account for any optimal conditions
when it comes to performance, which is an interesting extension to be consid-

ered in future studies.
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Chapter 4

Discrete Output Regulator
Design for the Linearized
Saint—Venant—Exner Model

4.1 Introduction

In many chemical, hydro-geological, petrochemical, and manufacturing pro-
cesses the dynamic models take the mathematical form of partial differential
equations (PDEs). One of these types of models is the Saint—Venant—Exner
(SVE) equations, which consist of non-linear PDEs and are used to model the
dynamics of a sediment-filled water canal with arbitrary values of the bottom
slope, friction, porosity, and water-sediment interaction. Due to their nature,
one of the crucial aspects of these distributed parameter systems is the com-
plexity given by the infinite-dimensional system representation [16], [17], which
is a challenging factor when it comes to the controller/regulator design and
realization.

The primary goal of a regulator is to drive the desired output of a system to
behave exactly as demanded, and at the same time it needs to assure the sta-
bility of the closed-loop system. Using early lumping methods is the simplest
way to design the controller for distributed parameter systems. In these meth-
ods, the PDEs are generally converted to sets of ordinary differential equations
(ODEs), which allows the use of standard control methodology applicable to
ODE systems. But, this also results in some mismatch between the dynamical

properties of the original distributed parameter and the lumped parameter
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models, thus, affecting the controller [11].

Another way to deal with distributed parameter processes is to exploit
the infinite-dimensional characteristic of the system, and there are signifi-
cant research efforts made to solve the regulator design problem for infinite-
dimensional systems [13], [80]. In [14], the generalized geometric methods
were introduced in the regulator design for the first-order hyperbolic PDEs,
and the robust output regulation problems were considered in [84]-[86], while
taking into account infinite-dimensional exogenous systems (an independent
system responsible for the generation of the tracking signal and/or distur-
bance). Specifically for the SVE model, there are several contributions that
take into account the characteristics of the model. In [87], the proportional
and integral output feedback controllers were proposed by using the semigroup
theory. The H,, optimization framework was applied in [88] to design a con-
troller considers the both water resource management and performance with
respect to the users. And in [89], a Lyapunov approach was used to obtain
the control laws that stabilize the system considering full-state and output
feedback.

More recently, in [90], the exponential stabilization of this model was
achieved by the backstepping design, also considering full-state and output
feedback, where the design of an exponentially stable Luenberger observer was
considered for state reconstruction. The PDE backstepping design has proved
to be of valuable for the boundary stabilization of distributed parameter sys-
tems. Essentially, the technique consists of finding a suitable transformation
that maps the closed-loop system into a stable target system. Due to the
invertibility of the transformation, the original and the target system have
equivalent stability [91], [92]. Other applications and developments along this
line include, for instance, the boundary observer based-control design for a
hyperbolic PDE [93], the boundary observer for a class of time-varying linear
hyperbolic partial integral-differential equations (PIDEs) [94], and control of
general linear heterodirectional hyperbolic ODE-PDE-ODE systems [95].

All the contributions mentioned above were developed in the continuous-

time domain, but, as most modern and state-of-the-art controller realizations
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are digital and discrete, time discretization realizations need to be taken into
account at the final design stage. Although some contributions addressed the
stabilization of PDEs using backstepping with time sampled-data [96], [97],
these were made considering specific scalar equations and the design of a con-
troller in the discrete-time setting was not the objective of these works. Tra-
ditional time discretization schemes (for instance, explicit or implicit Euler)
could be used to obtain a discrete-time representation, but they have the dis-
advantage of reducing the accuracy of the discrete system representation as the
sampling period increases [26]. Moreover, the sampling may impact the overall
model and closed-loop stability when the controller is implemented. Therefore,
a different type of time discretization scheme, that provides a reliable trans-
formation of a continuous linear infinite-dimensional system representation
to a linear discrete-time infinite-dimensional needs to be considered. A dis-
cretization scheme that accounts for this design criteria is the Crank-Nicolson
midpoint integration rule, which can be easily applied to infinite-dimensional
systems [28]. This type of discretization is also known as Cayley-Tustin time
discretization, and it has been shown to preserve the intrinsic energy and dy-
namical characteristics of the linear distributed parameter system [29] without
the application of spatial discretization or/and model reduction.

The unstable linearized SVE model is considered in this manuscript. The
PDE system is given as a system of first-order transport hyperbolic PDE
equations, with in-domain and boundary coupling. Based on this system,
a discrete-time output regulator design is presented and attains the follow-
ing objectives: (1) ensures the stability by output feedback; (2) considers the
stabilization of the problem in the discrete-time setting, obtained by the appli-
cation of the Caley-Tustin time discretization; (3) achieves tracking of periodic
and polynomial signals generated by an exosystem, which is ensured by the so-
lution of the corresponding Sylvester output regulation equations. To properly
design the discrete-time regulator, the relation between the discrete-time and
continuous-time control is developed, such that the closed-loop stability and
proper tracking of the discrete-time representation is assured if the controller

design is known in the continuous-time.
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The chapter is organized as follows: in Section 4.2, the SVE system model
and its properties are introduced together with the exosystem and control
objectives. In Section 4.3, the system stabilization, observer design, and out-
put regulation in the continuous-time setting are developed. In Section 4.4,
the Caley-Tustin time discretization is applied to the system, and the dis-
crete regulator design is developed. The stability of the closed-loop system is
shown. In Section 4.5, the simulations results are presented and the regulator

performance is discussed. Lastly, in Section 4.6, the final remarks are made.

4.2 Problem Formulation

The Saint—Venant and Exner equations are used to describe the dynamics in a
sediment-filled open channel with rectangular cross-section [90]. Considering
H(t,() to be the water depth, V (¢, () as the water velocity and B(t, () as the
depth of the sediment layer above the channel bottom, the dynamics of the

system can be described as the equations below:

OH OH ov

oV 9V  OH OB V2

oy et 0B e oV 4.1
8t+V0C+98C+90C 95 = Cr g (4.1)
OB LV

Fr

As shown in [90], this system can be linearized around a steady-state and the
Cardano-Vieta method can be applied to rewrite it in the characteristic form,

which can be llustrated in Figure 4.1.
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Figure 4.1: PDE system (Equation (4.2)) representation.

This linearized system is given by the following coupled system of first-order
hyperbolic partial differential equations, in the domain {t € R*,( € [0,1]},

with ¢ representing time and ( representing the dimensionless spatial variable:

ov ov

8$1 axl

E = —’yla—C ‘o +01101 +01229 (42)
81’2 (91'2

W = —’yZa—C +OélV +O-21$1 +O-22:C2

ym(t) = v(0,1)
y(t) = a1 (1,1)

With the following algebraic boundary conditions:

v(1,t) = przi(1,t) + paxo(C = 1,t) + u(?)
z1(0,t) = qv(0,1) (4.3)
372(()’ t) = Q2V(O7 t)

These linear hyperbolic PDEs represent the transport of (¢, t) = [v, 21, T2 ]T
€ L*(0,1) (a real Hilbert space); 71, 72 and p are the system’s characteristics
velocities; o0;; for ¢ = 1,2 and j = 1,2, oy, f1 and [y are the parameters
representing the in-domain interaction between the state variables; and py,
p2, q1 and ¢o are parameters representing the interaction on the boundaries.

All these parameters are obtained from the characteristic form of the SVE

model [90].
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Usually, the openings of the gates located at the ends of the channel can be
controlled to achieve the stabilization of the water level and flow rate. Thus,
u(t) € R (a real finite space), the system input, is considered to be control
of the downstream gate, represented by the boundary actuation at { = 1,
shown in (4.3). Measurements at the upstream ({ = 0) are considered to be
the system measured output y,,(t) € R and are used to reconstruct the states
with a Luenberger observer. The system desired system output y(t) € R
is related to the properties of the water downstream. There are no direct
measurements of this output and the regulator aim is to control it as desired.
Thus, this system output should properly follow a predetermined pattern if
the regulator is properly designed.

This system can be represented as an abstract differential equation:

©(t) = Az(t) + Bu(t)
Ym(t) = Crz(t) (4.4)
y(t) = Ca(t)

where A is a linear operator £(L?(0,1), L*(0,1)), B is the linear input operator
£(R, L*(0,1)), C,, is the measured output operator £(L*(0,1),R) and C is the
desired output operator £(L?*(0,1),R).

In this contribution, the goal is to achieve proper tracking of a reference
signal, while maintaining the system stability. It is considered that the ref-
erence signal y,(t) € R to be tracked by the system output y(t¢) is generated
as the output of a known finite-dimensional exogenous system (also called
exosystem), which is independent from the system (the exosystem affects the
system dynamics, but not the other way around) and is defined as the following

throughout this work:
2(t) = Sz(t),t > 0,2(0) € R® (4.5a)
yr(t) = Qz(t),t > 0 (4.5b)

where the matrix S : D(S) : R® — R® gives the dynamics of the exosystem

states and @) is a matrix that gives the desired output tracking signal y,.(t).

Assumption 4.1 : The reference signal consists of periodic and polynomial

functions, such that the exosystem dynamics can be represented in the following
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010...0 0 £ 0 0.
70 001...0 —f10 0 0.
s {Oljz],Jl— 0000l k=100 0 p| (40
| 000...0 00120,

notice that J; and Jy are decoupled block matrices and it is assumed that each f;
is unique. Jy generates a polynomial signal and the size of J; (ny) determines
the polynomial degree. Jy generates a linear combination of periodic function,
where each f; is responsible for a function with different periodicity. Therefore,

the size of Jo will be no, and it is an even number.

Remark 4.1 : The block matriz Jy has all eigenvalues equal zero (i.e., o(Jy) =
0) with multiplicity equal to the size of the matriz. Jo on the other hand has
conjugated complex eigenvalues o(Jy) = {£fij}. Therefore, the spectra of S in
Equation (4.5) is 0(S) = o(J1) Ua(J2) = {0,£fij}. Due to their structures,
J1 is a Jordan block, while Jy is a diagonal block matriz and its eigenvectors
are filled with zeros in all rows except in the ones that correspond to each f;.
The elements in these rows will be [1, —j]" and [1, +j]" for the corresponding
+f;j eigenvalues.

This exosystem will generate a linear combination of a polynomial (3",
a;t' from J;) and periodic functions with frequencies f; (ijéz b; sin( fit) + ¢;
cos(fit) from Jp), and Q = [Q1, Q2] = [Q11, -+, Q1015 @21, - - -, @20, | and the
initial conditions z(0) are defined accordingly to match the desired tracking
signal. Without loss of generality, one can extend the ensuing design to the
case when the exosystem is infinite dimensional [86].

In this contribution, an exosystem that generates a first-order polynomial
in combination a periodic signal with one frequency is considered. Therefore,

the desired reference signal (y,(t)) has a general form given by:

yr(t) = Q1121(0) + (Qu2 + Q1) 22(0) +

S
\[QQ,l COS(ft) — QQQ Sln(ft)} 23(0) + [QZ? COS(ft) + QZ,l Sln(ft)] 24(02 (47)
Jo
with:
B a0 "



The tracking error e(t) is defined as the difference between the system

output and the tracking signal:

e(t) = y(t) — v (t) (4.9)

In the continuous-time setting the regulation problem can be defined as

finding a regulator of the form:
u(t) = Klx(t)] + Lz(t) (4.10)

where K (-) is the linear feedback gain operator £(L?(0,1),R) that is used to
stabilize the system and L is the feedforward gain £(R® i) that guarantees
proper tracking of the desired signal. Therefore, the regulator should guarantee

the following conditions:
e The closed-loop system is exponentially stable;

e For the closed-loop system, the tracking error e(t — oo) = 0,Vz(0) €
X, z(0) € Re;

4.2.1 System Properties
Linearized System Stability

The system stability can be determined by the analysis of the eigenvalue prob-

lem Ay(¢) = Mp((), where ¢(() are the eigenvector of the system, in this case
T

given by ¥(C) = [41(C), ¥a(Q), ¥s(C)| , where ¢4(C) are the cigenfunctions,

and A is the system eigenvalues.

Lemma 4.1 : The eigenvalues of the system given by Eq. 4.2 are the solution
of the following non-linear equation:
C()\) =q1 [M31(]-7 )\) - P1M11(1, )\) - ,02M21(17 )\)]

+qo [M32(1,\) — p1 Mio(1,\) — pa Moo (1, \)] (4.11)
+ [M33(1,A) — p1Mas(1,A) — paMas(1,A)] =0

where M;; are the elements of the exponential matriz given by eVﬁl(A*_’\I)C,

where V' is a matriz with the system velocities and A* is the matriz with the

in-domain coupling coefficients.
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Proof: The operator A can be written as A = =V .+ A*, where V' is a ma-
trix with the system velocities and A* is a matrix with the in-domain coupling

coefficients. For the particular system considered (given in Equation (4.2)):

—u 0 0 ar P Bo
V = 0 71 0 ,A* = |1 011 012 (412)
0 0 7 Qq 021 022

Therefore, the eigenvalue problem can be written as:

VO (Q) + A(Q) = M (¢) = O(Q) = VTHA" = ADP()  (4.13)

which has the following general solution:

P(C) = ¥ WAy (¢ = 0) (4.14)

ith:
Wi ) Mll(Ca)\) Mlz(c,/\) M13<C7>‘)
e AT — My (€ A) Mao(C,A) Mas(C,N) (4.15)

M31(C,A) Msa(C,A) Mas(C,A)

Finally, applying the boundary conditions of Equations (4.3)—(4.14) with
the definition given in Equation (4.15), the non-linear equation shown in Equa-
tion (4.11) is obtained.

In this contribution, the system parameters as shown in Table 4.1 are
considered. For these values, the eigenvalue distribution is shown in Figure
4.2. With the values considered, it is possible to conclude that the steady-
state considered generates an unstable linearized system. Furthermore, it has
an infinity number of unstable eigenvalues, which would not be easily stabilized

with techniques generally used for linear finite systems, such as pole-placement.

Table 4.1: Values of the parameters considered.

Parameter \ Value H Parameter \ Value
1= Q2 1 p1 = P2 0.5
011 = 021 = 51 0.2 012 = 022 = 52 0.05
o1 0.1 1 2
'}/1 05 ’}/2 1
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Figure 4.2: System eigenvalue distribution for the parameters given in Table
4.1.

Resolvent and Transfer Function

In this section, the system’s resolvent and transfer function are derived, as
they will be used in the following sections. The resolvent is used to generate
the discrete representation of the system, shown in Section 4.4.1. The transfer
function and the resolvent are also necessary to solve the Sylvester equations

related to the output regulation problem, defined in Section 4.3.2.

Lemma 4.2 : The system resolvent is given by:
) _
oo {4 / g1(1 = 7,5) 92(1 — 1,5) gs(1 = 1, 8)] Zo()d
0
¢
)

(sI— A) Iz

+

S—

(4.16)

with g;(1 —n,s) = p1Mii(1 —n,s) + p2Moi(1 — 1m,8) = Mz,;(1 — n,5),

with M;,; defined as in Equation (4.14) and c(s) is the same function given in
Equation (4.11) (as expected, if s = X, (sI —A)~! does not exist). (s —A)~*
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and the system transfer function are:

—1 * QI 1
X(¢s)=e"" WD) gy | —U(s);
1 C(S)
N — (4.17)
Y(s) - 1p_ 1
G(s) = 0s) Clsl = A)7 B = 5

Pooof: By applying Laplace Transform in the system defined by Equa-
tion (4.4), the following system is obtained:

{ X(s) —xo = AX(s) + BU(s) (4.18)

Y(s) = CX(s)

Using the fact that A(-) = =V 0.(-) + A*(-) gives the general solution as:

X(Q, s) _ eV_l(A**)‘S)CX(s,C _ O) + fOC Vflev—l(A*,As)(c—n)xo(n)dn (4'19)

By applying the boundary conditions shown in Equation (4.3), the general
solution can be written as X ((,s) = (s — A) 'xg + (sI — A)"'BU(s) where
the operator (sI — A)™! and the function (sI — A)~'B are the ones shown in

Equations (4.16) and (4.17), respectively.

4.3 Continuous Time Regulator Design

First, the regulator in the continuous time setting is considered, as represented
in Figure 4.3. It is necessary to find a control law that guarantees the closed-
loop stability and proper output tracking using only the measured output

information provided by the plant.
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Figure 4.3: Continuous closed-loop representation.

4.3.1 System Stabilization

The first part of the controller is designed to guarantee the closed-loop stability
of the system given by Equation (4.2) or, in a general form, by Equation (4.4),
such that:

u(t) = Kz(t) + r(t) (4.20)

Which leads to a stable closed-loop system:

i(t) = (A+ BK)xz(t) + Br(t) = Ax(t) + Br(t)
y(t) = Cu(t)

Thus, it is desired to find a proper operator K(-) that achieves closed-

(4.21)

loop stabilization (A = A 4+ BK is stable). To obtain closed-loop stability for
the PDE system, backstepping is applied, as it was developed in [90] for
continuous-time setting and it is shown in Appendix 4.A. Although other
methods could be applied to ensure the closed-loop stability [87]-[89], the
backstepping methodology has been used for boundary control, as it maps the
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closed-loop system to a stable desired target system. Specifically for systems
of hyperbolic PDEs, finite-time stabilization of the closed-loop system can be
achieved by choosing a target system with this type of stability [95]. The fol-
lowing control law is able to map the closed-loop system into the stable target

system (given by Equation (4.86)):
u(t) = K[z(t)] +r(t) = —prz1(t,¢ = 1) — paxa(t,( = 1)
e x / (L), 8) + KoL m)es (1) +Ka(Ln)as(n, D] dn + r(t)
(4.22)

where the integral kernels (K;((,n)) need to satisfy the system of hyperbolic
PDEs given by Equation (4.85).

Remark 4.2 : The target system shown in Equation (4.86) can be represented

in a general form as:
#(t) = Az(t) + Br'(t)
y(t) = Ci(t)

If the transformation T shown in Equation (4.84) exists, then the closed loop

(4.23)

system (A + BK ) can be transformed in the target system. Therefore, the
transformation is such that ¥(t) = Tx(t) and x(t) = T &(t), and, finally,
T(A+ BK)T™! = A, From linear algebra, the following properties of the

transformation of a linear system are guaranteed:

o(A+ BK) = o(A) (4.24a)
[s] — (A+ BK)] " () =T [(31 - A)—l] () (4.24b)
[s] — (A+BK) 'B=T" [(sf - A)—l] TB=T" [(sl - A)—l} B
(4.24¢)
Gernls) = C[sI — (A+ BK) ' B=CT [(s] —A) ] TB = o

e [(31 - !1)—1] B=3(s)
Therefore, the closed-loop will be stable if the target system is stable (and

the transformation T and its inverse exist).

Lemma 4.3 : The closed-loop system will reach the origin in a finite-time of
t=1ts = ¢ + ¢o, with ¢y = /% and ¢y = max{%, %} and r(t) = 0.
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Proof: From the linear properties shown in Remark 4.2, it is important
to notice that the closed-loop dynamics will not necessarily be exactly the
same as the target system. But, due to the structure of the target system
shown in Equation (4.86), it is easy to see that if r(¢f) = 0, then /() = 0
and W(¢,t > ¢1) = 0,V¢ € [0,1], with ¢; = l% This also implies that
X1(0,t > ¢1) = X2(0,t > ¢1) = 0 due to the boundary conditions, which
finally leads to X1((,t > ¢1 + ¢o) = Xo((,t > ¢1 + ¢2) = 0,V¢ € [0,1],
where ¢y = max{%, %} Therefore, the target system will reach steady-state
(z(¢,t) = 0) in a finite-time of ¢ = t; = ¢1 + ¢o. Due the transformation T
the closed-loop states will be z(t) = T~'Z(t)), thus x({,t) = 0,V¢ € [0,1] for
t > 1.

