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Abstract

This thesis considers the problem of control of nonlinear process systems subject to
input constraints and faults in the control actuators and process equipments. Faults
are considered that preclude the possibility of continued operating at the nominal
equilibrium point and a framework (which we call the safe-parking framework) is
developed to enable efficient resumption of nominal operation upon fault-recovery.
First, Lyapunov-based model predictive controllers, that allow for an explicit char-
acterization of the stability region subject to constraints on the manipulated input,
are designed. The stability region characterization is utilized in selecting ‘safe-park’
points from the safe-park candidates (equilibrium points subject to failed actuators).
This safe-park point is chosen as a temporary operating point where process is to
be operated during fault rectification. This ensures that process can be safely oper-
ated during fault rectification and the nominal operation can be resumed upon fault
recovery. When multiple candidate safe-park points are available, performance con-
siderations, such as ease of transition from and to the safe-park point and cost of
running the process at the safe-park point, are quantified and utilized in choosing the
optimal safe-park point.

Next, we extend the safe-parking framework to handle practical issues such as
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plant-model mismatch, disturbances and unavailability of all process state measure-
ments. We first consider the presence of constraints and uncertainty and develop
a robust Lyapunov-based model predictive controller. This controller is utilized to
characterize robust stability region which, subsequently, is utilized to select ‘safe-
park’ points. Then we consider the problem of availability of limited measurements.
An output feedback Lyapunov-based model predictive controller, with high-gain ob-
server to estimate unmeasured states, is formulated and its stability region explicitly
characterized. An algorithm is then presented that accounts for the estimation errors
in the implementation of the safe-parking framework.

We then further extend the framework to handle faults in large scale chemical
plants where multiple process units are connected via material, energy and informa-
tion streams. In plant-wide setting, the safe-park point for the faulty unit is chosen
such that the safe-parking has no or minimum effect on downstream units, and hence,
the nominal operation in the downstream units can be continued. Next we consider
the scenario where no viable safe-park point for the faulty unit exists such that its
effect can be completely absorbed in the subsequent unit. A methodology is devel-
oped that allows simultaneous safe-parking of the consecutive units. The efficacy of
the proposed framework is illustrated using a chemical reactor example, a styrene
polymerization process and two CSTRs in series example.

Finally, we demonstrate the efficacy of proposed Lyapunov based Model Predictive
Controller and Safe-Parking framework on a polymerization reactor model to control
the polymerization reactor and to handle faults that dont allow continuation of the

nominal operation in the reactor.

ix



Acknowledgments

I am very much thankful to my supervisor Dr. Prashant Mhaskar for his guidance
and support throughout my doctoral research work. His constant motivation and
unwavering support encouraged me to thrive during tough times. I have learned lot
from him and his “always be cool” attitude has taken lot of pressure off me during
tough times.

I would also like to thank my family whose unqualified love and support has
helped me travel this journey of PhD smoothly. I thank my beloved Chinar for her
unflagging love and support over last couple of years. In addition, I also acknowledge
Siam and Zhiwen for the invaluable discussions, which has helped me understand
and solve some of challenges I faced. I thank all my friends in Chemical Engineering
department and McMaster University. I would like to thank my friends and their
families at Woodlands apartments for providing me social support and making my
stay at Hamilton memorable.

I also give many thanks to the following professors for the comments they have
provided me during my doctoral studies: Chris Swartz, Shahin Sirouspour, Tom
Marlin, Benoit Chachuat. Thanks to the administrative staff, Lynn Falkiner, Nanci
Cole, Andrea Vickers and Kathy Goodram for their assistance and support over the

years.



I would like to thank McMaster Advanced Control Consortium (MACC) and
Department of Chemical Engineering at McMaster University for providing financial
support and to make my graduate studies possible.

Finally, I must thank almighty god without whose consent nothing is possible.

x1



Contents

Abstract
Acknowledgments
List of Figures
List of Tables
List of Symbols

1 Introduction

2 Safe-Parking of Nonlinear Process Systems

2.1 Introduction . . . . . . . . . ...
2.2 Preliminaries . . . .. . .. ...
2.2.1 Process description . . . . ... ... ...
2.2.2 Lyapunov function . ... ... ... .. ... .....
2.2.3 Stabilityregion . . .. .. ... ... ... ... .. ..
2.2.4 Model Predictive Controller (MPC) . . . .. .. .. ..