Thus, the control law given in Equation (4.22) will stabilize the PDE system
in a finite-time t,. With the system stabilized, it is expected that system’s

properties (such as the resolvent, and consequently, the transfer function) will

change in the closed-loop.

Lemma 4.4 : The closed-loop resolvent is given by:

(5T = A) () = {(sT = A) '+

_ 4.25

(sI — A)'B[I — K(sI — A)"'B] 1K(s[—A)‘1} () (4.25)
which leads to the closed-loop transfer function as:
G(s)=C(sI —A)'B =

(4.26)

G(s) {I +[I = K(sI — A)'B] " K(sI — A)—lB}
Proof: The closed-loop resolvent is obtained as follows:

= 1

(sI —A)'()=(s—A—BK)'(:)= (s — A)! [I — BK(sI — A)*l}_
(4.27)
And applying Woodbury identity to the term in brackets gives the resolvent
shown in Equation (4.25). By using the definition of the open-loop transfer
function (G(s) = C(sI — A)~'B), Equation (4.26) is easily obtained.
Therefore, by knowing (sI — A)™'B and the feedback control gain K,
it is possible to easily calculate the closed-loop properties. Although Equa-

tions (4.25) and (4.26) might seem to increase the complexity on finding the
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closed-loop properties, control laws as given in Equation (4.22) will result in

a integral equation if one tries to calculate these properties directly.

4.3.2 Output Regulation

The last step in the design of the regulator in the continuous-time setting
is finding the feedforward gain L that achieves proper tracking of the signal
generated by the exosystem states (z(t)) given by Equations (4.5) and (4.6).
The control law obtained after taking the feedforward gain L into account is

given by Equation (4.10)
u(t) = Kx(t) + Lz(t) (4.28)

Lemma 4.5 : The proper output requlation can be easily achieved by solving
the following Sylvester equation:

IS = All + BL = (A+ BK)Il + BL
CTl = Q

Proof: First, the error e, (t) = x(t) — I1z(¢) is defined, and, considering that

(4.29)

u(t) = K [x(t)] + r(t), taking the time derivative gives :
é.(t) = x(t) — 112(t) = (A+ BK)x(t) — ILSz(t) + Br(t) (4.30)

If we consider that there is a feedforward gain L, such that r(t) = Lz(¢),
and by adding and subtracting (A + BK)IIz(t):

é,(t) = (A+ BK) [x(t) — z(t)] + [(A + BK)IIz(t) — I1Sz(t) + BLz(t)]
(4.31)
And by making the term in the second bracket equal zero:

é(t) = (A+ BK)e,(t) (4.32)
which generates a stable system if Equation (4.29) holds. Notice that the
tracking error e(t), defined in Equation (4.9), will be:

Ce,(t) = Cz(t) + CTz(t) = y(t) — y.(t) + [CTL2(t) — Qz(1)] (4.33)

Therefore, if CII = @, then Ce,(t) = e(t), and, as e,(t) is stable, e(t) will
decrease and proper tracking is achieved.
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Remark 4.3 : From Remark 4.2 and Lemma 4.3, it is possible to say that
e-(t) is going to reach the origin at a finite time ts. Thus, y(t) = y,(t) for
t > ts, as e(t) = Ce.(t) = 0 fort > ts. Also, as e.(t) = 0 fort > t,
x(t) = z(t) and II can be recognized as a mapping between the system states

and the exosystem states when proper tracking is achieved.

Remark 4.4 : Due to the exosystem structure defined in Assumption 4.1, the
Sylvester equation shown in Equation 4.29 can be separated in two different sets

of equations and solved separately.

Lemma 4.6 : Considering the same number of inputs as of outputs, the so-

lution for the first set of Sylvester equations will be:

Ly; = [G1(0)] Qu+ Z(—1)%(]71)@—(3'—1)(O)Ll,j
=1 (4.34)

M= 3 (=)~ [(0- )77V BL,
j=1

for i = 1,...,ny, where Ly = [Li1,..., L], Iy = [q,...,11,] and
Gr(0) =C[(0 - fl)_l]kB, such that G1(0) = C [(0 — A)™'] B = G(0). And

for the second set of equations, the solution will be:

Lygi—1 = Re [G(fij) '] Qa2i—1 — Im [G(f:§) '] Qa2
Ly2i = Re [G<fij)_1] Q2,2i +1Im [G(fz’j)_l] (Q2,2i1
Haoi-1(C) = Re [(fdl = A) ™ B| Lo = Im | (£ = A) 7' B Loa
Iy2:(C) = Re [(fijl — A B] Losi +Im [(fijl — A B] Looi 1
(4.35)
for i = 1,..,n2/2, where Ly = [Las,...,Lay,| and Tly = [Iaq, ..., a,,].
Proof: For the first set of Sylvester equation it is easy to see that due to the

structure of J; considered in Assumption 4.1, the following relation must hold:
Hl,i - AHl,i-‘rl + BLl,H-l (436)

fori =1,...,n; — 1 and with 0 = AIl, ; + BL; ;. Applying (0 — A)~! on both

sides and isolating II leads to:

M =—(0—A)",; +(0—A)"'BL (4.37)
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with IT; ; = (0— fl)*lBLl,l, which recursively leads to 11 ; in Equation (4.34).
Applying C'in both sides of this last equation, taking into account that C1I; ; =
()1, and isolating for L, ; leads to the result shown in (4.34).

For the second set of Sylvester equations, first, both sides of the equation
are multiplied by the eigenvector of J5, and taking into account that Jy¢,, =

A, @, leads to:
Uy Johy, = HaX s, ¢, = Allaps, + BLooy, (4.38)

From Remark 4.1, the eigenvectors of J, are all null except at the corre-
sponding row of +f;j, with ¢ = 1,...,ny/2. Therefore:
oy, = (As, = A) " Blag,,
o 0;—1 o 0] [1 j]T = (fij] — A)i B L1 Logi][1 j]T

and the equivalence of the complex numbers from both sides of the equations

(4.39)

gives the solution for Ils 9,1 and Ily5;. Applying C in both sides, knowing
that CIly; = ()2, gives the results shown in Equation (4.35).

Remark 4.5 : From the solution shown in Lemma 4.6, it is possible to con-
clude that the solutions of the Sylvester equations 11 exist if o(A) # o(S) =
o(J1) Ua(Jy), such that G(As) # oo. In a similar way, for the feedforward
gains L to exist the eigenvalues S must not be a zero of the transfer function,
as the inverse of the transfer function must exist (which means that G(\g) # 0,
such that L exist in Equations (4.34) and (4.35)).

For the exosystem shown in Equation (4.8), the solution of the Sylvester
equations will be L = [L11L12La1 Las] and I = [II; 11 oI5 1 I1o 5], given
by:

L, = G(O)lem
Hl,l(o - (0 - A)_l BL1,1

Lys = G(0) ™ [Qra + Go(0) Ly ] (4.40)
I 5(¢) = — (0 - A)_l (0 - A)_l BlLyy+ (0 - A)_l BLiy
and:
Ly1 = Re [é(fj)_l} Q21— Im [G(fj)_l} Q2,2
Lyo = Re [G<f.])_1] Q22+ 1Im [G(fﬁ_l} Q2.1
o -1 N (4.41)
[a1(C) = Re [(fif = A) ™" B] Lo — Im [ (fil = )" B] L,
Iy5(C) = Re [(fjf — A7 B] Los+ Im [(fj] — A7 B} Lo
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4.3.3 System Observer Design

The control law defined in Equation (4.22) needs a fullstate feedback measure-
ment across the whole domain. As this is generally not practical or viable, in
this section the observer design for thesystem shown in Equations (4.2) and
(4.3) is considered. The observer dynamics will be given by the following set

of PDE’s:

( O oV . . R _oy N
8? - “62 +aul + Bid1 + Bz + e w11 (() [ym(t) — D(¢ = 0)]
01 01 . . . -
% - _71% + ol + 01121 + 01222 + 12(C) [ym(t) — (¢ = 0)]
01 01 R . . -
% - _72(9i(2 + ol + 09121 + 02222 + 13(C) [ym(t) — (¢ = 0)] (4.42)

(1,6) = prin(1,1) + paita(1, £) + u(t)
21(0,1) = q1ym(?)
1'2(07 t) = Q2ym<t)

\

where #(C,t) = [ 42]" € L2(0,1) are the reconstructed states and [;(¢)
are the in-domain observer gains. Similarly to the system stabilization shown
in Section 4.3.1 and Appendix 4.A, the backstepping methodology is used
once again to find the appropriate gains for the observer. Other techniques
could be used, but, once again, the backstepping methodology can be used to
ensure finite-time convergence of the observer states to the system states. The
derivation of the observer gains are shown in Appendix 4.B.
The observer dynamics can be written in a general state-space representa-

tion as:

() + Loa [9t) = Cod(0) + Loa ) + Bult) = 1
where L,; is related to the in-domain observer gains and L, is related to
the boundary observer gains shown in Equation (4.88). Although A has the

same in-domain operators as A, it has different boundary conditions, such that

A=A+ Ly,Cp.

Lemma 4.7 : The system observer error will reach the origin in a finite-time

of t =t, = @g + 1, with ¢g = mcw{i L} and ¢, = %

Y17 72
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Proof: Due to the structure of the target system shown in Equation (4.91),
it is easy to see that €,(¢ = 0,¢ > ¢9) = &(C = 0,t > ¢») = 0,YC € [0,1],
with ¢ = max{%, %} . This also implies that é3(¢ = 0,t > ¢3) = 0 due
to the boundary condition. Finally, é3(¢,t > ¢1 + ¢2) = 0,V( € [0, 1], where
o1 = % Therefore, the observer error target system will reach the origin
(é(¢,t) = 0) in a finite-time of ¢ = ¢, = ¢ + ¢1. As backstepping is just
a linear transformation of the observer error, such that the original observer
error is related to the target system by é = T—'é(t), é(t) = 0,V¢ € [0,1] for

t>1,.

4.3.4 Exosystem Observer

If the exosystem dynamics is known, but its states are not available, it is
possible to reconstruct the states using the reference signal y,(¢). As the
exosystem considered here is a finite system (as shown in Equations (4.5) and

(4.6)), the following observer is considered:
2(t) = S2(t) + Le [y (t) — Q2(t)] = S2(t) + LoQ [2(t) — 2(2)] (4.44)

where Z is the estimated exosystem state and L. is the observer gain to be
defined. The exosystem observer error is given by é.(t) = z(t) — 2(¢) and its
dynamics will be:

ée(t) = (S - LeQ)ée(t) (445)
If (S,Q) is detectable, then it is possible to guarantee the reconstruction of

the significant exosystem states and stabilization can be achieved by using

pole-placement.

Exosystem Finite-Time Observer

The observer design from the previous section attains stabilization in a expo-
nential matter. Here, the finite-time observer is considered to obtain a faster
estimation of the exosystem observer. This kind of stabilization was shown
in [98] and used in [99]. For this design, two exosystem observers (Z; and Z)
with different observer gains (L.; and L. ) are considered and the redundant

information from this two observers can be used in combination with previous
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information to get the estimation to converge in a finite-time. This observer
equations are given as:
R I eU-Lea@Dr] ™t /T2 (4) e(A=Lea@Dr 3 (1 — D)
2p(t) = [1 0] [[ e(A—Le,zQ)DF] <{22(t)} - L(A—LE,QQ)DF 5(t — DF)D
(4.46)
where Zg(t) is the estimation given by the finite-time observer, Dp is the time
delay used, e(A~Lei@Dr ig the exponential matrix and I is the identity matrix.

With this observer design, 2p(t) is guaranteed to converge to z(t) when t > Dp

as shown in [98].

4.4 Discrete Time Regulator Design

The discrete regulator design is considered in this section. It is necessary
to find a control law for the discrete system that guarantees the closed-loop
stability and proper output tracking. Figure 4.4 represents the closed-loop
controller for the discrete setting. The closed-loop begins at the controller,
where the initial condition for the system and exosystem observers (Z,—_; and
Zr—_1) are used to calculate the first control action ux—g. Then, the action is
applied to the plant and the system measured output and the reference signal
from the exosystem become available (yx—¢ and y, x—¢). These output are used
to estimate the system and exosystem states in the observer (Z;—o and 2, j—o).
Finally, the estimates are used in the control law to calculate the next input

(u1) and the process is repeated.
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i yr,k

xp = Agxp_1 + Baug

Plant

Uy, Yk
Controller

r &, = AgZr—1 + Baui + Loaq [yx — U] + Lod2yk

BN

U = Kd [.f?k + ff}k_l] + Ldé K Lh=—1y Rk=—1

T
T— 2k = SaZk—1 + Led [Yr ke — Ur k]

Figure 4.4: Discrete time closed-loop representation.

The control law used to ensure the system stability and proper signal track-
ing is similar to the regulator equation shown in Equation (4.10) for the con-

tinuous setting considering fullstate feedback:
U — Kdl'kfl + Lde,1 (447)

where the first part of the right side of the control law represents the feedback
control used to guarantee the system stability. The second part is responsible
for the output tracking and L, is a matrix that needs to be found to ensure
proper output tracking.

The discrete output tracking error can be defined as:

ek = Yk — Yrk (4.48)

Similar to the controller in the continuous time setting, the discrete regu-

lator should guarantee:

e The closed-loop system is stable;
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e For the closed-loop system, the tracking error ex(k — 00) = 0,Vagp—o €
X, Ze—0 € R;

Before addressing the discrete regulator design, first the proper discrete

representation of the system is considered.

4.4.1 Discrete Representation

Given the system defined in Equation (4.4), one can apply a structure pre-
serving time discretization of the dynamical system. By the application of
the Crank-Nicolson midpoint integration rule, and with the assumption of
piecewise constant input within the sampled intervals, the Cayley-Tustin time
discretization transformation is achieved [28]. The obtained discrete system is

represented as:
Ty = Agxp—1 + Bauy,

Y = Cdxk—l + Dduk (449)

Ymk = Cm.aZTi—1 + Dy g
where § = 2/At, Ay, By, C4, Dy, Cpp g and D,, 4 are the discrete time system

operators and are given by:

Aq) By —T+25(61 —A)~" () V26(6I—A)"'B
Ca()  Dg | =] V20C(I—-A)"() C@OBI-A'B (4.50)

Cma(-) D, V26C, 0T —A)' () Cn(sI—-A)'B
and (61 — A)™" = R(,A) is defined as the resolvent operator of the oper-
ator A, which can be found in Equation (4.16), (01 — A)~' B and G(J) =
C (61 — A)f1 B were defined in Equation (4.17) for the specific system consid-
ered.

The operators given by Equation (4.50) are all compact and well-defined
and the issue of boundary (point) actuation or/and observation does not in-
duce mathematical difficulties which are associated with the continuous coun-
terparts, usually leading to unboundness of the boundary (point) actuation

and/or observation.

Assumption 4.2 : A small enough value of At is used such that the discrete
time representation of the system shown in Equation (4.49) is a good approz-

imation of the open-loop system internal dynamics and input/output relation.
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Assumption 4.2 presumes there is a large enough § (small enough At) such
that the discretization can be applied to unstable systems as well [100] and
is necessary for the development of the discrete regulator in the following ses-
sions. For an unstable open-loop system, the following lemma gives an interval
for which the discrete representation might be a good approximation of the

system:

Lemma 4.8 : In the case of an unstable system, the discrete system (Aq, Ba,
Ca, Dg) will not be a good discrete approximation of the system (A, B,C, D)
if At > ﬁ, where s(A) = sup{Rez: z € 0(A)}.

Proof: For a stable system, s(A) < 0 (all eigenvalues are negative), thus,
as 6 = & and At > 0, (61 — A)~! exists for any value of At. For an unstable
system, s(A) > 0, there will be at least one unstable eigenvalue with a pos-
itive real part. If this eigenvalue is real, § — s(A) and (61 — A)™' — oo, if
At — Til)' As the discrete operators shown in Equation (4.49) depend on the
resolvent, At > ﬁ will not result in a good discrete approximation. If the
eigenvalue is complex, the Spectral Mapping Theorem can give an insight on
the behavior of the discrete eigenvalue. If there exists a exact discrete repre-
sentation of A, it’s largest eigenvalue will be Ay p = e%AS, such that \; = a+ bj
and Rels = a = s(A). For the Cayley-Tustin transformation, this relation is

. 5+
given by \gor = o

If we calculate the modulus of these eigenvalues, we

get:

3 dad 1 AP
N CTINTIN _ 1 4.51
all = e¥: Iaerl \/*52—2a5+llksll2 o

As expected, if At — 0, 0 — oo and ||[Agor|| — ||Aag||. Taking the

derivative with respect to ¢ yields:

Ol Aasll _ —2a 2 OllAacr|l _ 2a(||As]]* = 6%)
- 2

: = 4.52
a6 2 T as (TE =200 + P pacr] 52

For the exact representation, the value of the discrete eigenvalues will
decrease as J increases (i.e., At decreases). For the Cayley-Tustin trans-

formation it is possible to see that the function will have an turning point

at (0)run = [[Xs]] or (At)rum = 7. IF 6 = & = s(4) < [|A]], then




At > (At)ym and the functions have different responses, i.e., ||Agg|| is in-
creasing as At increases, but ||Agcor|| will decrease past the turning point.
Thus, At > ﬁ will not generate a good discrete approximation of the sys-
tem.

Similar to the controller design in the continuous time setting, first the sta-
bilization of the system in the discrete time setting given by Equations (4.49)
and (4.50) is addressed.

4.4.2 Discrete System Stabilization

The design of the discrete regulator is considered in this section. First, it is

shown in Lemma 4.9 that the discrete system can be stabilized.

Lemma 4.9 : If K in the continuous time setting is able to stabilize the
system, then there is a corresponding Ky(-) in the discrete time setting that

ensures the discrete system stability with the control law:
U = dek—l (453)

with:
Ky=V26 (I — K(6I — A)"'B) ™ K (61 — A)™! (4.54)

Proof: With the control law considered, the closed-loop discrete system is
given by:
rp = (Aqg+ BaKg) T (4.55)

By using the definitions of the operators, the following relation can be

achieved:

T = [— I +26(61 — A)~!
+26(51 — A)'B (I — K (61 — A)'B) " K (61 — A)—l} ot
_ {_1 +26(61 — A~ [I — BK (51 — A)*l]_l} T =
[T +20 (6] — A— BE) ™ a3

(4.56)

where the Woodbury identity was used to properly manipulate the expres-
sions. The resulting operator is equivalent to the discrete operator obtained

by applying the Cayley-Tustin time discretization in the closed-loop system
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obtained in Section 4.3.1. Using the Cayley-Tustin transformation, the closed-

loop system can be represented in the discrete setting as:

oy = Agy_y = Ag=—T+20(6] — A)"' = —T+26(6] — A— BK)™"
(4.57)
From [6], [101], it was shown that a stable continuous operator generates a
stable discrete operator, thus, if (A+ BK) is stable, then the discrete operator
Ag = —I1+25(6] — A— BK) " is stable as well. Finally, if the control law
proposed in Equation (4.53) with K, shown in Equation (4.54), is used, then
the closed-loop discrete operator is equivalent to the operator shown above

and the discrete closed-loop system is stable as well (i.e., Aj + BgKy = /_ld).

With the proposed control law, the discrete closed-loop system is given as:

zy = Agry_1 + Bary,
i (4.58)
Yr = Caxp—1 + Dary,

with:

Ay Ba) _ [Aa+ BiaKg By] _ [[-1+20(61—A-BK)™'| By
Cq Dg|  |Ca+D4sKq Dq| | V20C(I6—A—BK)™' Dy
(4.59)

4.4.3 Discrete Output Regulation

After achieving the system stabilization, it is possible to accomplish proper
output tracking. First, the Cayley-Tustin time discretization is applied to the
exosystem, such that the discrete time exosystem is given as:

2k = Sazr-1

(4.60)
Yr e = QaZk—1
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with:
Sqg=—1+20(0 — S)_l =

1 2 0 0
)
0 1 0 0
0 o0 Yo 20 (4.61)
52_|_f2 52+f2
2 2
oo L 2f F—f
| 52+f2 52+f2_

Qu=V20Q (61 — 8™
Then, it is necessary to find the discrete feedforward gain Ly that is able
to guarantee the proper tracking of the reference signal y, ;. This can be
accomplished by solving the output regulator equations in the discrete-time

setting.

Discrete Regulator Equations

In Section 4.3.2, the regulation equations were solved in the continuous setting.
In this section, the output regulation equations for the discrete time setting are
derived. The following Lemma summarizes the results for the output tracking

if the Cayley-Tustin time discretization is applied.

Lemma 4.10 : If the Cayley-Tustin time discretization is considered, then the
solution of the requlation equation (Sylvester equations) in the discrete setting
is the same as in the continuous setting, i.e., ll; = 11, such that xp = 114({) 2
when proper tracking is achieved and it is the solution of the following Sylvester

equations in the discrete-time setting:

Hde = Ade + Bde

_ (4.62)
Callg + DgLg = Qa
with the following relation between L and Lgy:
La= V26 (I — KT —A)'B) " L(6I —8)~" (4.63)

Proof: The discrete control law that stabilizes the system and ensures the

proper tracking of the discrete signal is given by: with the following relation
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between L and Ly:
U — delﬁkfl + Lde,1 (464)

The discrete error is defined as e, , = x — II42;, which leads to:

er = T — gzp = Agxp—1 + BaLazp—1 — gz, =

_ _ (4.65)
Aq[zp—1 — Mazp—i1] + [Aally + BaLg — HgSa] 241
and if the last term in brackets is equal zero, the error system becomes:
Crk = fldeﬂk_l (466)

which is stable if A, is stable. This yields the following Sylvester equation:
4S; = Aglly + ByLg (4.67)
And the tracking error will be:

er = Yr — Yrk = Catp—1 + DaLazk—1 — Quzi—1 =

Calxp—1 — Hgzp—1] +

i (4.68)
[Callazi—1 + DaLgzi—1 — Qazi—1] =
Caer—1+ [Cally + DyLg — Qa] 251
which gives the condition:
Cally + DyLq = Qg (4.69)

Lastly, the proof that I1;(¢) = II(¢) for the Cayley-Tustin time discretiza-
tion is derived. First, the discrete Sylvester equation is considered and the

definition of each operator is used:

145y = Aglly + ByLy —>
I, (61 —S)' = (0] — A— BK) '+
(01 —A) "B —K(@GI—A)B) 'L(I-9)" =
Iy (61 —8) ' = (I —A—BK) 'II, (4.70)
+ (0l —A—BK) 'BL(6I - 9)"" =
(6] —A— BK)Ily; =11, (6] — S) + BL =
11,5 = (A + BK)Il, + BL
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And for the algebraic condition:

Cully+ DyLy = Qg =
C (61 — A)! [1 +B(I—K(6I—A)"'B) K5I - A)*l] M+
C(I— (61 —A)"'BK) (T —A)'BL(§I - 5) =
QUI-9" =
C (51— A (I — BK (51 — A1) ' I,
+C (6 —A—BK)'BL(I-8)"'=Q0I-5)" =
C[(6I —A—BK)'Iy+ (6] —A—BK) 'BL(I-S)"'] =
QUI-8)" = CI(I-8)"'=QBI-85)" = Cll;=Q

(4.71)

which is the same Sylvester equation and algebraic condition shown in the

continuous-time setting (Equation (4.29)), consequently, 11, = II.

4.4.4 Discrete System Observer Design

The discrete observer design is considered in this section, as it was developed
in Section 4.3.3 in the continuous time setting. In the continuous setting
(Equation (4.43)), the observer does not have the same operator as the system
(A is different from A), thus, the discrete observer will also have different
operators Ay, By, Cy and Dy when compared to the discrete system. Thus,
the discrete system is observable as well and the discrete observer will take
the following form:

U,y = ém,di"k—lj- ﬁm,duk + (Moa,1 + Mog.2) s

. N . 4.72
T, = AaZr—1 + Baug + Loa1 [Ymk — Umk) + Lod.2 [Ym.k] ( )

136



where By and y; have been defined previously. The other discrete operators

o o)
_I()+20 (51 A) NG
[Hom((ﬂ A) } 10 oI — A

V25 (51 - A> B
[1 +C, (51 . A) LOJ} e (51 A (4.73)
My = [T+ Co (61 - A)L ] Cm((SI A) Lo
Loas = V25 (51 A) L
Moo = [I+C (51 A) Ly } (51 A) Lus
Louz = V26 (51 - A) L

Notice that L,q; and L,q2 have similar structure to By, as the system

are given as:

-1

-1

measured output y,, , can be considered as an input to the observer as well.

Lemma 4.11 : [f the observer gains in the continuous time setting (Lo, and
L,2) are chosen such that (121 — L,1C,y,) is stable, then, the discrete observer
given by Equation (4.72) and the operators defined in Equation (4.73) will be
able to reconstruct the states of the discrete system (the discrete observer error
- &y, - decreases with time and eventually reaches the origin).

Proof: To prove the observer states convergence to the system states, it

is necessary to analyze the discrete observer error:

After some algebraic manipulation (shown in Appendix 4.C), the discrete

error can be written as:
N R . -1
50 = (Ag — Log1Cona)ént = {—1 42 [51 _Ax Lo,lCm} } ért (4.75)

which is the discrete operator generated by (121 — L,1Cy,). Thus, if L, is
chosen such that (A —L,1C},) is stable, the discrete observer will be stable as
well, as the Cayley-Tustin time discretization cannot map a stable continuous

system to a unstable discrete one.
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4.4.5 Discrete Exosystem Observer Design

The discrete observer design for the exosystem is considered in this section
using the discrete reference signal y,. ;. The following finite discrete observer

is considered:

Ur k= Qdﬁkq + Meqyr i
(4.76)

2k = SaZk—1 + Lea(Yrk — Ur i)
where Zj is the estimated exosystem state, S; and )4 have been defined in

Section 4.4.3 (in Equation (4.60)). L.y and M., are defined as:
Leg = V26 (61 —8)" L,
Qu=[I+Q (51— S) L] V26Q (51 — 5)™! (4.77)
Myg=[I+Q@6I—8)"L])  Q©6I—5) "L
Lemma 4.12 : If the exosystem observer gain in the continuous time setting
(L) is chosen such that (S — L.Q) is stable, then, the discrete observer given
by Equation (4.76) and the operators defined in Equation (4.77) will be able
to reconstruct the states of the discrete exosystem.

Proof: To prove the exosystem observer convergence to the system states,

the discrete error of the exosystem observer is analyzed:
Erk = 2k — 2k (4.78)

After some algebraic manipulation (shown in Appendix 4.D), the discrete

error can be written as:
ek = (Su— LeaQa)érp1 = {1 +2[0] — S+ L.Q| '} &5 (4.79)

which is the operator generated by the discrete representation of (S — L.Q).
Thus, if L is chosen such that (S — L.Q) is stable, the discrete observer will
be stable as well.

4.4.6 Finite-Time Discrete Exosystem Observer Design

The exosystem discrete dynamics is given by z, = Syzr_1 and the reference

signal is y, x = Qa2zk—1. If the pair (54, Qq) is observable (which can be proved
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by the observability of (S, @)), then the exosystem states can be estimated in

the discrete setting using the observability matrix:

Yr.k Qa
Yrk+1 QaSa i
) o ~ . A ~ o Jrl ~
. = . 21 = OBSVggoi1 = 2 =S; 2kt
Se—l
Yr k+e—1 Qd d

(4.80)
where, OBSVg,, is the exosystem observability matrix in the discrete-time
setting. Therefore, after e time steps (and e samples of y, ) it is possible to
properly estimate z;. For any instance before that, the discrete observer from

Section 4.4.5 can be used.

4.5 Results

In this section, the numerical simulations are shown to demonstrate the appli-
cation of the regulator designed. The system parameters used in the following
results are given in Table 4.1. For the given values the open-loop system is
unstable, as shown in Section 4.2.1. The desired reference signal is given by
the function:

.
y(t) =1+ 0.1t + w (4.81)

To generate this signal with the exosystem, the following conditions are
chosen:

Q=1[1 01 0};f:%; 20)=1[1 01 0 05]" (4.82)

First, the simulations for the design of the regulator in the continuous-time

setting are shown.

4.5.1 Continuous Time Regulation

Using the values given in Table 4.1, a numerical simulation was performed in
the continuous time setting to show the system stabilization with the control
law shown in Equation (4.22), in Section 4.3.1. The result is shown in Figure
4.5 and it is possible to see that the system is stabilized at a time close to
t=¢1+ ¢ = % + max{%, %} = % + max{%, %} = 2.5, as expected from
the relation between the target and the closed-loop system.
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Next, the results for the output tracking are presented. The result is shown
in Figure 4.6 and the control law from Equation (4.10) is used. As expected
from the finite time stabilization obtained due to the desired target system,
the system output starts to perfectly track the reference signal for a time close
to t = 2.5. The results from Figures 4.5 and 4.6 consider that all the system
states and exosystem states are available.

The measurement of all states is generally not feasible, specially when a
DPS is considered. Thus, the control law shown in Equations (4.22) and (4.10)
might not be used directly. Taking that into account, the observer design for
the system states and the exosystem were considered in Sections 4.3.3 and
4.3.4, respectively. First, the results for the system observer are examined.
Figure 4.7 shows the results for this simulation. As expected, the observer
states are able to reconstruct the system states at a finite time close to t = 2.5

(i.e., the observer error reaches the origin for a time close to t = 2.5).
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Next, the performance of the system observer with the Equation (4.10) is
examined. Instead of using the system states in the control law, the observer
states are used and the result is shown in Figure 4.8. As the observer is able to
properly reconstruct the system states for ¢ > t, = 2.5, the controller can just
properly stabilize and achieve proper tracking after that. Thus, the system is

stabilized and the output properly tracks the reference signal at t = t,+t, = 5.
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The simulation results shown before still considered that the exosystem
states were available. Next, the results with the exosystem observer, shown
in Section 4.3.4, are explored. Figure 4.9 shows the closed-loop system re-
sponse considering that the exosystem observer will have the poles placed at
o(S—L.Q)={—-1,-2,-3,—4}. The finite stabilization and system observer
convergence are still achieved, but, as the exosystem observer, in this case, does
not have a finite time convergence, the proper output tracking takes longer to

be obtained (it exponentially converges).

12 —— Output 2.5 w

- - -Ref. Signal
----- Est. Ref. Signal

10|

Output
(o]

Exosystem States and Observer States

Time Time

Figure 4.9: System closed-loop response (on the left), using the system and
exosystem observers and the control law given in Equation (4.10). On the
right, the exosystem states and its observer states.

The last case considered in the continuous-time setting is the use of the
finite-time observer to reconstruct the exosystem states. The simulation re-
sults are presented in Figure 4.10. As two observer are necessary to obtain the
finite-time convergence, one observer was designed such that o(S — L.;Q) =

{—1,—1.5,—-2,—2.5} and the other such that 0(S—L.»Q) = {—3, —3.5, —4, —4.5}.

146



The desired convergence time was set to Dp = t, +t; = 5. Thus the system
stability and proper tracking, plus the system and exosystem states recon-
struction should be guaranteed for a time close to ¢ = 5. As results show,
although this observer convergence is guaranteed for time close to t = 5, the
drawback is the higher error for the estimation in the beginning, which leads
to excessive control actions and an increase in the output, which might not be

desirable or physically possible.

16 '
n — Output
14 - - - - Ref. Signal I
----- Est. Ref. Signal
12 1

Output

Exosystem States and Observer States

-2 ii |
3 -
:
-4
0 5 10
Time Time

Figure 4.10: System closed-loop response (on the left), using the system ob-
server, finite-time exosystem observer and the control law given in Equa-
tion (4.10). On the right, the exosystem states and its observer states.

4.5.2 Discrete Time Regulation

After the design of the regulator in the continuous-time setting has been
achieved, the results for the discrete-time settings are considered, using the

design developed in Section 4.4. A sampling time of At = 0.1 is used. First,
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the system stabilization with the control law shown in Equation (4.53), de-
veloped in Section 4.4.2; is shown. The result is presented in Figure 4.11 and
it is possible to see that the system is stabilized, as expected from the rela-
tion between the closed-loop of the discrete representation and the continuous

closed-loop system.

6 .

2 J |
0 10 20 30

Time

Figure 4.11: Discrete system stabilization with the control law given in Equa-
tion (4.53), considering z;, = 0.

Next, the results for the output tracking in the discrete time setting are
considered. The result is shown in Figure 4.12 and the control law from Equa-
tion (4.53), developed in Section 4.4.3, is used. It is assumed that the system
and exosystem states are known. As expected, the system stabilization is

obtained and the system output is able to perfectly track the reference signal.
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Time

Figure 4.12: Discrete system stabilization and output regulation with the con-
trol law given in Equation (4.53), assuming that z; are known states.

As in the continuous-time setting, the system observer and exosystem ob-
server designs in the discrete-time setting are considered next, using the de-
veloped discrete observers designs shown in Section 4.4.4 and Section 4.4.5,
respectively. The results for the system observer are considered first in Fig-
ure 4.13. As expected, the observer is able to reconstruct the system states
and using the observer states in the control law shown in Equation (4.53), the
closed-loop of the discrete-time system is stable, achieving proper tracking of

the reference signal.
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Finally, the exosystem observer design in the discrete-time setting is con-
sidered, as shown in Section 4.4.5. Figure 4.14 shows the closed-loop response
of the discrete system using the observer gain of the continuous-time setting
to guarantee the stability of the observer in the discrete-time. As it is possible
to notice, the system stabilization, the system and exosystem observer conver-

gence are achieved, yielding to the proper tracking of the closed-loop system

response.
10 ' ,
— Output
- - - Ref. Signal
8 M -—Est. Ref. Signal

Exosystem States and
Exosystem Observer

0 10 20 30
Time

Figure 4.14: Discrete system closed-loop response (on the left), using the
system and exosystem observers and the control law given in Equation (4.53).
On the right, the discrete exosystem states and its observer states.

Lastly, the closed-loop response using a finite-time observer design in the
discrete time setting based in the observability matrix is considered, as exam-
ined in Section 4.4.6. The result is shown in Figure 4.15 and, as expected, the
exosystem states are properly reconstructed after four sampling times, as there
are 4 states in the exosystem, which makes the closed-loop system response

better.
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Figure 4.15: Discrete system closed-loop response (on the left), using the
observability matrix to reconstruct the exosystem states. On the right, the
discrete exosystem states and the observer states.

4.6 Conclusions

In this chapter, the regulator design for the Saint—Venant—Exner model was
developed so it would achieve proper closed-loop stability and output track-
ing of a reference signal in both continuous and discrete-time setting. The
backstepping methodology was used in the continuous-time setting to map
the closed-loop system to a stable target system, thus guaranteeing the sys-
tem stability. Furthermore, the same method was used to design the observer,
allowing for the reconstruction of the system states by using just the out-
put. Considering a reference signal generated by an exosystem, the output
tracking problem was solved. Next, with the stabilization and proper tracking
achieved in the continuous-time setting, the discrete regulator was explored.
The closed-loop stability, observer design and the regulator equations were
shown to be directly related to their construction in the continuous-time, thus
ensuring the proper performance of the regulator, as it was possible to observe
in the simulations.

For future work, the constrained optimal stabilization and tracking problem
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could be considered, as the regulator designed here did not take into account

any physical limitations, neither in the states nor the input.