2.2.5 Nonlinear Model Predictive Controller (NMPC)

viii

xxiii

xxiv



23

24
2.5

2.2.6 Lyapunov-based model predictive control . . .. .. ... .. 25

227 Motivalingerample . - « s 5 s s s e s s s s s s e 95 s 8o 5 29
Safe-parking of nonlinear process systems . . . . . .. ... .. ... 31
2.3.1 Problem definition . . . ... ... ... ... L. 32
2.3.2 Safe-parking to resume nominal operation . . . ... ... .. 33
2.3.3 Incorporating performance considerations in safe-parking . . . 39
2.3.4 Illustrative simulation example . . . . ... ... .. .. ... 43
Application to the styrene polymerization process . . . . .. ... .. 49
CORIIBIONS « s 5 ¢ 5 » s s @ =% 5 5 a8 5 9 6 € BB ¥ 56 6% 6% &8 55 52

Safe-Parking of Nonlinear Process Systems: Handling Uncertainty

and Unavailability of Measurements 61
3.1 Introduction . . . . . . . . ... 61
A2 PrelifAfinsries . - « + v s 5 55 v s @ 55 3 5 8 5 5% 5 485 55 3 8 & & 4 64
3.2.1 Process description . . . . . . ... o0 64
322 Motivaling eample . o + « o « 5 5 s s s 53 ¢ 59 %58 5 58 % 4 5 65
3.2.3 High gain observer . . . . . . ... .. ... ... 67
3.2.4 Problem definition . . . ... ... .00 69
3.3 Safe-parking of nonlinear process systems: handling uncertainty . . . 70
3.3.1 Robust model predictive controller . . . . . .. ... .. ... 70
3.3.2 Robust safe-parking of nonlinear process systems . . . . .. . 79
3.3.3 Illustrative simulation example: handling uncertainty . . . . . 81
3.4 Safe-parking of nonlinear process systems: handling availability of lim-

ited measurements . . . . . . . .. 84

3.4.1 Output-feedback Lyapunov-based predictive controller . . . . 85

xiii



3.5
3.6

3.4.2  Output-feedback safe-parking of nonlinear process systems . . 90

3.4.3 Illustrative simulation example: output feedback . . . . ... 93
Application to the styrene polymerization process . . . . .. .. ... 95
Conclusions . . . . . . . . . . 99

A Safe-Parking Framework for Plant-Wide Fault-Tolerant Control 107

4.1 Introduction . .. ... .. .. ... ... 107
4.2 Preliminaries . . . . . . . .. ... 109
4.2.1 Processdescription . . . ... ... ... L. 110
4.2.2 Lyapunov-based predictive controller . . . . . ... ... ... 111
4.2.3 Safe-parking of an isolated unit . . . . . .. .. ... ... 113
4.3 Safe-parking framework for plant-wide fault-tolerant control . . . . . 117
4.3.1 Problem definition . . . . .. .. ... 000 117
4.3.2 Safe-parking of a single unit in a multi-unit process . . . . . . 119
4.3.3 Simultaneous safe-parking of multiple units . . .. .. .. .. 125
4.4 Application to a two-unit chemical process . . . . . .. .. ... ... 129
4.5 Conclusions . . . . . . . . . ... 141
Safe-Parking of a Styrene Polymerization Process 147
5.1 Introduction . . . . . . . ... ... 147
5.2 Process description and modeling . . . . ... .. ... ... ... .. 149
5.2.1 Styrene polymerization reactor model . . . .. .. ... ... 153
5.2.2 Control strategy . . . . . . .. ... ... ... ... ... 154
5.3 Lyapunov-based model predictive control of the polymerization reactor 156

5.3.1 Controllerdesign . . . ... ... ... ... .......... 156



5.3.2 Controller implementation . . . . .. ... ... ... ..... 159

5.4 Handling faults in the operation of the polymerization reactor . . . . 161
5.4.1 Problem statement . . . . . ... ... ... ... 161
5.4.2 Safe-parking framework . . . .. .. ... .. ... .. .... 162
5.4.3 Safe-parking of styrene polymerization reactor . . . . . . . . . 167