4.A System Stabilization: Backstepping

First, the state transformation w((,t) = v((, t)e%IC is used:

O 19
a_(': — ,ua—(z +¢91(C)$1 +Q2(C)$2
0 0
0 0
% — _/YQaig +a(C)w +091X1 +092%9
W(L,t) = phas(1,6) + pha(1,t) + (1)
xl(O,t) = Q1w(07 t)
513'2(0, t) = QZU)(Oa t)
ym(t) =v(0,t) = w(0,1)
where 0,(C) = Bie ™, 6y(C) = Boe ™S, a(C) = e B, Pl = pretS, pl =

,026%C and u/(t) = u(t)e%lc.
The stabilization in the continuous-time setting was developed in [90] and
assumes that the following Volterra transformation exists:

W (¢, 1) = w(C, )
— [ m)w (0, 8) + Ko (¢ )z (1, 8) +K3(C,n)aa(n, )] dn

X1(¢,t) = 2:(G,1) s
XQ(C?ﬂ - xQ(C7t>
et = almKa + aln)Ks
Maa—l? — 7188—? =01(n) K1+ 011Ky + 001 K3
38_123 —7268—[;3 =0y(n) K1 4 012 K5 + 092 K3 (4.85)
pK1(¢,0) = C]1(971(?)2(C7 0) + g272/K3(¢,0)
_ 1%/
_ _72%)
\ K3(g7 C) - Yo +ﬂ'
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The PDE system given in Equation (4.85) can be solved numerically [102],

[103]. The control law and the Volterra transformation shown in (4.84) map
the system to the following target system:

(OW oW

o~ Mac
0X, 0X,
o~ o
5 [5G W (0, 8) e (¢ m)Xa (0. ) + eaa(C ) Xa(n, 1)) diy
0Xy 0X5 (4.86)
- o
— Jo [K2(C,m)W (0, 1) + ea1(C,m) X (n,t) + (¢, m) Xa(n, t)] dn
W(l,t) =1'(t)
X1 EO, t; = q1WEO, ti
X2 O,t = QQW O,t
where r/(t) = 7’(t)e%C and the coefficients are defined as:
i (Cn) = alQEG(Cm) + [ 7i(C, )G (6, m)do (487
ki(Cm) = a(QK3(Cm) + [, (¢, 8)Ka(d,m)dg ‘

4.B Observer Design: Backstepping

The state transformation w(¢,t) = (C, 75)6%1< is used:

(0w ow . R .
- Mac +01(Q)21 + 02(Q)Z2 — L(C) [ym(t) — w(¢ = 0)]
0z oz . . .
- = _’”a_gl +a(Q)w + ondr + o122 — () [ym(t) — @(C = 0)]
oz T . . .
i = Trge T olOw+ ondi+ omiy = Q) n(®) = &(C = 0]
-’2'1(0> t) = Chym(t)
L 1)2(07 t) = q2ym(t)

(4.88)
where 2((,t) = [W 21 ig]T are the transformed observer states. The observer
error (€) is defined as é((,t) = [é1é2€3] = [w—w,x1 — Ty, T2 — T2] €
L?(0,1), and the observer error dynamics is given as:
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&L o¢é A . .
% _ /La_zl + 01(C)éx + 02(¢)és — 1(Q)é1 (¢ = 0)
oé 0é . 5 5 5
g = —%aiz + a(()ér + 01162 + g1263 — 12(¢)é1(¢ = 0)
oé 0é . 5 5 5
g = —’ygaiz + a(()ér + 09162 + 72é3 — 13(¢)é1(¢ = 0) (4.89)
é1(1,1) = pleéa(L,t) + phés(1,t)
ég(o,t) =0
L ég(o,t) =0

which can be represented in a general form as:

é(t) = (A — Lo1Ch)e(t) (4.90)

Therefore, to design the observer it is necessary to find an appropriate set of
gains L, that makes A— L,,1C,, stable. Considering the error system shown

in Equation (4.89), the following stable target system is desired:

(Oe oe N . . _ . N
8_151 = Ma—g + 601(¢)é2 + 02(C)és + foc G12(C, m)éx(n)dn + foc 913(¢, m)és(n)dn
o0é 0eé . . . _ . _
g = —71% + 01162 + 01263 + fog 922(C,m)éx(n)dn + foc 923(C,m)és(n)dn
0é oeé B . . _ . _
% - —vzaig’ + 0916 + 0ms + [y G32(C.m)E(n)dn + [y G33(C 1) (n)dn
él(lat) = pllée<1at> + pl2é3<17t>
ég(o,t) =0

L é3(07 t) =0

(4.91)
To achieve the target system, the following backstepping transformation is

used:

For i = 1,2, 3, where m;((,n) are the transformation kernels, which can be

found by solving the following set of equations:
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0 0
" gg +p (;77 = —01(Q) [ — 02(Q) K
0 0
Vlaﬂ; M 87772 = a(()my + o1my + o21ms3
0 0
Yo 5’23 N 8&773 = a(C)ml + 019Mg + O092M3 (493)
m1(1,n) = prma(1,1) + pams(1,n)
~a(C)
mQ(C7C> - ,71 +/4L
_a(Q)
L m3(C7C> - ’72+M

This system can be solved numerically in the domain 0 < n < ( < 1,
and result in the following equations for the functions g, ;, for ¢« = 1,2,3 and

j = 2,3 in Equation (4.91):
A C ~
915 = —0;(Omi(¢m) — / mi(C, @)gr.; (o, m)de (4.94)
1
And the observer gains [;(¢) will be given as:

L;(¢) = —pmy(¢,n = 0) (4.95)

4.C Discrete System Observer Stability

It is necessary to show that the observer error can be written as:
ér = T — T = (Ad — Loa1Cm,a)€r-1 (4.96)

First, the relation between the system discrete operators and the observer
operators is defined. As A = A+ L, 2C,, the following relation between
N -1
(61 — A)" and (51 - A) holds:

(61 — A)™' = (51 ~A- LOQCm) . (51 - A) B

-1

(4.97)

+ (o1 - 4) T [I ~ G (91— A) B Lo,g] Cy (01 - A>_l

Thus, the following relations between the system discrete operators and
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the observer operators will hold as well:

Ag = Ag+ Logs {1 —C, (51 - ,21>1 LO,Q] - V25C., (51 - A) -1

-1

BdZBdJrLod,g{]—c (61 - A) L} (61-4) B

-1

Coa= |1 -G (51~ 4) %4 VG, (51 - A)
[ (or-2) " n] recn (o1 4) " ] €
Dmd:[ (51 A) B 02]_lcm (51—21)_13:

{1 Gy (61~ 4) B Lo,z] h [1 + Cp (01 - 4) B Lo,l] D
And the discrete observer error can be written as:
€ = Tp — T = Agri_1 + Baug
- (Adfﬂk—l + Byt + Log1 [Ymg — mi] + Lodo [ymkD =
Ad($k—1 — Tp1)
s [1= O (01 - 4) " o] vEC (01— ) T 00

-1

o\ L ~\ !
+Logs [I —C (51 - A) LO,Q} O (51 - A) Buy
= (Lod1 [Ymp = Gmr) + Lod2 [Ym.k])
By the definition of the operators, it is possible to write:

-1

N\ —1
Yme = CmaZi—1 — Dy quy, = [I —Cn (51 — A) LO,Q]

1 1 (4.100)
[\/Zscm (51 _ A) e+ (51 _ A) ) Buk]
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and:

[ym,k - gm,k] =
—C'm,dfk—l - Dm,duk + (I — Mopa1 — Mog2)yr =

~

—Conaitpr — Dt + (I = Mgy — Mog) {1 ~ Gy (01 - A) B LO,Q} h
{1 + O (51— A4) Lo,l} (Crnattis + Dpatir) =
(I = Mags = Moaz) = [T+ Cpn (61 = A) Loy B
{1 + Co (81 = A) Loy = O (81— A) LG (61 - 4) B Lovg}

_ [1 +C, (51 - A) Lo,l] B [I —C, (51 - A) B LOQ} —

-1

(I = Moy — Moaz { (61~ A)_l LO,Q} = |1+ (91 = A) Loy -

~ A

= [Yms — Umi] = —CmaZr—1 — Dy aup+

14 Co (01 = A) 2] " |14 (37 = ) L] G + D)

A

= Cm,d(xk—1 - i’k—l)
(4.101)

Finally, the discrete observer error can be written as:

~

ér = Ag(xr1—25-1) — Loa1Coma(xr-1—25-1) = (Ad— Log1Crma)ér_1 (4.102)

And this can be linked to the operators in the continuous time setting by:

Aj— Log1Crmag =

495 (51—21)1 —25{1— {]+ (51+A)1 Lo,lCm]l} (51—21)1

— 1426 [1 + (o1 - A)_l Lo,lcm] 1 (o1 - A)‘l _
—[+2[61 = A+ Loy G B
(4.103)
which would be the discrete operator generated by (121 — L,1Cy). Thus, if
L, is chosen such that (fl — L,1Cy,) is stable, the discrete observer will be
stable as well, as the Cayley-Tustin time discretization cannot map a stable

continuous system to a unstable discrete one.
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4.D Discrete Exosystem Observer Stability

Similarly to the system observer, it is necessary to show that the exosystem

observer error can be written as:

Erg = 2k — 2k = (S — LeaQa)érp—1 (4.104)

gr,kz = C?dzfA/lc—l + Medyr,k
(4.105)
2k = SaZk-1 — Lea(Yrk — Urk)
where Z; is the estimated exosystem state, S; and Q4 have been defined in

Section 4.4.3 (in Equation (4.60)). L.y and M., are defined as:

Leg =26 (61 —8)™" L,

| (4.106)
Ma=[I+Q©I—-S)"L] Q(I-S) "L

Lemma 4.13 : If the exosystem observer gain in the continuous time setting
(L) is chosen such that (S — L.Q) is stable, then, the discrete observer given
by Equation (4.105) and the operators defined in Equation (4.106) will be able
to reconstruct the states of the discrete exosystem.

Proof: To prove the exosystem observer convergence to the system states,

the discrete error of the exosystem observer is analyzed:
Erk = 2k — 2k (4.107)

After some algebraic manipulation (shown in Appendix 4.D), the discrete

error can be written as:
érk = (Sa— LeaQa)érpr = {1 +2[0I = S+ L.Q| '} é,p1  (4.108)

which is the discrete operator generated by (S — L.Q). Thus, if L. is chosen
such that (S — L.Q) is stable, the discrete observer will be stable as well.

First, the discrete observer error can be written as:
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€rk = 2k — 2k = SaZk—1 — SaZk—1 — Lea(Yrk — Ur k)
= Sa(ze1 = Z61) = Lea((I = Meg)Qaze1 — Qade 1) =
(I = Mea)Qa =
T+QI—S) " L] [I+Q(I—8)"L.—Q (61— S) ™" L] Qa
—[I+QI-9"L] Qu=Qs —

— Sa(2zb-1 — 26-1) — Lea(Qazi1 — QaZr—1) = (Sq — LeaQa)érp1

(4.109)

And this can be linked to the operators in the continuous time setting by:

Sd, - Led@d =
—I1+26(61—S5)"" =26 {1 — [T+ @I+9)™" LEQ]A} (61 —8) " =

T +25 [T+ (61— S) " L,Q] (6T —8) ' = —T+2[6T — S+ L.Q|™
(4.110)
which would be the discrete operator generated by (S — L.Q). Choosing L.
such that (S — L.Q) is stable will make the discrete exosystem observer stable

as well if the exosystem observer shown in Section 4.3.4 is used.
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Chapter 5

Dynamical Analysis and Model
Predictive Control of an
Auto-Thermal Reactor

5.1 Introduction

Transport-reaction distributed parameter system (DPS) models present in
chemical, petrochemical, manufacturing and process industry take the math-
ematical form given by hyperbolic partial differential equations (PDEs). The
main conservation laws are embedded in a modelling variety provided by the
hyperbolicity of the transport systems which is physically relevant and desired
property as action at distance is precluded and physically meaningful finite
speed of phenomena propagation is ensured. On the other hand, a hyper-
bolicity mathematically ensures well-posedness of local Cauchy problems [44].
Along the same line of mathematical representation and analysis, when it
comes to the mathematical setting of transport-reaction distributed parameter
systems, the inevitable difficulty comes from the infinite dimensional nature of
their representation [16], [17] which is a limiting factor when controller designs
and monitoring realizations are considered.

The class of transport-reaction hyperbolic PDEs considered in this work
is given by the model of auto-thermal reactor with internal counter-current
heat exchanger (ARICHE) which is industrially important and energy saving
reactor commonly used for the ammonia synthesis at commercial scale, see the

contributions by Bonvin et. al. [81] The underlying dynamical complexity ar-
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rises from the fact that dynamical instabilities may arise from both microscopic
effects (represented by axial mass and energy dispersion) and macroscopic ef-
fects (heat transfer between the reaction system and the feed stream) coupled
through the feedback transport mechanism. In particular, the ARICHE and
tubular reactor with recycle are only two commonly used reactors which ex-
hibit the macroscopic feedback mechanism. Hence, the issue of stability of
operating these reactors is of permanent interest to the engineering control
community and industrial practitioners. In particular, there were studies on
stability of operating ARICHE [81], [83] and tubular reactor with recycle [104].
Due to intrinsic complexity to some extent the stability of ARCHE has not
been rigorously investigated, while Sano [105] analyzed the important property
of exponential stabilization of the mono-tubular heat exchanger equation with
static output feedback, and the same property was explored by time-delayed
boundary observation utilized in stabilizing control law design [106].

When it comes to the control of distributed parameter systems within a
constrained optimal control setting, there have been several seminal contribu-
tions which address the transport-reaction system setting primarily in Harmon
Ray [107] and Curtain and Zwart [16]. In particular, for transport systems
modelled by a first order hyperbolic systems, there are several contributions
regarding the dynamical analysis and control of these systems, for instance,
the design of an optimal linear quadratic feedback controller [108] and a lin-
ear quadratic controller design for a fixed-bed reactor [109]. Furthermore,
there are contributions related to the model predictive control of hyperbolic
systems using finite dimensional approximation [31] or based on the method
of characteristics to help predict the future output for quasilinear hyperbolic
systems [110]. Similarly, the optimal and model predictive control design are
extended to the class of Riesz spectral systems with a separable eigenspec-
trum, allowing for successful application of algorithms that account for the
input and state constraints [35], [37], [111], [112]. Regarding nonlinear model
predictive control for distributed parameter systems, there are contributions
in the area, for instance, a combination of on-line model reduction and suc-

cessive linearizations have been used [113] and data-based modellng was used
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to design a model predictive control framework [114].

The current trend of digitalization and computer applications in all engi-
neering disciplines motivate to explore modern control designs and the state-
of-the-art controller realizations which are ultimately digital and therefore dis-
crete in their nature. Therefore, the traditional numerical time discretization
schemes are frequently utilized to transform models and/or controllers in the
form suitable for the implementation with the understanding that that the
accuracy of the discrete system representation may be impacted as the sam-
pling period is increasing which adversely may impact the overall model and
closed-loop stability [26]. In addition, it is well known from the linear systems
theory that simple explicit and implicit Euler time discretization of linear dy-
namics may impact the systems stability by mapping stable continuous to
possible unstable discrete counterpart system and vice versa [27]. This issue
becomes even more prominent in the case of controller design and/or realiza-
tions in the setting of distributed parameter systems usually represented in
the infinite dimensional state space settings. Hence, motivated by this, we
explore the time discretization schemes which provide an accurate and reliable
transformation of continuous linear infinite dimensional system to the linear
discrete time infinite dimensional one, by application of Crank-Nicolson mid
point integration rule [28]. This type of discretization in the systems science is
also known as Cayley-Tustin time discretization, and it has been shown that it
preserves the intrinsic energy and dynamical characteristics of the linear dis-
tributed parameter system [29], so that no spatial discretization or/and spatial
model reduction needs to be applied.

Motivated by the modern and well established developments in finite di-
mensional model predictive (MPC) theory applied to linear systems [115],
[116], we extend the finite dimensional MPC setting to the case of distributed
parameter systems modelled by the system of hyperbolic PDEs, and in par-
ticular the structure preserving discretization of continuous hyperbolic PDE
model representation is realized [28], [29], and utilized in the linear MPC
controller design which accounts for constrained stabilization of unstable hy-

perbolic PDEs model and which does ensure the input and state constraints
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feasibility under the assumption of successive feasibility of the formulated finite
dimensional quadratic optimization problem [117].

The chapter is organized as follows: In the System Description Section
the ARICHE model is presented and it is followed by the Nonlinear Analysis
section where parametric studies provided the insight in the rich behaviours
of ARICHE internal dynamics. This is followed by the System Linearization
and Linear System Stability section where insight is provided in linear model
features and stability characterization. Finally, in Model Predictive Control
Design section the linear MPC design is realized and it is followed by simu-
lation studies which demonstrate the successful realization of the constrained

optimization based control design to important industrial reactor example.

5.2 System Description

The feed to an ARICHE, which also serves as the coolant, flows countercurrent
to the effluent stream and is pre-heated by the energy released by the exother-
mic reaction. The feed turns around at the top of the reaction section and is
introduced into the catalyst bed. It is considered that the reactions happen
just inside the catalyst packed bed. The representation of an auto-thermal

reactor is shown in Fig. 5.1 below:
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Figure 5.1: Autothermal Reactor Representation

This autothermal reactor can be described by the following set of non-linear

dimensionless hyperbolic PDE’s [81]:

o7, o1;

O = D ricn - Ty(6on)

% _ _5%?) — AT(C,t) = TG 1) + BUC(C, e ™60 (5.1)
ac(¢,t) 10C((t) 1 ~1n

—at = —E ac - E¢O<CJ t)e ©

where T;((, t) is the dimensionless temperature of the fluid through the cooling
jacket, T is the dimensionless temperature of the fluid through the catalyst bed
and C' is the dimensionless concentration inside the catalyst bed. Low dimen-
sional models have been validated in the previous contributions and they can
capture the relevant physical and dynamical characteristics of the system [81]-
[83], [118]-[121]. The following boundary conditions are considered:
TE=1) = T =)

(¢ =0,1) ) (5.2)
C(¢=0,t)

[
=33
—~
Iy

I
=

Therefore, the temperature of the fluid at the jacket at the bottom (at { = 1) is

given by a feed temperature, which also is the manipulated variable considered
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in this manuscript, the temperature at the inlet of the catalyst bed (at { = 0)
is equal to the jacket fluid at the same point (as the jacket fluid is fed into
the catalyst bed) and the dimensionless inlet concentration (at ¢ = 0) in the
catalyst bed is considered to be constant. The steady-state for this system is

given by the solution of a system of non-linear ordinary differential equations:

Mss(O) _ _w s

a< - P (TSS<C) T'Lss(g))
() A | B -

ac = —E(TSS(C) —Tj4(C)) + s Cls(C)e™ 5@ (5.3)
8CSS(C)

—a€ - _QﬁOSS(C)e_#(Q

and the boundary conditions previously specified as:

Ty(C=1) = Ty

T(C=0) = T;(¢=0) (5.4)

ci¢c=0) =1
This model shows that steady-state solution is dependent on the feed temper-
ature (T7). Therefore, in order to obtain the steady-state profiles, a finite-
difference numerical scheme was used with the same set of parameters as in
Bonvin et. al [81]., shown in Table 4.1. In the work of Bonvin et al. [81], it was
shown that the same value of T can yield a different steady-states profiles,
and this multiplicity of steady-states generally has one unstable steady-state.
This behaviour can be seen in Fig. 5.2, where there is a range of feed temper-
ature values that can yield a different top temperature steady-states (reactor
temperature at ¢ = 0) and bottom conversions (defined as 1 — C(¢ = 1,1)).

The different spatial profiles for the variables at each possible steady-state

when the same value of the feed temperature is used can be seen in Fig. 5.3.
For Ty = 550 K, three distinctly different dynamic behaviours can be observed.
The long and short dashes line represents the steady-state with low conversion
(SS3). At this equilibrium state, the initial energy is not substantial enough
to start the reaction and the reactor and jacket have the same temperature
as the feed. The solid line represents the steady-state with high conversion
(SS1). In this case, the initial energy is high enough to start the reaction and

due to the counter-flow between the jacket and the reactor part of this energy
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Figure 5.2: Steady states of reactor temperature at the top and conversion at
the bottom obtained for different values of the input 7.

goes back to the reactor inlet, increasing reaction extent up to the point where
the reactant is completely consumed in the first portion of the reactor. This
also may cause some concern regarding the safe reactor operations, as there is
a region where the temperature inside is almost 400 K greater than the feed
temperature.

The steady-state of interest is a intermediate between the high conver-
sion and low conversion profiles (represented by the long dash line - SS2). It
presents a reactor temperature that is not as high as the state with high con-
version, while also offering a reasonably high conversion. Unfortunately, this
is an unstable point of operation, and it can be seen as a transition between
the low and high conversion states and without any control action it is not
possible to keep the reactor operating at this condition. Therefore, it is of
interest to implement controller to keep the reactor working at this unstable

operating point.

5.3 Non-linear behaviour analysis

In order to access how variations of the parameters shown in Table 4.1 affect

the system behaviour, a pseudo arclength continuation method is used [122].
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In Fig. 5.4 is given the pictorial representation how this method provides the
construction of steady state of interest. In the pseudo arclength continuation
method everything is parameterized with respect to the arclength and is based
on the tangent with respect to this arclength at a given initial point. As a
fixed step of the arclength is taken, and with an approximation of the tangent,
a new initial guess of the solution is obtained. This new guess is then used to

solve the system of equations.
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—_~
X 790 - i
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-
2
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O 720} Guess
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Figure 5.4: Representation of the Pseudo arclength method

Specifically, first it is necessary to solve the following system of equations
to find the value of the tangents of the state variables (z) and the chosen

parameter (u) in respect to the arclength (s) at a the step (k), as shown in

Equation (5.5):
dx du
(), o (),

(i), (), (%),
ds /, \ds/, ds /,
where Jj, is the jacobian matrix (derivatives of the functions in respect to the

states) in the step k and f, is a vector with the derivatives of the equations to

the chosen parameter. In the Eqn. (5.6), it is shown that the approximation
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used to calculate the value of the initial guess for the next step.

dx T —x dx
(£>k =~ —k+1AS i — Tpyr1 = Tk —+ (%)kAS

dp Pkt1 — H dp
(ds ) . Ns P = e + ds ), s

where As is the arclength variation used and is a value that must be chosen.