5.5 Conclusions . . . .. ... .. 170

Conclusions and Future Work 177

6.1 Conclusions . . . . . . . ... 177

6.2 Recommendations for Future Work . . . . . . ... ... ... ... 179

XV



List of Figures

21

2.2

2.3

Nlustration of stability region characterization using grid search tech-

nique. Dotted region represents the set IT and the ellipse (2) represents

the biggest level set of the Lyapunov function that fits inside the set II 20

Basic idea of Model Predictive Controller (MPC) (Figure taken from
Wikipedia article on “Model Predictive Controller”) . . . . . . .. ..
A schematic illustrating the safe-parking framework for a process with
two actuators. €2 denotes the stability region under nominal operation.
Solid line (—) shows the manifold of equilibrium points corresponding
to the fail-safe value of the first actuator, and admissible values of
the second actuator. Arbitrarily choosing a safe-park candidate (e.g.,
safe-parking candidate 2) does not guarantee resumption of nominal
operation upon fault-recovery (see dashed lines “- -”), while choos-
ing safe-park candidate 1 guarantees resumption of nominal operation

upon fault-recovery (see doted lines “--”). . . . .. .. .. ... ...

Xvi

21



2.4

2.5

2.6

Evolution of closed-loop states for the CSTR example. Dashed line
(- -) indicates the case when a safe-park point S is arbitrarily chosen
(resulting in the inability to resume nominal operation upon fault-
recovery) while the solid line (—) indicates the case when Sy is chosen
according to Theorem 2.2, guaranteeing resumption of nominal opera-
tion upon fault-recovery. The dash-dotted lines show the closed—loop
response when optimality considerations are included in the choice of
the safe-park point and Ssischosen. . . . . . . .. ... ... .. ..
Evolution of the closed-loop state (a-b) and input (c-d) profiles for
the CSTR example. Fault occurs at 0.16 min and is rectified at 8.0
min. Dashed lines (- -) indicate the case when a safe-park point S;
is arbitrarily chosen (resulting in the inability to resume nominal op-
eration upon fault-recovery) while the solid lines (—) show the case
when S, is chosen according to Theorem 2.2, guaranteeing resumption
of nominal operation upon fault-recovery. The dash-dotted lines show
the closed-loop response when optimality considerations are included
in the choice of the safe-park point and S3 is chosen. . . . . ... ..
Evolution of the state profiles for the styrene polymerization process
for an arbitrarily chosen safe-park point (dashed lines) and under the
proposed safe-park mechanism (solid lines). Fault occurs at 33.3 min
and is rectified at 300 min. The nominal equilibrium point N and the
safe-park points S5 and S; are denoted by the markers x, o and +,

respectively. . . . . . . . L

xvil

46

47

ol



2.7 The input profiles for the styrene polymerization process for an arbi-

3.1

3.2

3.3

trarily chosen safe-park point (dashed lines) and under the proposed
safe-park mechanism (solid lines). Fault occurs at 33.3 min, resulting
in the coolant flow rate being stuck at the maximum value during this
time, and is rectified at 300 min. . . . . . .. . ... ... L.
Schematic for stability region characterization in the presence of un-
certainty. Inclusion of the uncertainty term in the characterization of
stability region results in contraction of the stability region as com-
pared to the stability region for the system without uncertainty term.
Evolution of the state trajectory for the CSTR example in the presence
of uncertainty. Dashed line (- -) indicates the case when a safe-park
point S is arbitrarily chosen (resulting in the inability to resume nom-
inal operation upon fault-recovery) while the solid line (—) indicates
the case when Sy is chosen according to Theorem 3.2, guaranteeing
resumption of nominal operation upon fault-recovery. . .. ... ..
Evolution of the closed—loop state (a-b) and input (c-d) profiles for
the CSTR example in the presence of uncertainty. Fault occurs at
0.5 min and is rectified at 1.7 min. Dashed lines (- -) indicate the
case when a safe-park point S; is arbitrarily chosen (resulting in the
inability to resume nominal operation upon fault-recovery) while the