(5.6)

Finally, the new initial guess for the state variables (xy,1) and for the system
parameter (py41) is used in the system of equations that needs to be solved. If
the value of As is appropriate, the values found for z,,, and ;1 are a good
guess. Furthermore, one extra equation needs to be solved simultaneously with
the system of equations, to guarantee that the solution in the next step does
not overstep with the chosen variation of the arclength. These conditions are

represented in Equation 5.7.

f(@rt1, prgr) = 0
de dyu (5.7)
(Th1 — ) (@)k + (M1 — ) (E)k = As
For the autothermal reactor, the system of equations that needs to be solved
are given by the steady-states ordinary differential equations (ODE’s) shown
in Eqn.(5.3) when a spatial discretization is applied (in this manuscript, finite
differences were used). This transform the system of ODE’s in a system of
algebraic equations, where the state variables (z) are 75;(¢), T'(¢) and C(¢) and
the continuation parameter is the feed temperature (7). For a initial value
of Ty (4u;), the partial differential equations shown in Eqn.(5.1) are solved
with spatial discretization until a steady-state is reached in order to obtain an
initial solution of the system of algebraic equation (zj). Then, the arclength
continuation method is applied to get the new initial guesses to the state
variables (z541) and the continuation parameter (uy41). It is possible to solve
the system of algebraic equation without the use of a continuation method,
but the computational cost may not be worth, as it is necessary to find the
steady-state for the three spatially dependent variables. If N discretization

points are used, then there are 3N non-linear equations to be solved. With
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a continuation method, a good initial guess for the solution of this system of
equations can be found.

To investigate how the system parameters shown in Table 4.1 influence the
non-linear behaviour of the autothermal reactor, the continuation method is
utilized with different values of table parameters. The results for variations in
each of these parameters are shown in ensuing section with assumption that
the variations of the parameters are taken around the nominal values given in

Table 4.1.

e Variations in (: this parameter represents the dimensionless heat of re-
action and is given by the ratio of the heat of reaction (AH,), mole
fraction in the feed (Y,) and total pressure (P) by the reference temper-
ature (T}.r), density of the bed (pp), bed specific heat capacity (c,), gas
constant (R,) and the average dimensionless temperature in the reac-
tor (T,,). The result of the parameter continuation method applied for
different values of 8 (0.15, < 8 < 1.50,, with 5y as the nominal value
given in Table 4.1) is given in Fig.5.5 (Left). The dimensionless heat
of reaction is important for the non-linear behaviour of the autothermal
reactor. A higher value of this parameter increases the the region of
non-linear behaviour and a minimum value is necessary for the system
to exhibits multiplicity of steady-states. This is expected, as an increase
in this parameter would increase the thermal feedback in the system,
which is fundamentally responsible for the reactor instability as shown

in [50], [81].

e Variations in v: this parameter is the Damkohler number and is given by
the ratio of the Arrhenius pre-exponential factor (k,) and reactor length
(L) by the reactor bed void fraction (¢) and the fluid velocity inside
the packed bed (v). The result of the parameter continuation method
applied for different values of ¥ (0.1 < ¥ < 1.5%), with 1y as the
nominal value given in Table 4.1) is given in Figure 5.5 (Right). The
Damkohler number also has some influence on the non-linear behaviour,

as with the dimensionless heat of reaction, a higher parameter values also
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increase the region of non-linear behaviour characterized with steady
set multiplicity and a minimum value is necessary for the system to
exhibit multiplicity of steady-states. As the Damkohler number can
be interpreted as the ratio between the reaction rate to the transport
phenomena rate occurring in a system, a higher value of this parameter
can be seen as a longer reaction timescale (higher conversion), which
increases the amount of energy released in the system and, consequently,

a higher thermal feedback.

Variations in 7: this parameter is the dimensionless activation energy
corresponding to the ratio of activation energy (F,) by the gas constant
(R,) and the reference temperature(7,.r). The result of the parameter
continuation method applied for different values of vy (7o < v < 1.2,
with o as the nominal value given in Table 4.1) is given in Fig.5.6 (Left).
The dimensionless activation energy is very important for the on-linear
behaviour, as it shifts the feed temperature values where the steady-
states multiplicity occurs and as a result also changes the reactor bed
temperature profile. Furthermore, if it is set as zero, the non-linearity of
the system disappears and it becomes a linear system with a first order
reaction. The steady-state profile for this special case is shown in Fig.5.6
(Right). The full conversion is always obtained in the exit of the reactor

and the temperature increases linearly with the feed temperature.

Variations in A: this parameter is the reactor bed dimensionless heat
transfer coefficient and is defined as the ratio of the overall heat transfer
coefficient (U), the heat transfer area (a) and the reactor length (L) by
the reaction section volume (V,), reactor bed void fraction, fluid velocity
inside the packed bed (v), density of the bed (p,) and the bed specific
heat capacity (c¢,). The result of the parameter continuation method ap-
plied for different values of A (0.1Ag < A < 1.5)¢, with Ag as the nominal
value given in Table 4.1) is given in Fig.5.7 (Left). Different from the
previous parameters, an increase in the reactor bed dimensionless heat

transfer coefficient reduces the region of non-linearity. As this parameter
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is increased, the higher will be the effect of the heat transfer with the
cooling section, which means a higher cooling effect (as the reactor bed
temperature is generally higher than the jacket temperature). There-
fore, the temperature in the bed reactor is cooled down faster and the

temperature feedback decreases, reducing the instability region.

e Variations in p: this parameter is the ratio of velocities given by the
quotient of the coolant velocity (v.) by the reactor bed void fraction
(¢) and the fluid velocity inside the packed bed (v). The result of the
parameter continuation method applied for different values of p (0.6py <
p < 1.5pg, with pg as the nominal value given in Table 4.1) is given in
Fig.5.7 (Right). Similarly to the A variations, a decrease in the ratio of
velocities causes an increase in the instability region. This happens due
to the decrease in p which increases the residence time of the cooling
fluid, and also increases the overall heat exchange between the reactor
and bed. This increases the magnitude of the thermal feedback in the
system, which yields increase in the operating region characterized by

the unstable dynamics.

e Variations in w: this parameter is the cooling jacket dimensionless heat
transfer coefficient given by the ratio of the overall heat transfer coef-
ficient (U), the heat transfer area (a) and the reactor length (L) by
the coolant section volume (V.), reactor bed void fraction, fluid veloc-
ity inside the packed bed (v), density of the fluid (p;) and specific heat
capacity of the fluid (c¢,r). The result of the parameter continuation
method applied for different values of w (0.1wy < w < 1.2wy, with wy as
the nominal value given in Table 4.1) is given in Fig.5.8 (Left). In the
same way as p, as the cooling jacket dimensionless heat transfer coeffi-
cient is increased, the higher is going to be the effect of the reactor bed
temperature in the coolant temperature, resulting in a higher thermal

feedback and an increase in the instability region.
e Variations in ¢§: this parameter is the ratio of thermal capacitances de-
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fined as the quotient of the density of the fluid (ps) and specific heat
capacity of the fluid (c,s) by the density of the bed (py) and the bed
specific heat capacity (c,). The result of the parameter continuation
method applied for different values of 6 (0.76y < 0 < 1.50¢, with Jy as
the nominal value given in Table 4.1) is given in Fig.5.8 (Right). As ¢
decreases, the lower is the ratio between the energy necessary to heat
the cooling jacket and the energy removed from reactor bed, increasing

the overall thermal feedback, thus, increasing the instability region.

One last case in considered in Fig.5.9, which represents the parameter
continuation results when no cooling jacket is considered. An increase
in the feed temperature increases the conversion in the reactor, which
also induces the temperature to increase in the reactor outlet as well up
to a point where total conversion is achieved. However, as there is no
thermal feedback in the system present, there is no region characterized
by the multiplicity of steady-states. In Dochain (2016) [50], the mul-
tiplicity of equilibrium profiles in tubular reactors was studied, and it
was demonstrated that the multiplicity can happen in a simple tubular
reactor as long as diffusive effects are present (which are responsible for
the back mixing). As this model just considers a convective transport
setting and, in this case, no cooling jacket is used, the thermal feedback

is not possible, hence he multiplicity of steady-states is not seen.

5.4 System Linearization

In order to implement the model predictive controller (MPC) design, a dis-

crete model representation of the system is required. In this work, a Cayley-

Tustin time discretization is applied to the distributed parameter system, and

a linear representation of the coupled hyperbolic PDEs system needs to be

considered. Therefore, the first step to obtain the discrete representation is

the linearization of the model presented in Eq.(5.1). Specifically, the reaction

rate is linearized as it depends on the dimensionless reactor temperature and
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concentration:

fve(CT) = Ce 7 w Ine(Cos, Tis) (5.8)

+ar(T — Tss) + ac(C — Cy)
where T, Cys represents the dimensionless reactor temperature and concen-
tration at a steady-state of interest, and the linearized coefficients are given

as follow:

ar = a7 lss = T2

_ Ofwn| _ (cm@-%)

y ss (5.9)
_
ac = 8]g'L ss (e T)‘ss

Thus, a linear representation of the original model is obtained and the ar
and ac coefficients are averaged over the space. Furthermore, the following

deviation variables are defined:

3= T = Tjas
T=T-T, (5.10)
C=C-C,

Then, it is straightforward to obtain the linearized representation of the orig-
inal system:

J
o1
o | LT
C
PO —w w 0 I (5.11)
A - = 584 + Byar +Bvac T
0 _tar —184 _Yac| | &
€ € €
2A

179



where ar and ac are the spatial averages of the coefficients defined in Eq.

(5.9):

N (5.12)
JREGLS
ac = H—g—
f
\ 0
And the boundary conditions represented in deviation variables are:
Ti(C=11) = Tp(t) = Te(t) = Tfss = ult)
T(¢=0,t) = T;(¢=0,1) (5.13)
C(c=0,t) = 0

5.5 Linear System Stability Analysis

From the linear system representation, it is also possible to access the internal
stability of the operator 2l by solving the eigenvalue problem associated with
the system:

™A (¢) = Ao(C) (5.14)

The operator 2l is defined in Eq.(5.11) with its boundary conditions in Eq.(5.13).
If 2 is written as 2l = A + V9, where A is a matrix with the constant coeffi-
cients of Eq.(5.11) and V' is the matrix with system’s velocities and are given

by:

—w w 0 p 0 0
A= | N =X+pYar +pYac|; V=10 =5 0 (5.15)
0 _var __Yac 0o o0 =1

Thus, the eigenvalue problem can be written as A¢(¢) = Ap(()+Vdp(¢) =
Ap(¢) and has a general solution given by:

$(C) =¥ A = 0) = M(C)p(C = 0) (5.16)

where M(¢) = ¢V '3~ is the exponential matrix of V1A — A)¢, for

this system it is a 3x3 matrix with components given as M; ;(¢), and ¢(¢ =
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0)=1] ¢1(C=0) ¢2(C=0) ¢3(¢C=0) }T. The solution also needs to satisfy

the boundary conditions:

$(¢C=1) = 0
$2(¢ =0 ¢1(¢ = 0) (5.17)
¢3(¢=0) = 0

By applying these boundary conditions to the general solution, the follow-

ing condition is obtained:

0=0¢1(C=0)[M1((=1)+ M(¢ =1)] (5.18)

Therefore, if the system has a non-trivial solution to the eigenvalue prob-
lem, there exists a value for A such that M; (¢ = 1)+ M;2(¢ =1) = 0. This
is a non-linear equation that is numerically solvable to find the value of A that
satisfy the previous condition. The solution for the eigenvalue problem gener-
ates two sets of solutions: stable eigenvalues (Ag < 0,) associated with a set of
eigenfunctions (¢g) spanning the stable eigenspace, and unstable eigenvalues
(Av > 0) associated with a set of eigenfunctions (¢r).

Considering the steady-states obtained when Ty = 550 K (the three possi-
ble profiles presented in Fig.5.3), the eigenvalue distributions shown in Fig.5.10
are obtained. As expected, the distribution from the linearized system that
is originated from a stable steady-state has all the eigenvalues in the left side
of the complex plan (in Fig.5.10 there are two stable steady-states, one is the
stable steady-state with high conversion and the other with low conversion),
therefore the set of unstable eigenvalues and eigenfunctions is empty (A\y = {0}
and ¢y = {0}).

The unstable steady-state has one real eigenvalue on the right side of the
complex plan, which is responsible for the system instability and the set of

unstable eigenvalues and eigenfunctions (Ay = {\1} and ¢y = {é1}).
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A results of the stability analysis are shown in Table 5.1. This analysis
just takes into account the unstable steady-states found in a inlet temperature
between 500 K < T < 600 K. In Bonvin et. al [81], the stability analysis
was made using the model obtained from spatial discretization (orthogonal
colocation was used) of the set of partial differential equations into a set of
ordinary differential equations. It was shown that the eigenvalues converged
as the number of discretization points was increased. In this manuscript, all
the eigenvalues obtained by the stability analysis of the linearized system have
the same order of magnitude as the ones found in Bonvin et. al [81]. As
expected, all the eigenvalues have a negative real part except the unstable one
(A > 0), which is also the only real eigenvalue in the eigenvalue spectrum. The
difference among results found in this manuscript and in previous contributions
increases when the inlet temperature is close to the blow-off temperature (close
to 475 K). In Bonvin et. al [81], it was mentioned that for temperatures close
to the blow-off temperatures the value of the eigenvalues presented had not
converged for the number of discretization points used, as this is a region that
is difficult to dynamically model. For the other values of the inlet temperature,
the real and imaginary parts of the shown eigenvalues are very close to the

previous work.
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5.6 Boundary transformation and system dis-
cretization

In order to obtain the discrete representation of the system, a linear system

in the following form is considered:

©(t) = Az(t) + Bu(t)

y(t) = Cx(t) + Dul(t) (5.19)

Although the system shown in Eq. (5.11) is linear, its input is applied at
the system’s boundary. A boundary transformation is applied to change this

boundary controlled system into a corresponding in-domain respresentation:

p(t, ¢) = x(t,¢) + B(C)ult) (5.20)

where z(t, () are the original variables (T}, T and C in this case) 3(¢) can be

found by solving A3(¢) = 0. The new system representation is given as:

[ 50 ] :w [ o } *M”“) (5.21)

notice that the new manipulated variable is u(¢) and wu(t) is now a state of
the system. The operator A* is defined as 2 shown in (5.11), except for its
boundary conditions:

P1 (C = 1, = O
A*p(t) = § p2(¢ =0,t) = p1(¢ =0,1) (5.22)
p3(( = 07 t) =0

Given that the system is represented as in Eqn. (5.19), it is possible to ap-
ply the Cayley-Tustin time discretization to obtain the discrete representation

as follows:
T = AdZEk_1 + Bduk

5.23
Yr = Caxp—1 + Dauy, ( )

where Ay, By, Cy and Dy are the discrete time system operators and are given

by:
’ Ag Byl [-1+2000— A" V2010 — A" B
{Cd Dd] - { V2000 — A" Cl9—-A'B

and § = 2/At, [0 — A]”" = R(6, A) is the resolvent operator of A. The resol-

(5.24)

vent operator is obtained by applying the Laplace transform to unforced (zero
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input) representation of Eq. (5.21), then by applying integration in space and
by implementation of the boundary conditions so that (sI — A)™' = R(s, A)
is obtained and evaluated at s = §. For the A operator shown in Eq. (5.21),
the resolvent is given by:

The operator A* can be written as A* = A+ V9, with A and V defined
the same way as in Eq. (5.15) and the resolvent for this operator (R(s, A*))

is given by:
1 R(s, A7)(-) =
1 /0 [ Miy(1—p) Mio(l—p) Mis(1—p) | (-)dp
M<C) (1) M1,1(C = 1) + Ml,z(c = 1) (5'26)

- /0 M(C — )V ()dp

where M(() is the exponential matrix defined in the same way as in Eq.
(5.16) (M(¢) = ¢ (=A%) which is a 3 x 3 matrix and M; ;(¢) are each of its
elements. If s — \;, where \; is the solution of the eigenvalue problem defined
in Eq. 5.14, the denominator of the first term on the right side of Eq. (5.26)
goes to zero (M 1(¢ = 1)+ M; (¢ = 1) — 0) and the resolvent of A* becomes
undefined (R(s, A*)(-) — 00), as expected from the resolvent of an operator.
With the resolvent properly determined, it is possible to obtain the discrete
time system representation for the Cayley-Tustin time discretization defined
in Egs. (5.24) and (5.23). With the discrete time representation the Model
Predicitve Control strategy can be applied to the system, as explained in the

following section.

5.7 Model Predictive Controller Design

The MPC design developed in [116] for the finite dimensional linear time

invariant systems is extended to the setting of infinite dimensional discrete
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setting by considering the following formulation:

min, 3 770 (y (¢ k + 41 k), Qu (¢ k +j| k)

(5.27)
+{(u(k+j+1|k),Ru(k+j+1|k))
subject to
x(C, k+jlk)=Agx ((,k+j—1k)+ Bau(k + j| k)
y(C, k+jlk)=Cux (¢, k+j—1|k)+ Dgu(k+ j| k) (5.28)

u™m < (k+jlk) <umee

y"rt <y (G kA jlk) < ymer
where inner product (x,y) accounts for the spatial integration. The above
infinite horizon quadratic optimization problem is reformulated to the finite
dimensional (N-horizon length) one as follows:

min,~ 30 (y (¢ k+ 5l k), Qu (¢, b+ j| k)
+(u(k+j5+1/k),Ru(k+j+1k))+ (5.29)

(y (¢, k+N|k),Qy (¢, k+ N|k))
where the @ is terminal cost and the stability is enforced by applying the
terminal state constraints which are realized as terminal constraints condition
associated with the finite number of unstable modes. [34] The @Q operator is

given by:

-~ (Cn, QCom) - -
oy Pm)tn (5.30)
RPN D

And the following constraints condition is imposed in the optimization

problem to enforce stability:

(@ (¢, N) Yo (Q)) =0 (5.31)

Therefore, if there is a feasible input given by the optimization problem, the
stabilization is achieved by MPC controller through the asymptotic stabiliza-
tion of the unstable modes with realization of requirement that the unstable
modes are placed at zero by at the end of the horizon. Since, the optimisa-
tion given by constrained quadratic program is feasible in the zero disturbance
case, the feasibility implies stability and optimal stabilizability, in other words
this results extends the well know results from the area of finite dimensional

MPC theory [115], [116].
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5.8 Results

This section shows the results regarding the implementation of the Model
Predictive Control. It is divided in two subsections: one considers that the
discrete linearized model is also used as the plant model; the other considers
the non-linear model presented in Equation (5.1) as the plant model. These

scenarios are shown in Figure 5.11.

MPC MPC
Tk Uk
Tk U Sampler Hold
z(t) u(t)
Plant: Plant:
Linearized Model Non-linear Model

Figure 5.11: Implementation of the MPC: (Left) The MPC model and the
plant model are the discrete linear model; (Right) MPC uses the discrete
linear model, the plant model is the original non-linear model

5.8.1 Plant: Linear Model

In this section three different scenarios were considered for both stable and
unstable steady-states: the open-loop response, the MPC response without
any constraints and the MPC response with constrained input. An initial
condition different from the steady-states was used in the system. The output
considered in the MPC design was the reactor bed temperature. The MPC
input wu(t) evolution is shown in the simulations studies. As the deviation
variable are being used, all variables converge to zero, implying that the system
is converging to the considered steady-state of interest. It is expected that the
MPC achieves a faster response when the optimal constrained stabilization of
already stable steady-state is considered, and it is also expected that MPC is
able to stabilize the system when the unstable steady-state is considered.

For the results shown below, one of the stable steady-states shown in Fig.

5.3 was used (77 = 550 K). In this case, the stable steady-state with high
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conversion is considered. The choice of steady-state impacts the coefficients
presented in the the operator 2 shown in Equation (5.11) (consequently the
operator A* and /8 of Equation (5.21) also take appropriate values associated
with selected steady state). Figure 5.12 shows the response for the three
different cases considered. As expected, the open-loop response goes back to
the steady-state without any control action (the open-loop response of the

output is represented by the dotted solid blue line).

0.1 T T T T 0.4
—— Out: MPC No Rest
— — Out: MPC |u|<0.1

—— Out: Open-loop 10.2
0.08 In: MPC No Rest
— — In: MPC |u|<0.1
0
0.06
= 02
£ 0.04 2
£
o -0.4
0.02
-0.6
0 -0.8
-0.02 . : : : -1
0 2000 4000 6000 8000 10000

Time

Figure 5.12: Results obtained for one of the stable steady-states.

The output for the MPC without constraints is represented by the solid
blue line and the input for this scenario is represented with the solid black
line. Notice the magnitude of the input used in this case. The control action
at the beginning almost reaches —550 K, which would mean that the feed
temperature required would reach 0 K. For this reason, a case with constrained
input was considered, which is represented by the blue dashed line (output)
and black dashed line (input). The constraint considered for the input in this
case was a maximum variation of 10 % in relation to the feed temperature (a
variation of £55 K). Its is possible to see that, in the beginning, the input
required is at the lower limit of the constraint and it stays there for some time

until it finally increases and goes back to zero.
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For the cases that the MPC was considered, the steady-state was reached
in almost one fourth of the time required in the open-loop simulation study, as
expected if a controller is used. The spatial profiles of the jacket and reactor
temperatures for the open-loop and constrained MPC response are shown in
Fig. 5.13. It is possible to see that both the jacket and reactor temperature
settle to the steady-state in at most one fourth of the time required to the

open-loop response.

T T 1
Out: MPC No Rest
0.2 — — Out: MPC |u|<0.3
Out: Open-loop
In: MPC No Rest | 0.5
— — In: MPC |u|<0.3 ’
0.15
0.1 0
3 3
E 5
0.05 1-0.5
0 -1
-0.05
L L L L -1 5
0 2000 4000 6000 8000 10000

Time

Figure 5.14: Results obtained for the unstable steady-state.

For the next results shown, the unstable steady-state for 7 = 550 K, shown
in Fig. 5.3, was used. The results for the three different cases considered
(Open-loop, unconstrained MPC and constrained MPC) are presented in Fig.
5.14. As expected for an unstable operating condition, the open-loop response
grows without bound as no control action is taken (the dotted solid blue line
represents this output response). The solid blue line shows output response
for the MPC without constraints and the solid black line represents the input
for this scenario. Once again, the input magnitude required in this case is not
physically feasible. The initial control actions almost reach —800 K, meaning
the feed temperature required is around —250 K, not a feasible condition.

Thus, an input constraint was considered again. For the unstable system,
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a constraint in the input was a maximum variation of 30 % in relation to the
feed temperature, representing a +165 K variation. The output for this case
is represented by the blue dashed line and the input is the black dashed line.
As in the case of the stable system, for the first moments, the input required
is in the lower limit of the constraint and it stays there for some time until it
finally increases and goes back to zero.

The spatial profiles of the jacket and reactor temperatures for the open-
loop and constrained MPC response are shown in Fig. 5.15. As expected,
in the open-loop response the entire system grows unbounded. As for the
closed-loop response, stabilization is achieved and the whole system reaches

the steady-state.
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5.8.2 Plant: Non-linear Model

In this section the non-linear model was used as the plant model that apply
the actions predicted from the MPC. Two different scenarios were considered:
one using the unstable steady-state for a Ty = 550 K and the high conversion
stable steady-state for the same feed temperature. These results are shown
in Figure 5.16. In both cases, the spatial profile obtained at the end of the
simulation is the steady-states profiles shown in Fig. 5.3. The MPC using
the unstable steady-state takes longer to get to the desired profile than the
one with the stable steady-state. In both scenarios, the controller has some
trouble in the beginning, as the initial conditions are different from the desired
steady-state. As the system gets closer to the linear model steady-state, it is
possible to see that the control actions become more reliable and the system

converges faster.
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5.9 Conclusions

The application of an MPC design to auto-thermal reactor was explored. A
boundary control problem realization was considered and a boundary trans-
formation was used to represent the boundary input as an in-domain input.
The linearized model around a steady-state was used to achieve a linear repre-
sentation of the system and the discrete model of the system was obtained by
applying a Cayley-Tustin time discretization transformation which preserves
the systems characteristics and which does not imply model reduction or ap-
proximation.

The model predictive control strategy was applied for the system consider-
ing stable and unstable steady-states. As expected, the MPC achieves a faster
convergence to the steady-state than the open-loop response if a stable steady-
state is considered. For the unstable steady-state, the controller can achieve
the system stability. The same results were also achieved when constraints
were considered in the system input. When the non-linear model is used as
the plant model and the MPC uses the linearized model, it is still possible to

make the system converges to the desired steady-state profile.
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Chapter 6

Model Predictive Control of a
Second-order Hyperbolic
transport-reaction process

6.1 Introduction

The transport of a material and/or thermodynamics property at the macro-
scopic scale is generally described by a parabolic partial differential equation
(PDE) obtained by defining the flux across the control volume boundary, for
example: by the Fourier’s law, for heat transfer; Fick’s law, for mass trans-
fer; or Newton’s viscosity law, for momentum transfer. In these laws, the
gradient in the medium causes an immediate flux. Thus, any localized initial
disturbance in the material body is propagated instantly [38]. Experimentally,
this assumption does not hold. For instance: materials with non-homogeneous
structure [39], or extremely fast thermal disturbances induced by a laser [40] or
a flash lamp [41] present thermal waves that travel with finite speeds of prop-
agation. Hence, motivated by the discrepancy between the experimental finite
speed of phenomena propagation and the mathematical model - which yields
a parabolic partial differential equation -, Cattaneo modified the heat flux to
take into account the delay due to the transport, resulting in a hyperbolic PDE
for the heat equation, with a finite speed of phenomena propagation [42], [43].
The hyperbolic model of the transport phenomena has been analyzed in differ-
ent prior contributions. For example: in Surov’s work [48], the modified equi-

librium model of a heat-conducting, heterogeneous mixture was proposed using
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the modified flux, and a set of hyperbolic equations was derived. The study by
Nosko [39] proposed different non-Fourier models to simulate temperatures in
materials subjected to extremely fast thermal disturbances, specifically for the
microscopic sliding contact. Finally, in the work of Abbasi and Malek [49], the
optimal control in a biological tissue modeled by a thermal wave equation (a
hyperbolic heat equation) was proposed to address the transport phenomena
properly. Along these lines of work, specifically for the chemical engineering
process, the assumption of a delayed flux can be interesting, as parabolic equa-
tions are generally used to represent the reaction-diffusion systems [50], [51].

The controller design for models given by PDEs has been the objective of
many studies over the years. One approach for the control of PDEs involves
using spatial discretization techniques, converting the PDEs to sets of ODEs,
and applying controller design techniques as one would with finite-dimensional
systems. The problem with this approach is the resulting large dimension of
the controller [107], [123]. When it comes to stabilization of distributed sys-
tems, the complexity associated with the design has been addressed with the
application of different methodologies [67], [95], [108], [124]-[126], but these
contributions only consider the models in the continuous-time setting and do
not take into account an optimal constrained control. Additionally, in the de-
sign of model-based controllers, a difference between the actual physical plant
and the model used in the controller design is challenging, as the deviation in
the system dynamics might affect the closed-loop stability and performance
characteristics [127], [128]. One of the well-known and fairly utilized control
design methodologies in chemical process control that accounts for stabiliza-
tion and constraints satisfaction is the model predictive control (MPC) [30].
There are a few contributions aimed at the design of MPC for PDEs using dif-
ferent methods, such as spatial discretization, controller design for a class of
the Riesz spectral systems with a separable spectrum and piece-wise predictive
feedback control [36], [129], [130]. Contrary to the above contributions, in this
work, a discrete-time representation of the hyperbolic PDE is used to design
the MPC. In particular, a type of Cranck-Nicolson integrator, also known as

the Cayley-Tustin time discretization, is considered, which has been shown to
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preserve the intrinsic energy and dynamical characteristics of the linear dis-
tributed parameter system with finite input and output spaces [29].
Motivated by the above considerations and extending previous results of Xu et
al. [34], the second-order hyperbolic PDE obtained for a tubular reactor with a
delayed flux is considered, which satisfies the conservation laws and its behav-
ior is observed in experimental results. The controller acts at the boundary
of the system and must guarantee closed-loop stabilization, and output/input
constraints satisfaction. Furthermore, only the information given by a mea-
sured output (output feedback) is given to the controller. Thus, an observer
is designed to reconstruct the system states in the discrete-time setting.

To analyze the difference that the modeling assumptions can have on the con-
troller performance on the tubular reactor, this chapter considers both second-
order hyperbolic and parabolic equations as representations of the transport-
reaction system, emphasizing the former type, which is not commonly used. In
the first section, the derivation of the hyperbolic equation for the mass transfer
inside the tubular reactor is shown, considering closed boundary conditions.
Then, the system properties are derived. In the succeeding sections, controller
design is shown, which takes into account an output feedback, differently from
the previous contributions. Thus, the observer design in the discrete-time set-
ting is derived by solving the Ricatti operator equation, such that the states
can be reconstructed only with the output information. Finally, the numerical
simulations show the controller’s performance for both types of PDEs and it is
possible to see that the different models lead to different responses, specially

when an output feedback is used.

6.2 The tubular reactor

Consider a fluid with constant density and diffusivity (D), moving inside a tube
with the constant cross-sectional area and velocity (v), as shown in Figure 6.1.
A first-order reaction happens inside reactor’s tube, and the radial and angular
diffusion effects are neglected. The mass balance for the system leads to the

following balance equation:
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Figure 6.1: Tubular reactor representation.

where F'is the mass flux, and r is the reaction term with a constant specific
reaction rate (k). For simplification in the notation, throughout the rest of
this manuscript, 9;(-) will be used to represent %, Oc(+), Oce(+) and Oy(-)
for the first partial derivative on space and second derivatives on space and
time, respectively. If the mass flux is given by Fick’s law and the advective
contribution, considering only the axial effects, the following parabolic PDE

is obtained:

&C’ = Daccc — v@CC + kC (62)

However, Fick’s law does not consider any inertial effects. Thus, it could be
possible to assume that there is a delay in the mass flux across the boundary,

in both diffusive and advective terms, leading to the following flux definition:
F=(1-710)(—D0o.C+vC) (6.3)

The mass balance becomes:
0,C = (1 —70) [DO:C — v0.C] + kC (6.4)

If 7 — 0, then (1 —79;)! ~ (1 + 7,), which gives the following second order
hyperbolic PDE:

70,C + (1 — ]{JT)atC = D@CCC’ — U@CC + kC (65)

Therefore, this second-order hyperbolic PDE takes into account different phys-

ical assumptions. It considers that there is a time lag that happens until the
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fluid element particles start moving as a result of the established flux, as pro-
posed by Cattaneo [42] for the heat equation. This time-lag is represented by
the parameters 7, if 7 — 0, the propagation phenomena is instantaneous and
the parabolic PDE is obtained. Eq. 6.5 also assumes this time-lag affects the

advective transport as well.

6.2.1 Boundary Conditions

For the boundary conditions, only closed vessels are considered [51], [60]. Thus,
for this type of vessel, there is no dispersion either upstream (right before the
inlet of the reactor, at ( = 07) or downstream (right after the outlet, at
¢ = LT). In an open-open vessel, the dispersion occurs both upstream and

downstream. The closed-closed boundary conditions can be represented as:
vC(07) =vC(07) — DI:C(0") and 9:C(L™) =0 (6.6)

which are known as the Danckwerts’ Boundary Conditions. In this contri-
bution, we consider that the input is applied at the boundary, specifically,
vC(07) = u(t).

6.2.2 Control Problem

For the hyperbolic PDE with delay in the total flux, the operator A can be
defined as:

12500 L4250 ) i 11 )5

T

which is equivalent to writing the PDE shown in Eq. 6.5, with boundary
conditions presented in the previous section.

For simplicity, it is considered that L = 1 and the measurement of C at
the end of the reactor is available (i.e., yn(t) = C(¢ = (n = 1,t)). The
concentration in the middle of the reactor (y(t) = C(¢ = (, = 0.5,t)) needs

to satisfy a required constraint. This system can also be represented as an
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abstract state-space representation [A, B, C,,, D] [16]:

x(t) = Az(t) + Bu(t)
y(t) = Cya(t) (6.8)
ym(t) = le’(t)

with z(t) = [C(C, 1), 8,C(C, 1], u is the input to the system (U € R, a finite
real space), v, is the measured output (),, € R), and y is the constrained

output (Y € R), such that:

1 1

5= | 8] sc-0r = [Tatc- s eut = [ o et
- 0 0

(6.9)

where §(¢) is the Dirac delta. The space X := C1(0,1; R?) is equipped with

the inner product (xy,9)y:

(w1, 22)x = <[ a%l } ! { 8?022 DX B

X . (6.10)
/ CL(Co)dC + / 0,0y (0,C)dC
0 0

where, 21,2, € X, Cy and 0,C5 are the complex conjugates of Cy and 0,Cb,

respectively. Therefore, A is a linear operator A : D(A) C X — X, such that

one can define the extension A_; of A to X1 : (X,]||(so — A)~! - ||), where s
belongs to the resolvent of A. Finally, one can define B as a linear operator
B e L(U,X) [131].

For the system given by Eqgs. 1 and 9, we want to develop a controller
that guarantees stabilization and constraints satisfaction while using only the
information provided by the (finite) output signal. In this contribution, the
second-order hyperbolic PDE and commonly used parabolic PDE are assumed
as models in order to compare the controller performance considering the two

different model settings.

6.3 System Properties

In this section, the specific properties of the state-space representation given
by Eq. 6.8 are defined. These properties are used in the following sections for

the observer and controller design.
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6.3.1 Eigenvalue Problem

The eigenvalue problem for the hyperbolic PDE is solved in Appendix 6.A,
with the boundary conditions defined in the previous section. The resulting

characteristic equation for the second-order hyperbolic is given by:

—vy /% + D(A = k) (1 + A7)

1 [v?
tanh (5 Z+D()\—k;)(1—l—)\7')) = %—FD()\—]G)(l—l—)\T) (6.11)

which is a non-linear algebraic equation and it is solved numerically. The
numerical solution to the above Eq.6.11 yields the value of \;, and the corre-

sponding eigenfunctions are defined as (see Appendix 6.A for details):

v

o= [futc 0 + B atc W) |00 (6.12)

6.3.2 Resolvent Operator and Transfer function

The resolvent operator and the systems transfer functions are necessary for the
Cayley-Tustin time discretization applied in the ensuing sections. They can
be found by applying the Laplace transformation to the system of equations
shown in Eq. 6.7, which leads to:

N e I P ) B

where X; = L{T(t)}, Xo = L{O:T(t)}, x1(0) = T(0) and z2(0) = 9,T(0).

Thus, the following system of equations can be written:

XQZSX1—5E1<O) (6 14>
%dCCXl — %dCXl + éXl — %Xg + kXQ = SXQ — .I'Q(O) '

by substituting the first equation into the second, the ODE obtained is:

782Xy + [kt —sT—1 —7 ] {28”:

Ddchl — Ungl + k?Xl — SX1 + ]{ITSXl

(6.15)

Setting W, = X; and Wy = 0,X; leads to the following system of first-order

ODEs:
Wi 0 1 Wi 0 0 1(0)
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which has the following solution:

][y e ]

A N P |

where f;;(¢,s) is defined as in Eq. 6.50 with A = s. Considering u(t) = 0, the

] (6.17)

boundary conditions are given by:
DW5(0) — vW7(0) = 0 and Wh(1) =0 (6.18)

resulting in:

/0 for1 = 1, 5) [ B2, (0) — Z(0) |
m(0) = - far(1,8) + B faa(l, s -

)
Wy =Xy = [ Ty(") FQ(')]{ E”

(6.19)
[ fu(Cs) fr2(C,s) ] { % 1 W1 (0)
¢ o)
+/0 f12(¢ —m, 8) [ % -5 } [3328; }
with:
J1(¢ Df12 —s7—1
)= f21 1 5) + % f2(1, / fal =, 8)=—=——=)dln
/ f12(¢ =, )lﬂ%()dn
(6.20)

N fll Df12
PQ( ) = f21 1 S Df22 / f22 -n,s )

/0f12C—777 f‘)ﬁ

Finally, the resolvent operator is defined as:

(sI = A)"'x0 = {ﬁ ] = [ sn(F.)l(;)I(.) SFFQQ((-)) ] [Zégi } (6:21)

where I(-) is the identity operator. The same approach is taken to find the
transfer function and (sI —A)~! B, by considering xo = 0 and U(s) # 0. Thus,
the solution of the system of ODEs defined in Eq. 6.16 is given by:

|i Wl :| _ |: f11(<78> f12(C7 8) :| |: WI(O) 1 (622)

W, f21(C73) f22(€a S) WQ(O)
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and the boundary conditions:

DW5(0) — oW1 (0) = U(s) and Wo(1) =0 (6.23)
leading to:
 plas)U(s) WUls
A Ry o B (6.24)
Wi =X = [afu(¢,s) + ad fia(C, s)]] U(s) + 5 f12(¢, s)U(s) =
[afi1(C,s) + (%552) fr2(¢,8)] U(s) = B(QOU(s)
thus:
(sI — A)7'BU(s) = { ié 1 = { fﬁ((% 1 U(s) (6.25)
Finally, the transfer functions are:
G(s) = Cy(sI — A)"'B = X;(0.5) = 3(0.5) (6.26)

Gin(s) = Cn(s] = A)7'B = Xi(1) = 5(1)

Remark: For the general state-space representation shown in Eq. 6.8,
after finding (sl — A)7!(+) in Eq. 6.21 and (sI — A)™'B in Eq. 6.25, it is

possible to define the state-space operators as:

z=[S]sc-0r a0 = [5c-a0 o= [ s G0

’ ’ ’ (6.27)
where B was obtained by using (sI — A)7!(-) defined in Eq. 6.21 such that
the result is the same as (s[ — A)"'B in Eq. 6.25. §(¢) is the Dirac delta

1
distribution function and / (¢ —a)z()d¢ = z(a), for 0 < a < 1.
0

6.3.3 Adjoint operator and the bi-orthogonal basis

In the MPC scheme, a stability constraint and the terminal cost are used
to guarantee closed-loop stabilization and calculate the cost function after
stabilization. These properties can be derived using a bi-orthogonal basis,
which is derived in this section. To define this basis, first, the adjoint operator
must be obtained, which can be constructed by using the definition of the

inner-product shown in Eq. 6.10:

(Az,y) = (z, A"y) (6.28)
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where x € X,y € X*, Ais the operator defined in Eq. 6.7 and A* is the adjoint
operator. Using the definition of inner product and expression of operator A

one obtains, as shown in Appendix 6.B:

T DO¢¢y2+vOcy2+kysa 0 DO¢¢+v0c+k
(o] |) =t an = =] |

2 yi— (—k+ 1)y 1 k-1
(6.29)
with boundary conditions given as:
UyQ‘l + D6<y2|1 = O and 843/2]1 = 0 (630)

By solving the eigenvalue problem for the adjoint operator, the following func-

tions are obtained:

RN S
o= o+ poae )] M7 w0 e

with g; ; given by the expressions shown in Eq. 6.50, with a = w, b=

—% and (o = 0. The derivation of the adjoint operator and its eigenfunctions
is shown in Appendix 6.B.
Taking into account the definition of inner product shown in Eq. 6.10
<A¢17 %> = <)\Z¢Z>w]> = )\’L<¢Z7 %_)
) or ) (6.32)

In the first case, for the equality to hold, {¢;,%;) = 0 if \; # A;. Thus,

the eigenfunctions are orthogonal to each other, except to the eigenfunction
related to their conjugated eigenvalue. In the second case, (¢;,1;) = 0 if
Ai # A; and the eigenfunctions are orthogonal to each other, except to the
eigenfunction related to the same eigenvalue. One can choose ¢;,(0) in Eq.