solid lines (—) show the case when S, is chosen according to Theorem

51

77

85

3.2, guaranteeing resumption of nominal operation upon fault-recovery. 86

xvili



3.4

3.5

Evolution of closed—loop states and closed-loop state estimates for the
CSTR example with limited availability of state measurements. The
dashed—dot line (- .) and dotted line (...) represents the state esti-
mates and state trajectories for the case when a safe-park point S is
immediately chosen, without waiting for the state estimates to con-
verge, resulting in the inability to reach the chosen safe-park point.
The dashed line (- -) and solid line (—) represents the state estimates
and state trajectories for the case when a safe-park point S; is cho-
sen after waiting for the convergence of the state estimates (utilizing
Theorem 3.3), guaranteeing stabilization at the safe-park point and
subsequent resumption of nominal operation upon fault-recovery.

Evolution of the closed—loop state (a-b) and input (c-d) profiles for the
CSTR example with limited availability of state measurements. Fault
occurs at 0.05 min and is rectified at 2 min. The dashed—dot line (-
.) and dotted line (...) represents the state estimates and state tra-
jectories for the case when a safe-park point S; is immediately chosen,
without waiting for the state estimates to converge, resulting in the
inability to reach the chosen safe-park point. The dashed line (- -)
and solid line (—) represents the state estimates and state trajecto-
ries (see the insets in (a) and (b) illustrating the convergence of the
state estimates) for the case when a safe-park point S; is chosen after
waiting for the convergence of the state estimates (utilizing Theorem
3.4), guaranteeing stabilization at the safe-park point and subsequent

resumption of nominal operation upon fault-recovery. . . .. .. ..

X1xX

95



3.6

3.7

4.1

4.2
4.3

Evolution of the state (solid lines) and state estimates profiles (dashed
lines) for the styrene polymerization process. Fault occurs at 83.3 min
and is rectified at 150 min. The nominal equilibrium point N and the
safe-park point S are denoted by the markers x and o, respectively.

The input profiles for the styrene polymerization process. Fault occurs
at 83.3 min and is rectified at 150 min. The nominal equilibrium point
N and the safe-park point S are denoted by the markers x and o,
respectively. . . . . . . . L L
Graphical illustration of requirements of Theorem 4.2 showing (a) con-
straints on inputs of downstream unit (k + 1** unit), and (b) the cor-
responding set Dy and stability region (€ ,)of nominal equilibrium
point of faulty unit (k** unit). The set Dy represents the allowable
values of equilibrium points for the k** unit, such that with allowable
values of the inputs in the k£ + 1** unit, the nominal equilibrium point
continues to be an equilibrium point for the k& + 1% unit. . . . . . .
Schematic of the process with two chemical reactors. . . . . ... ..
Stability region for nominal equilibrium point (£2;,), the set D; and
candidate safe-park points (O) for fail-safe value of ()15 for CSTR-
1. z1,5 and x5, are two representative candidate safe-park points
where 1 .5, satisfies both the requirements of Theorem 4.2, allowing
nominal operation in the downstream unit, while z; .5, satisfies the

requirements for the safe-parking of an isolated unit. . . . . .. ...

98

99



4.4

4.5

4.6

4.7

Evolution of the closed-loop state profiles of CSTR-1 (a,b) and CSTR-
2 (c,d) for the simulation example. Fault occurs at 1 hr and is rectified
at 9 hr. Dotted lines (- - -) indicate the case when z; ¢, (an acceptable
safe-park point for the isolated unit) is chosen as the safe-park point for
CSTR-1 (resulting in inability to maintain nominal operation in CSTR-
2) while the solid lines (—) show the case when z; 4y, is chosen using the
proposed framework as the safe-park point for CSTR-1 (which allows
nominal operation in CSTR-2). . . . ... .. ... ... .......
Input profiles for CSTR-1 (a,b) and CSTR-2 (c,d) in the simulation
example. Fault occurs at 1 hr and is rectified at 9 hr. Dotted lines
(---) indicate the case when x4, is chosen as the safe-park point for
CSTR-1 while the solid lines (—) show the case when z; ¢, is chosen
as the safe-park point for CSTR-1. . . . ... ... ... ... ....
Stability region for nominal equilibrium point (€ ,), the set D; and
candidate safe-park points (O) for failure value of C4o for CSTR-1.
It can be seen that none of the candidate safe-park point satisfies the
conditions in Theorem 4.2, thereby requiring simultaneous safe-parking
of the units using Theorem 4.3. . . . . . . . .. ... ... ......
Evolution of the closed—-loop state profiles of CSTR-1 (a,b) and CSTR-
2 (c,d). Fault occurs at 1 hr and is rectified at 9 hr. Dotted lines
(---) indicate the case when disturbance is considered as unmeasured
while the solid lines (-—) show the case when disturbance information
is passed to the predictive controller of CSTR-2 resulting in improved