6.12 and 15 ;(0) in Eq. 6.31, such that (¢;, ;) = 1.

6.4 Controller Design

The closed-system considered in this contribution is shown in Figure 6.2. In the

closed-loop operation, the controller uses an initial estimate of the plant states
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to calculate an appropriate input that guarantees the stability and constraints
satisfaction up until the end of the control horizon. The input is applied to
the plant and the measured output is obtained. With the new information,
the observer states are updated and used by the MPC to determine the new
input, setting the closed-loop cycle. In the next sections, first, the discrete-
time representation of the system, which is also used in the controller design,
is shown, followed by the system observer design in the discrete-time setting.
Finally, the model predictive control design is presented, using the observer
states to calculate the appropriate input that guarantees the system stability

and constraints satisfaction.

Xp = AgXp_y + Bauy
= Yk = Caxg—y + Dgug

Ym,k = Con,dXk-1 + Dm,cﬂuk
T
Initialization
Xk
Uk
Plant
Y,k
Controller
MPC
min £ - >
. ) ot I ) Yk Ym ke = Cm,dxk—l + Dm,duk
s.t. X(k + jlk) = AaX(k + j — 1]k) + Bau(k + j|k), Rk = AgXi_t + Baug + Ly [ym,k _ Qm,kl
Jlk + jlk) = Caf(k + j — L|k) + Dau(k + j|k) T

unmr < U < ymax
me < y,'\ < ymax
< X(N),®, >=0

Initialization
fr

Figure 6.2: Discrete-time closed-loop representation.

6.5 Discrete-time representation

In this section, the discrete representation is obtained for the system. The
Cayley-Tustin discrete-time representation is used, which preserves the intrin-

sic energy, and dynamical characteristics of the system [29].
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6.5.1 System representation

Given the system defined in Eq. 6.8, one can apply a structure-preserving
time discretization of the dynamical system. The so-called Cayley-Tustin time
discretization is derived by applying the Crank-Nicolson midpoint integration
rule and assuming piecewise-constant input within the sampled intervals. The

discrete system is obtained as:

T = Ad:ck,l + Bduk
Yk = Caxp—1 + Dguy, (6.33)
Ymk = CmaTi—1 + D ay
where § = 2/At, Ay, By, C4, Dy, Cp,q and D,, 4 are the discrete time system

operators and are given by:

Aq) By —T+25(61 —A)"" () V26(6I—A)"'B
Ca(-) Dy | = | V26C, (51 —A)~" () G(9) (6.34)
Cma(-) D V26C,, (61 — A" () G (6)

(61 — A)™" = R(6, A) is defined as the resolvent operator of the operator A,
found in Eq. 6.21. (61 — A)™' B, G(6) = C, (6] — A" B and G,(6) =
Cin (61 — A)™" B were defined in Eq. 6.25 and Eq. 6.26 for the system con-
sidered, with s = §. Notice that, although the system in the continuous-time
setting does not have a feedthrough operator (D = D,, = 0), the discrete-
time representation contains feedthrough operators (D; = G(6) # 0 and
Dyya = Gn(0) #0).

The operators given by Eq. 6.34 are all compact and well-defined, and
the issue of boundary (point) actuation or/and observation does not induce
mathematical difficulties associated with the continuous counterparts, usually

leading to unboundedness.

Assumption 6.1 A small enough value of At is used such that the discrete-
time representation of the system shown in Eq. 6.33 is a good approximation
of the open-loop system internal dynamics and the finite set of input/output
relations.

207



Assumption 6.1 presumes there is a large enough § (small enough At) such
that the discretization can be applied to unstable systems [34] and is necessary
for the development of the controller in the following sessions. For an unstable
open-loop system, the following lemma gives an interval for which the discrete

representation might be a good approximation of the system:

Lemma 6.1 For an unstable system, the discrete system (Aq, By, Cq, Dg) needs
to satisfy At < ﬁ, where s(A) = sup{Rez : z € o(A)}, in order to properly
represent the (A, B, Cy, D) system dynamics.

The proof of Lemma 6.1 was shown in previous contributions [132].

6.5.2 System observer

Consider the following Luenberger observer in the discrete-time setting for the

system:
Z)m,k = Cm,di’k71 + Dm,duk
i.k‘ — Ad'{i.kfl + Bduk + Lo,d [ym,k - gmyk]

(6.35)
where Ay, By, Cy, 4, Dg have been defined previously and L, 4 is the observer
gain in the discrete-time setting. The observer takes the current values of ¥, »
and uy, as input and gives the current state estimation Zj, which the MPC uses
to calculate the next input applied to the system. Thus, the proper observer
gain (L, 4) needs to be found, such that the observer error dynamics, defined
as €, = Xy — Iy, is stable and z, — x5 as k — 0o. As shown in Appendix 6.D,

the following discrete Ricatti equation can be solved to find the appropriate

observer gain:

(QoAjx, Ajr) — (Qox, )

—((Ro + CnaQoCr 4) ' CrnaQo A, Cry dQo Aj) = (6.36)
—(QoC.a, Cpy )

where the observer gain will then be given as L,q = A5Q0Cr, 4(Ro + Cima

QOC':%d)*l . Solving this equation is the same as solving the equation below:

AdQo Ay — Qo — AiQoCr, y(Ro + CraQoCr, g) ' CrnaQo Al =
- ;VdQOCm,d

which is the discrete Ricatti equation generally used for finite (lumped) sys-

(6.37)

tems. Solving any of these Ricatti equations is analog to solve the following
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discrete Lyapunov equation:

(Qo(Adq — LoaCrma)*x, (Ad — LogCrma) ) — (Qox,z) =

—(z, (C:mdQOCm,d + Lo,dROL;d)SE> (6.38)

If Qo and Qo are positive definite operators, the observer error dynamics
Ag— L, qChy g is stable and the observer states converge to the system states.
By using the bi-orthogonal basis of A, the Ricatti equation can be written as:

/\J\Dﬂ‘ﬁCﬁV,M - Q?V,M
—(A\y > Cigzov,z‘)T<RO +> Zj C:qg,jcj>_1()\]\D4 > Ciqjow,z') = (6.39)
~(Con,a¥n)" Qo (Crnatar)

where ¢; = C,, 4¢i, ¢; are the system eigenfunctions and AP are the eigenvalues
in the discrete-time setting.
Thus, this system of non-linear equations can be solved to find ¢§; ,; and,
consequently, Qo(-) and the observer gain L, 4 = AdQOC’fn’d:
Qo(-) = XM 300 ¢25(0i, ()05
Loa(¢) = AaQoCr 4(Ro + CraQoCry )t = (6.40)
S 4 X 60 6) AP 65O (Conadi 1)
It is important to notice that, for an infinite-dimensional system N, — oo, as
this type of system has an infinite number of eigenvalues. Thus, we consider
an observer gain approximation by using a finite number of eigenvalues. As
the system is linear, a direct relationship between the discrete and continuous
eigenvalues can be obtained. For the Cayley-Tustin time discretization, this is
given by \P = —1 + 53—‘;“ where A\ and ); are the eigenvalues in the discrete
and continuous-time setting, respectively. Furthermore, as one expects from
a linear system, the eigenfunctions associated with the spatial characteristics

are invariant (the same as in the continuous-time setting).

6.6 Model Predictive Control

The MPC design developed in Muske et al. [30] for a finite-dimensional sys-
tem is a discrete controller design methodology and can be extended to the

infinite-dimensional setting [34]. Regarding the regulator design, the following
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objective function is considered as the basis of the controller design, which

needs to be minimized at each sampling time (k) on an infinite horizon:

mmz (k+7lk), Qi(k + j1k)) + (u(k 4+ 1+ 1|k), Ru(k + 1 + 1]k))

st @(k+jlk) = Agi(k + j — 1k) + Bau(k + j|k), (6.41)
gk +jlk) = Caz(k + j — 1|k) + Dqu(k + j|k),
umm < u(k +]|k) < umax
g < gk + k) <y

In this equation, # and y are the system observer states and estimated
output, respectively. R is a positive definite matrix (in this case, a scalar,
as u(t) € N!) that defines the input cost, @ is positive semidefinite operator
associated with the states cost, k + j|k is the future step calculated from the
current time k, u™?", u™ ™ and Y™ are the minimum and maximum
input and output constraints. The system is assumed to be stabilized by the
end of the control horizon, and the input is zero for j > N (N is the control
horizon). This is achieved by adding a stability constraint to the controller
design. With these considerations, the infinite horizon objective function given

by Eq. 6.41 can be rewritten in a finite horizon:

mmJ Z{ (k+jlk), Qz(k + j|k))

+(u (k—l—j +1\k Reu(k -+ j + 11k)) |
+(2(k + N|k), Qé(k + N|k))
(6.42)
st @(k+jlk) = Agi(k + j — 1]k) + Bau(k + j|k),
(k + jlk) = Ca@(k + j — 1|k) + Dau(k + j|k),

where () is the terminal cost and is necessarily a positive definite operator
if all the unstable eigenmodes are canceled by the end of the horizon. The
bi-orthogonal basis shown in the previous sections can be used to calculate
the terminal cost operator (Q), as shown in Appendix 6.C:
Qr = ZZ 020 0. 503, (6.43)
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This stability condition is derived from the assumption that, given the
biorthonormal basis, for any x € X', the following holds:
w(t,¢) = 327 (t,€), i) ei(¢) = 2277 ai(t)di(¢) =

&= 327 ai(t)pi(C) = 2257 (Ax(t, 0), ¥i(C))6i(C) + Bul(t) (6.44)
=225 Aiai(t)9i(C) + Bu(t) = ai(t) = Aiai(t) + biu(t)

In the last step, the inner product with 1;(¢) was taken and b; =< B,
Pi(¢) >. If < 2,V >= 0 (where Uy is the set of unstable eigenfunctions),
then ay(t) = 0 and z(t) is exponentially stable (a;(t) < 0, as £()\;) < 0 for
all \; ¢ {\v} - the set of unstable eigenvalues). As the eigenfunctions are
the same as in the continuous-time setting, the stability condition remains
the same. With the discrete system dynamics, the stability constraint can be
further expanded as:

(2(C.k + N), W) =
UT [[((A))N !By, Uy] ... [Ba, Oul] + ((Aa)Vx(( klk), Vp) =0 =

[y, (AN By ... [Wu, Ba)] U + ((Aa)Vz(¢, klk), ¥y) =0
(6.45)

where the transpose was taken and U = [u” (k),u” (k +1),...,u"(k+ N)|" is
the vector with the inputs up to the control horizon. Finally, Eq. 6.42 can be
further simplified by using the system dynamics:

min J = 207 G[&(C, k|k)
+UTHU + (2 (k|k), Qi (klk))
st UMD L U Uma (6.46)

ymin & SU + T[#(C, k|k)] < Ymax

Tao(k + jlk) = AdoaZao(k +j — 1]k),

SipU + Trp[2(¢, k|k)] =0
where H is a matrix with elements h;;, for ¢ = 1,..., N and j = 1,..., N,
defined below. Y™ and Y™ are vectors containing the output constraints.
It is considered that the constraints are constant, i.e., y™®(k + j) = y™® for

0 < j < N. The elements of the matrices and operators defined on Eq. 6.46

are given by:

[Ba,QB4) + R, if i = j
i =12 |Ba,QA) "By, if i > j
[(A)V™9By4,QBq] , if i < j

h
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[ [Bg, QAq(")] Cal-)
Gl [Bd,cz(:Adm] gy | G0
[B4, Q(A) () CalA)™ ()
Dy, 0 ... 0
g C’d.Bd Dy 0
(A0 2By CalA) By ... Dy
R e (6.47)
U= [u(k+ 1K) ulk+2k)7 ... ulk+Nk)T]"

Thus, considering that this optimization problem is feasible for every k, it is

possible to find U for each step, and the values of u(k) are obtained.

6.7 Results

In this section, the simulation results are presented, and the value of the
parameters shown in Table 6.1 were considered. For these values, the open-
loop system presents an unstable behavior for both the second-order hyper-
bolic and parabolic PDEs, as shown in the eigenvalue distribution presented
in Figure 6.3. For the parabolic PDE, the unstable eigenvalue is located at
Ay =~ 0.15, whilst for the hyperbolic equation it is at Ay =~ 0.17. The dif-
ference between the eigenvalues distribution is also noticeable: the parabolic
equation has all its eigenvalues located in the real axis, and their values tend
to —oo; the hyperbolic PDE, on the other hand, has a finite number of real
eigenvalues and its distribution increases in the imaginary axis. The unstable
eigenfunctions are presented in Figure 6.3, such that the stability condition
given by Eq. 6.45 can be set. For the results shown below, the initial con-
dition for 0;C(t), necessary in the hyperbolic PDE, was considered 0 and
C(t = 0,¢) = —0.43¢* + 0.86¢ + 0.43 for both PDEs. If only the output
feedback is used, the observer initial condition was considered to be zero for

all the states. The states cost () for the parabolic PDE were considered to be
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@px = qr, where ¢ is a constant. While for the hyperbolic PDE, it was con-
sidered Qp = %P 8 , such that, only z(t) = C(t) will have a direct weight
in the cost function, allowing for the comparison between the two types of
models. The integral terms on the discrete operators were approximated by

be trapezoidal rule, using N = 200 discretization points.

Table 6.1: Parameters used in the simulation.
D |v| k T | At | R|q|Ro| N | N,

0511150102540 |1| 1 |200]| 70

20+ * Parabolic x 1
x Hyperbolic x
= x
% 0 ° x ° é] 0 . x
g x
-20 x
o -1
: : 0.1 0.15 0.2
-25 -20 -15 -10 -5 0
Real()\)
2.5 T 2.5
2 2+

Parabolic Parabolic
) 15 —— Hyperbolic (¢,) SD 1.5 | __Hyperbolic ®,)
Q .
1 Hyperbolic (¢2) 1 Hyperbolic (1/12)

0 02 04 06 08 1 0O 02 04 06 08 1
¢ ¢

Figure 6.3: (Top): Eigenvalue distribution (left), with a enlarged segment
(right), showing the unstable eigenvalues for the conditions shown in Table
6.1; (Bottom): Eigenfunctions - ¢ (Left) - and eigenfunctions of the adjoint
operators - ¢ (Right) - associated to the unstable eigenvalue;

The results shown in Figure 6.4 consider full-state feedback without con-
straints on the input or output. For a fair comparison between the parabolic
and hyperbolic PDEs, the ||z(k)|| only takes into account C(k). The input

sequence starts differently for the PDEs, with a higher input being applied
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to the parabolic model. This is probably due to the speed of propagation; as
in the hyperbolic model, the state has a zero initial velocity. Thus, the flux
has an initial delay, and the x(k, () does not increase at the same rate as the
parabolic case. However, this also means that, for the hyperbolic case, the
input, which is applied at the boundary, will not act in the system as fast as
in the parabolic PDE. This is shown in the ||z(k)|| evolution, where the hyper-
bolic PDE state remains higher for the initial steps. Finally, due to the higher
inputs, the cost function of the parabolic PDE is greater than the hyperbolic

case.
0.37 8
Parabolic Parabolic
< —— Hyperbolic =67 —— Hyperbolic
= L4
a 3
= 0.1 Qol
0 ' : 0
0 5 10 0 5 10
Time (k) Time (k)
2 —
Parabolic
15F — Hyperbolic
>~ 4L
=1 1
0.5
0 1 L Il
0 2 4 6 8 10
Time (k)

Figure 6.4: Simulations results for the non-constrained MPC with fullstate
feedback: (Top-left) Input sequence; (Top-right) MPC Cost Function; (Bot-
tom) State (C') norm;

In the second case, the full-state feedback is considered with an output
constraint of ¥,,q, = 0.75. Due to the initial condition, where y(0) ~ 0.75, the
controller has to make a significant input action to satisfy the constraint in

the next time step, as shown in Figure 6.5. Due to the different propagation
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speeds between the parabolic and hyperbolic models, the input taken by the
hyperbolic case is higher than the parabolic one. This makes the remaining
input sequence completely different for the two models, with the controller
taking negative inputs for the hyperbolic model and positive for the parabolic
equation. As expected, as the input has a direct effect on the cost function,
due to the greater action taken in the beginning, the cost of the hyperbolic
case is initially higher. Nonetheless, the PDEs are properly stabilized in both
cases. The output profile is shown in the bottom-left of Figure 6.6, and it is
possible to see that the output constraint is satisfied for the full-state feedback

for both hyperbolic and parabolic cases.

200
Parabolic Parabolic
—— Hyperbolic < 150} —— Hyperbolic
== =Y =
L 100+
s H
o
O 5o}
B T R 0
0 2 4 6 8 10 0 2 4 6 8 10
Time (k) Time (k)
1.5
Parabolic
—— Hyperbolic
— 1r
3
X
T 05F
0 1 1 | | | [
0 1 2 3 4 5 6 7 8 9 10
Time (k)

Figure 6.5: Simulations results for the constrained MPC with fullstate feed-
back: (Top-left) Input sequence; (Top-right) MPC Cost Function; (Bottom)
State (C') norm;

The next cases consider that only the output feedback is available to the
controller. Thus, the observer designed in the previous section is employed to
reconstruct the system states used in the optimization. The observer conver-

gence, represented by the observer error norm, is shown at the top of Figure
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6.6. Once again, just the norm of the error between C' and C' is considered.
The observer error dynamic is independent of the system stability. Thus, the
input sequence does not have any influence on the observer convergence as

long as a proper observer gain has been chosen.

Parabolic
— Hyperbolic
6 7 8 9 10
1 08
05" Parabolic 061 Parabolic.
— — Hyperbolic . — Hyperbolic
‘_E: 047 ==~ Yax
0.2
o L
0 2 4 6 8 10

Figure 6.6: Norm of the observer error for x(k) = C(k) for the output feedback
controller (Top) and the system output: (Bottom-Left) Fullstate feedback;
(Bottom-Right) Output feedback.

For both constrained and unconstrained cases, as the initial observer states
are zero, the first input determined by the controller is zero. As the observer
states start to change due to the difference between the measured output (y,)
and the predicted measured output (g,,), the input starts to increase. As
the observer converges faster for the hyperbolic case, the input for this PDE
increases quicker, leading to a decrease in the state norm (||z(k)||), as shown

in Figure 6.7.
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Figure 6.7: Simulations results for the non-constrained MPC with measured
output feedback (observer based): (Top-left) Input sequence; (Top-right) MPC
Cost Function; (Bottom) State (C') norm;

In the constrained case with output feedback, uye: = 0.15 and Y =
0.75 were considered. In Figure 6.8 and in the bottom-right of Figure 6.6,
it is possible to see that, as the observer states are used in the optimization
problem, and the measured and constrained outputs are located in different
points of the process (at ( = 1 and ¢ = 0.5, respectively), the output constraint
is not satisfied until the observer states converge to the system states. However,
even with the input constraints, it is possible to stabilize the system, and, after

the observer convergence is achieved, the output constraint is satisfied.
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Figure 6.8: Simulations results for the constrained MPC with measured output
feedback (observer based): (Top-left) Input sequence; (Top-right) MPC Cost
Function; (Bottom) State (C') norm;

Finally, to compare the different results, the total cost (> J(k)) of each
simulation result is shown in Table 6.2. The unconstrained full-state feedback
has the lowest value, and the constrained full-state has the highest due to the
significant actions taken in the initial steps to satisfy the output constraint.
Overall, the cost of the output feedback is higher, even if the input sequences
have the lower values, which is due to the increase in the states evolution
without the proper control action (i.e., ||z(k)|| initially increases and only
starts decreasing as the observer states converge to the system states). For
the constrained case with output feedback, even if the controller takes smaller
actions than the unconstrained cases, the input remains at its limit for longer

period, hence increasing the total cost.

218



Table 6.2: Total cost of the optimization problem for the different cases con-
sidered: unconstrained fullstate feedback; constrained fullstate feedback; un-
constrained output feedback; and, constrained output feedback.

PDE Type | Unconst. Full. | Const. Full. | Uncons. Out. | Const. Out.
Parabolic 39.27 95.08 63.81 65.64
Hyperbolic 34.52 240.63 46.41 49.04

6.8 Conclusion

In this contribution, the difference in the dynamics of a tubular reactor mod-
eled by a parabolic and a second-order hyperbolic PDEs was considered in the
model predictive controller design. The discrete representation of the system
was obtained by the Cayley-Tustin transformation, used in the controller and
observer design.

In the simulation results, a system with one unstable mode was analyzed,
such that a stability constraint was used to guarantee the system stability at
the end of the control horizon. As an important scenario for practical control
application, the output feedback was considered, and an observer was used to
provide the controller with the state estimates necessary for the optimization
problem. Input and output constraints were considered in the problem, with
the measured output located at a different point from the constrained output.

The control actions obtained for both models - the parabolic and the
second-order hyperbolic equations - were compared. It is observed that there
is a slight difference between the control actions taken by the controller for the
case of the full-state feedback without constraints. However, if constraints are
present in the system, the controller yields distinct actions for the two differ-
ent types of PDEs, even with the full-state feedback. The difference becomes
larger if only a measured output is available and the observer states have to be
used as an estimation for the system states. This is expected, as the different
dynamics between the models would lead to different estimations. Finally,
as the measured output feedback is generally more physically viable than the
full-state feedback, at least for PDE systems, the type of model considered

is essential for the proper closed-loop dynamics and performance satisfaction
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when it comes to operating such a fundamental system as tubular chemical

reactor.

6.A System’s eigenvalues and eigenfunctions

In this section, the derivation for the system’s characteristic equation and its
eigenfunction is shown by defining the eigenvalue problem for the hyperbolic
PDE. The following system is obtained from the eigenvalue problem, A¢ = \¢,
where A is the operator, ¢ is the eigenfunction, and A is the eigenvalue. For
the operator defined in Eq. 6.7, the following system of ODEs is obtained:

P2 = Ay
{ DOccdr — L0chr + oy — Lo + koo = Ao (6.48)

resulting in:

1
o )= [ e 5 ][] =

(6.49)
[ ¢1 1 |: f <<7 ) f12(C7>‘) :| |i ¢1(CO) }
d<¢1 f (C7 ) f22<C7)‘) dC¢1(CO)
where the f; ; are given by:
Fn(G.) = e [cosh (€-an/5+a)- %Sinh((?fil'a““) ]
e2<< ¢0)sinh (¢—¢o) b42 a
f12(CA) = (b " - )
e Ve (6.50)
e2(E=C0)gin (¢—¢o) bz a
fa(GA) =a h(,,;+j +>
Fan(C,N) = e3(¢=<0) [cosh ((( — /% + a) + gsmh((ciz):a““)]

()\—k)(1+/\T) b — v

with a = i) % and (o = 0. Applying the boundary conditions

results in the condition below:

de$1(0) = %¢1(0)
{ Far(1LN61(0) + for(1, N)degn (0) =0~ (6.51)

61(0) [far (1, 2) + B fa(1, V)] =0
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Setting aside the trivial solution, the characteristic equation for this oper-

ator is given by fa1(1, ) + % f22(1, A) = 0, which leads to:

b (2% 4 D k(14 A oy HDO-RAAM)
D Z%‘(__X'+TO__ S D0 R
And the eigenfunctions will be given by:

¢i = [fn(c,)\z‘) + %fm(g, )\Z)} [;ﬁ] $1,(0) (6.53)

6.B Adjoint operator and its eigenfunctions

Using the definition of A and the inner product shown in Eq. 6.10:

T2

(Az,y) = <[ Diccur—vdcmathay (=k+ 1) ] ’ [ Z; 1> -
/1 el )de + /1 {Daccl"l — 01 + ko (—k; + 1) m] (y2)d¢ =
0 0 '

T

/01 xo(71)dC¢ + /01 To [— <—k:+ %) yg} d¢+

Y DOpexy — v0caq + ka
[ [Pt g
0 T

(6.54)

and the last term of this expression is further expanded by applying integration

by parts:

Y DOccx _ Doz || Y DOz _
/ ( - 1>(y2)dC= { : 13121 —/ ( ‘ 1)(8gy2)dC:
0 T T 0 0 T

It B ! D¢y
[%yg]‘o— [%a@]\é+/ x1< f”) d¢ (6.55)
0

1 o 8 _ 1 1 8 _
[ (- [0 [ (22)

where D, k,v, 7 € R is considered. Applying the boundary conditions defined
in Eq. 6.6 for u(t) = 0:

1
)| - (2ol + [F20]]; =

lL%D8x|—MH)_|+Da 1 5|
7| — (P1lo 1l0) Y2lo ¢r1l1 Y21 (6.56)
=0 =0

—Dx1|00cTalo + 21]1 (= DOcHal1 — Uy_2|1)}
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giving the following boundary conditions of the adjoint operator:
vy2|1 + DOcyslt = 0 and Oryal1 =0 (6.57)

And the inner product can be written as:
- DO cy2+vdcy2+kys 0 Docctvocth
(] LG ) e = a7 57
(6.58)
With the definition of the adjoint operator given in Eq. 6.29 and its bound-

ary conditions given in Eq. 6.30, the eigenvalue problem is solved once more to
define the bi-orthogonal basis of the operator. With A*i) = A, the following

system is obtained:

DOcctr + L0cts + Eihy = My
{ Y1 — %% + kihe = Aiby (6.59)
resulting in:
by = (A TER k) ¥ (6.60)
and 0 . 5
Y2 | _
%{d@}—{wym 3”Hd<;2}:> (6.61)
{ (0 } _ [911(C7>\) 912(@)\)} [ ¥2(Co) } '
dcs 921(CA) 922(CA) | | dewa(Co)

where g;; is given by the same expression as in Eq. 6.50, with a =
w, b= —% and (, = 0. Applying the boundary conditions of the
adjoint operator results in the following:

detha(1) = —5b2(1) v B
{ dsz(O) =0 = 12(0) |g21(1, A) + 5911(1, A)| =0 (6.62)

Setting aside the trivial solution, the characteristic equation for this operator
is given by go1(L,\) + 5911(L, ) = 0, which leads to the same expression
shown in Eq. 6.11, as expected. The adjoint operator eigenfunctions will be

given by:

41
v = |g11(¢, ) + %912(4} /\z)] FZ +1T k] Y2:(0) (6.63)
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6.C Solution of the Lyapunov Equation and
the terminal cost operator

If a system is stable, the cost associated with the system starting at an initial
condition z¢, until it reaches the origin at ¢t — oo is given by (z, Qx¢), where

@ is the solution of the following Lyapunov Equation [16]:

<AI‘1, Ql’2> + <QI1, A$2> = —<LU1, ng) (664)

Assuming that @ is defined as Q = >, Zj qi j{z,V:)1;, the elements q; ; of

the operator can be found by setting z; = ¢n and x5 = ¢, which leads to:

(Apn, Qo) + (Qdn, Aprr) = —(¢n, Qdur)
= (ANON, D5 uegy) + (02 an¥s Avdar)
= —(én, Qdum) (6.65)

= ANQuN + Mgy = — (O, Qo)

L A v
where the properties of the inner product and the fact that gy, n = gy Were
used. Substituting this in the definition of @Q leads to Eq. 6.43. As it was
shown in Xu et al. [34], the solution of the continuous Lyapunov equation,

given by Eq. 6.65 is directly related to the solution of the Lyapunov equation

in the discrete-time setting for the Cayley-Tustin discretization.

6.D Solution of the Ricatti Equation for the
Observer Design

Considering the Luenberger observer shown in Eq. 6.35, and by defining the
observer discrete error as é, = x; — 2, and the observer measurement error as
emik = Ymk — Umk = Cm.a(Tk — ) = Cp.afy, the observer error dynamics will
be given by:

Cht1 = Thp1 — Do = Ay + Baupy1 — Agly — Batpgr — Loam i =
Adék - Lo,de,dék‘ = (Ad - Lo,dcm,d>ék
(6.66)

Thus, a discrete observer gain L, 4 needs to be found such that (Ag —
L, 4Chn.a) generates a stable semigroup. By using the duality between observ-

ability and controllability, and as similarly shown in Curtain [16], the discrete
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Ricatti equation shown in Eq. 6.36 can be solved to find an observer gain that
guarantees that (A; — L, 4Chna)* is stable, which also implies the stability of
(Ag— L aChna). From the duality, the solution of the discrete Ricatti equation

minimizes the following quadratic cost:
J = (Craes, QoCumacr) + (L} 44 RoLoach) (6.67)
0

where is the dynamics of the observer error in the dual space (i.e., ef,, =
(A4 — Lo4Cina)er). From the Lyapunov equation shown in Eq. 6.38, the
minimum of the cost function will be given as J,.:, = (ef, Qoep), where Q is

the solution of the discrete Ricatti equation. Eq. 6.36 can also be written as:

(QoAjr1, Ajyra) — (Qowr, w2)
—((Ro + CrnaQoCr o) 'CraQoAfr1, CryaQo Afjs) = (6.68)
—(QoChmax1, O ata)

for x1,zo € X*. By defining the operator in the bi-orthogonal basis of A,
(which has the same eigenfunctions of A), Qo(-) = Y, > 47(¢i, ())¢; and

taking r, = 151\/ and x5 = ¢y, leads to:

A;kll'l = AZ’IZJN = }\ZZ\)f’l/zN
CAnwy = Ay = M
Qox1 = Qovn = 3_; 4% ;9
Qoxz = Qotm = 32 44 ;9
Ad@o% = Ad@o%N = Zj QJOV,j)‘jD¢j
AiQowz = AaQotu = 3, a3 ;AP 9;
CnQoAjr1 = CQoARin = 3, a ;ARCimd;
CnQo A2 = CrQoirbnr = 325 a3 ;A 1 Cm®;
CrnaQoCha =223 2 4 (i, Crr, ) Cimady =
22224 {Cm.abi, 1) Crnadh;

where the properties of the inner product and the bi-orthogonal shown in the

(6.69)

previous sections were used. Thus, Eq. 6.66 becomes:

<Zj Q?V,jA?¢j7 Aﬁ¢M> - <Z] qy\/7j¢j7 Vo) —
((Ro + Zz Zj qu,j<cm,d¢i7 1>Cm,q¢j)71 Zj q]oV,j)‘]?fCTm Zj qi&j)‘ﬁcﬁ)
= _<QOCm,d¢N7 Cm,d¢M> —
)‘J\D4)‘£q?\7,M - Q7V,M
_()‘1[\)7 > Ciq?\f,i>T(RO + Zj C;quCj)_l(Aﬁ )DF Ciq?@‘) =
—(Conatvn) Qo (Crnathnr)

(6.70)
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6.E Parabolic PDE properties

For the parabolic PDE, the operator A is defined as AC' = D9¢cC' —v0,C'+kC
and the boundary conditions are the same as given in Eq. 6.6. If the same
boundary input (C(07) = u(t)), measure output and desired output as the
second-order hyperbolic PDE are used, the parabolic properties are defined

as:

(sl — A)~toy = %ﬁiggiigigzﬂ /01 J22(1 — U)wOTEn) - /0C f12(¢ =) 9601()77)
B 5 f22(1,8)U (s)
far(1,8) + B f22(1,5)
Cr(sI — A)7'B = [fu(1,8)a + fia(1, s) 222];
C(sI — A)™'B = [f11(0.5, s)a + f12(0.5, s)2%H];

(sI — A)_IB = [f11(¢, s)a + fi2(C, S)Ggl]; a=

(6.71)
The eigenvalue problem gives the following characteristic equation and
eigenfunctions:
Ju(LA) + %fll(la A)=0
Ay = DOy +v0cy + ky, DOcy(1) +vy(1) = 0& dey(0) = 0

where f;; is defined in Eq. 6.50 with a = %, b= 5 and ¢y = 0, and g;;

with @ = 2% b = 22 and {; = 0. ¢(0) and ¥(0) can be chosen such that
(¢i, ;) = 1 for i = j and (¢, ;) = 0 for i # j.

(6.72)
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Chapter 7

Conclusions and Future Work

7.1 Conclusions

Throughout this thesis, the modeling and control of systems modelled by hy-
perbolic PDEs were analyzed from the continuous to the discrete-time settings.
Chemical transport-reaction processes and a water canal were the systems con-
sidered for the analysis and/or control.

Chapter 2 analyzed the difference in the dynamics between the parabolic
and second-order hyperbolic PDEs; as the latter is generally used as a standard
model for diffusive processes. The second-order hyperbolic PDE considers a
delay in the transport due to the initial inertia, which gives it a finite speed
of propagation seen in experimental results. In the non-delayed diffusion, any
initial disturbance in the material body is propagated instantly with maximum
rate, a characteristic of the parabolic equation. To analyze the differences
between the hyperbolic and parabolic PDEs, a one-dimensional heat diffusion
problem, an axial tubular reactor, and a phase change system were considered
as processes of interest.

For the heat equation and the tubular reactor, the difference in the dy-
namic of the two equations was investigated by performing the eigenvalues
analysis and presenting the results of the numerical simulations. Overall, the
properties’ rate of change showed a noticeable distinction from the hyperbolic
and parabolic equations. For the system with a phase transition (modeled as
a Stefan problem), the type of flux influences the interface’s dynamics.

The difference in the dynamics can be crucial for some applications. If
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a model-based controller is considered, even though it is possible to guaran-
tee some degree of robustness in the closed-loop, the controller’s performance
would be affected.

In Chapter 3, the controller design in the continuous-time setting was de-
veloped assuming two different layouts of a heat exchanger system. Delayed
boundary feedback and a boundary input were considered for both configura-
tions, requiring a system transformation to deal with these conditions. The
transformed system had a corresponding in-domain input instead of the bound-
ary input, and the transport delay was turned into an equivalent transport
equation.

For unstable operation conditions, it was shown that output feedback is
not sufficient to stabilize the system. Thus, a full-state feedback control law
was used. Unfortunately, as the information for all states of a DPS is hardly
available, an observer was designed to reconstruct the system states. The
computer simulations demonstrated the controller’s capability to stabilize the
system, achieve output tracking of the desired signal, and reject the distur-
bances.

The transition from the continuous-time setting to the discrete-time was
made in Chapter 4. The regulator for the Saint-Venant-Exner model was
developed to achieve proper closed-loop stability and output tracking. The
backstepping methodology was used in the continuous-time setting to map the
closed-loop system and the observer error dynamics to stable target systems,
guaranteeing the system stability and observer convergence. A reference signal
generated by an exosystem was considered for the output tracking problem.
With the stabilization and tracking achieved in the continuous-time setting,
the discrete regulator was explored by developing a direct relation to the con-
trol law and observer gain in the continuous-time setting. The simulations
results showed the regulator performance.

Finally, Chapters 5 and 6 considered the optimal constrained control prob-
lem. Chapter 5 analyzed an autothermal reactor with boundary actuation.
The linearized model around a steady-state was used to achieve a linear rep-

resentation of the system, followed by a boundary transformation to represent
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the boundary input as an in-domain input. The model predictive controller
was designed based on the transformed system, and the discrete model was ob-
tained by applying a Cayley-Tustin time discretization transformation. The
control strategy was applied considering stable and unstable steady-states,
where the optimal system response and constraints satisfaction were possible
using the designed controller. When the system’s non-linear model is assumed
as the plant model, and the MPC uses the linearized model, it is still possible
to make the system converge to the desired steady-state profile.

Chapter 6 assessed the effect of the different dynamics of the second-order
hyperbolic and the parabolic PDEs showed in Chapter 2 on the controller
closed-loop performance. The output feedback was considered, and an observer
was used to provide the state estimates. Input and output constraints were
assumed in the control problem. The difference in the control actions taken by
the controller was small if full-state feedback was available and no constraints
were imposed. If constraints were present in the system, the controller yielded
distinct actions for the two different types of PDEs. The difference is notable if
only the measured output is available. Thus, as expected, the model considered

is essential for the proper closed-loop dynamics and performance satisfaction.

7.2 Future Work

This thesis considered the modeling and control of DPS, specifically those
modelled by hyperbolic equations, without using early lumping in both the
continuous and discrete-time settings. There remain many open questions
regarding this subject, and a number of them are briefly mentioned here,
considering the work in production and future possibilities.

The difference in the dynamics analyzed in Chapter 2 is also being con-
sidered for materials under phase-change for problems in two and three di-
mensional cases. This will be done using the enthalpy technique presented in
[133] and [134]. Furthermore, the hyperbolic models used in Chapters 2 and 6
can be extended to other applications such as: cardiac alternans [135], [136],

cryosurgery [137], and phase change with convection [138].
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The regulator design considered in Chapter 3 guarantees the system sta-
bility, proper tracking, and disturbance rejection. Yet, it does not account
for any optimal conditions when it comes to performance, which is a possible
extension to be considered. This could also be coupled to an advanced control
strategy as the MPC design showed in Chapter 5, such that the constrained
optimal stabilization and tracking problem could be considered.

The operators considered were all differential operators. The controller
design taking into account partial integral-differential equations - that arise
from populational balances - is being studied.

The models studied here were all representations of transport-reaction pro-
cesses in one-dimensional spaces. A packed bed reactor - a system that can
be represented by a two-dimensional model - and the controller design for the

system are under study.
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