performance. . . . . . ...

xxi



4.8

5.1

5.2

5.3

5.4

Input profiles for CSTR-1 (a,b) and CSTR-2 (c,d). Fault occurs at 1
hr and is rectified at 9 hr. Dotted lines (---) indicate the case when
disturbance is considered as unmeasured while the solid lines (—) show
the case when disturbance information is passed to the predictive con-
troller of CSTR-2. . . . . . . . . . .. .. . ... ...
Schematic of the Living Nitroxide-Mediated Radical Polymerization
Teactor. . . . . . . . L. e
State profile evolution (solid lines) for the stabilization of the styrene
polymerization process from a cold startup to the desired unstable
equilibrium point (a) Monomer concentration (M), (b) Reactor Tem-
perature (T), and (c) Jacket Temperature (7). The dotted lines denote
the desired steady-state values. . . . . ... ... ... .. ......
Input profile for the stabilization of the styrene polymerization process
from a cold startup to the desired unstable equilibrium point (a) Inlet

monomer flowrate (@), and (b) Jacket cooling water flowrate (Q).

The dotted lines denote the nominal values of the manipulated inputs.

Lyapunov function evolution for the stabilization of the styrene poly-
merization reactor process from a cold startup to the desired unstable

equilibrium point. . . . . . . ... L

xxil

140

150

160

160



5.5

5.6

(a) Monomer concentration (M) (b) Reactor Temperature (T'), and the
(c) Jacket Temperature (7)) for living chain styrene polymerization
reactor. Fault occurs at 5 min and is rectified at 75 min. Dashed
lines (- -) show the state profile when the controller tries to maintain
nominal operation despite fault in one of the monomer streams and the
solid lines (—) show the state profile for the case when the safe-parking
framework is implemented. . . . .. ... ... ... L.
(a) Inlet monomer flowrate (Q), and (b) Jacket cooling water flowrate
(Q.) for the living chain styrene polymerization reactor. Fault occurs
at 5 min and is rectified at 75 min. Dashed lines (- -) show the input
profile when the controller tries to maintain nominal operation despite

fault in inlet concentration stream and the solid lines (—) show the in-

put profile for the case when the safe-parking framework is implemented. 169

xxiii



List of Tables

2.2
2.3
2.4

2.5

3.1
4.1

5.1
5.2
3.3
5.4
3.5

Styrene polymerization parameter values and units. . . . .. .. ..
Chemical reactor parameters and steady—state values. . . . . . .. ..
Safe-parking cost estimates for the illustrative CSTR example of Sec-
tion 2.3.4. . . . L
Safe-parking cost estimates for the styrene polymerization process of
Section 2.4. . . . . . L
Chemical reactor parameters and steady—state values. . . . . . . . ..

Process Parameters and Steady-State Values for the Chemical Reactors

NRMP living polymerization kinetic information . . . . . . .. .. ..
Design parameters and thermodynamic information . . . . . . .. ..
Candidate safe-park points . . . . . . .. .. ... ... ... .. ..
Values of state variable corresponding to nominal equilibrium point,
safe-park point and the equilibrium point where process settles in ab-

sence of safe-parking framework . . . . . . ... ... ... ...

xXxiv

30
44

49

93
83

132
151
152
152
168

168



Blank Page



List of Symbols

Latin Letters

Ca
Cr
Ch
Cry

Chuy

Jtr

Concentrations of A in reactor
Concentrations of the initiator in reactor
Concentrations of the monomer in reactor
Inlet concentrations of the initiator stream
Inlet concentrations of the monomer
stream

Coolant flowrate

Monomer flowrate

Performance index for Model Predictive
Controller

Cost associated with resuming nominal op-
eration

Cost associated with operating at the safe-
park point

Cost associated with transitioning to the

safe-park point

Xxvi

kmol/m?3
kmol/m?
kmol/m3
kmol/m3

kmol/m?3

L/s
L/s



T

t
T fault

recovery
T

Control action calculated by bounded con-
troller

Lie Derivative of a scalar function V(x)
with respect to vector function f(x)
Matrix in quadratic Lyapunov function,
V =zTPz

Heat added or removed from reactor
Positive semi-definite symmetric weighting
matrix for process states

Positive semi-definite symmetric weighting
matrix for inputs

Prediction horizon for Model Predictive
Controller

Temperature in reactor

Time

Time when fault occurs

Time when fault is repaired

Temperature in reactor

Inlet temperature of coolant stream
Temperature in coolant jacket

Temperature of the inlet stream

XxXVvii

kJ/s

°K
min or hr
min or hr
min or hr
°K
°K
°K
°K



umaz

Umin

Time required to return to a sufficiently
close neighborhood of the nominal oper-
ating point starting from safe-park point
after fault recovery

Time required to go to a sufficiently close
neighborhood of the safe-park point from
the nominal operating point in failure sce-
nario

Manipulated variables

Control law designed for t* scenario to sta-
bilize process at operating point N
Maximum value that Manipulated variable
can assume

Minimum value that Manipulated variable
can assume

Control Lyapunov function

Volume of reactor

Process states

States at time, t = 0

Set of candidate safe-park points

Safe-park point

xxviil

min or hr

min or hr



Greek Letters

AH Heat of reaction kJ /kmol
Q Stability region for Lyapunov based Model

Predictive Controller

Qe Stability region for safe-park point z,

Qn Stability region for nominal operating
point N

IT State space region where control Lyapunov

function can be made to decrease

p Density kg/m?
p Specific Heat kJ/(kg °C)
E Activation energy constant in Arrhenius kJ /kmol
equation
R Gas constant kJ/(°C kmol)
! Transpose
) Uncertainty in process state evolution
Superscripts
I Variables associated with initiator stream
1 it" component of the vector

XXiX



M,m

max

MPC

tr

If o = 1 faulty free operation. If ¢ = 2
faulty operation

Variables associated with monomer stream
Upper bound on the variable

Lower bound on the variable

Variable associated with Model Predictive
Control law

Variables associated with resumption of
the nominal operation upon fault recovery
Variable value at steady state

Variables associated with solvent stream
Variables associated transition to the safe-

park point on occurrence of fault



Chapter 1

Introduction

Chemical process operation and control involves accounting for process complex-
ity (manifested as nonlinearities), operational issues (such as constraints and dis-
turbances), as well as eventualities, such as faults. Smooth operation of chemical
processes, therefore, relies on adequate design and maintenance, appropriate moni-
toring systems to detect and diagnose eventualities, and the presence of correcting
mechanisms that, having been ‘informed’ of an eventuality, prevent or minimize loss
of performance, shutdowns, or hazardous situations. The ubiquitous nature of faults,
and the extensive economic damage that results from faults (it is estimated that the
U.S. petrochemical industry looses an estimated $20 billion per year due to faults
Christofides et al. [2007]) has motivated extensive research on development of strate-
gies for handling faults.

The existing methods for handling faults assume availability of sufficient resid-
ual control effort or redundant control configurations to preserve operation at the

nominal equilibrium point, and can be categorized within the robust/reliable, and
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reconfiguration-based fault-tolerant control approaches. Robust/reliable control ap-
proaches (e.g., see Wang et al. [1999]) essentially rely on the robustness of the active
control configuration to handle faults as disturbances. Several faults, however, cause
significant erosion of the control effort in the active control configuration, and closed-
loop stability cannot be preserved by simply re-tuning the controller in the active
control configuration. If redundant control configurations are available, control-loop
reconfiguration (activating an appropriately chosen fall-back configuration) can be
implemented to preserve closed—loop stability at the nominal equilibrium point.

In determining the suitability of a backup control configuration, the presence
of constraints, nonlinearity and uncertainty, as well as the switched nature of the
closed-loop system (due to the switching between the control configurations) must
be accounted for. The extensive research on control of nonlinear and switched sys-
tems (see, e.g., Kravaris and Palanki [1988], Lin and Sontag [1991], Bequette [1991],
Muske and Rawlings [1993], Valluri and Soroush [1998], Kapoor and Daoutidis [2000],
Mayne et al. [2000], Dubljevic and Kazantzis [2002], Mhaskar et al. [2005], Huynh
and Kazantzis [2005], Mhaskar et al. [2006a], Christofides and El-Farra [2005]) has
made available a number of tools that can be utilized to this end. These include
Lyapunov-based nonlinear control designs (see, e.g., Lin and Sontag [1991], El-Farra
and Christofides [2003] for a review, see Bequette [1991], Christofides and El-Farra
[2005]) that provide an explicit characterization of the stability region in the presence
of constraints as well as model predictive control designs (see, for example, Mayne
and Michalska [1990], Muske and Rawlings [1993] and the survey paper, Mayne et al.
[2000]) that allow incorporation of performance considerations in the control design

and provide stability guarantees based on the assumption of initial feasibility of the
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optimization problem. Recently, model predictive controllers have been designed
(Mhaskar et al. {2005, 2006a]) that allow explicit characterization of the stability
region in the presence of constraints, without assuming initial feasibility of the opti-
mization problem. Several research efforts have also focused on the problem of control
of switched systems; see Mhaskar et al. [2005] for a recent result on a control design
that achieves stabilization while satisfying a prescribed switching schedule.

The control tools described above have been utilized within reconfiguration-based
fault-tolerant control structures focusing on closed—loop stability and performance,
while accounting for process nonlinearity and constraints (see, e.g., Mhaskar et al.
[2006b], Mhaskar [2006], Mhaskar et al. [2008]). Specifically, closed-loop stability is
preserved (having first detected and isolated the occurrence of a fault) via implement-
ing a backup control configuration chosen such that 1) the state at the time of the
failure resides in the stability region of the candidate backup control configuration and
2) the backup configuration does not use the failed control actuator. However, all the
reconfiguration-based fault-tolerant control designs of Mhaskar [2006], Mhaskar et al.
[2006b, 2008] assume the existence of a backup, redundant control configuration. The
scenario where a fault results in temporary loss of stability that cannot be handled by
redundant control loops has not been explicitly addressed. In the absence of a frame-
work for handling such faults, ad-hoc approaches could result in temporarily shutting
down the process which can have substantially negative economic ramifications.

Motivated by the above considerations, this thesis considers the problem of control
of nonlinear process systems subject to input constraints and destabilizing faults
in the control actuators. Specifically, faults are considered that cannot be handled

via robust control approaches or activation of redundant control configurations, and
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necessitate fault-rectification. In Chapter 2, a safe-parking framework is developed to
address the problem of determining how to run the process during fault-rectification
to enable smooth resumption of nominal operation. First Lyapunov-based model
predictive controllers, that allow for an explicit characterization of the stability region
subject to constraints on the manipulated input, are designed. The stability region
characterization is utilized in selecting ‘safe-park’ points from the safe-park candidates
(equilibrium points subject to failed actuators). Specifically, a candidate parking
point is termed a safe-park point if 1) the process state at the time of failure resides
in the stability region of the safe-park candidate (subject to depleted control action),
and 2) the safe-park candidate resides within the stability region of the nominal
control configuration. This safe-park point is chosen as a temporary operating point
where process is to be operated during fault rectification. This ensures that process
can be safely operated during fault rectification and the nominal operation can be
resumed upon fault recovery. When multiple candidate safe-park points are available,
performance considerations, such as ease of transition from and to the safe-park point
and cost of running the process at the safe-park point, are quantified and utilized in
choosing the optimal safe-park point. The proposed framework is illustrated using a
chemical reactor example and robustness with respect to parametric uncertainty and
disturbances is demonstrated on a styrene polymerization process.

The safe-parking framework proposed in Chapter 2 assumes availability of the
entire state information as well as precise process dynamics knowledge. Availability
of limited measurements and the presence of disturbances and uncertainty, however,
can destabilize even nominal operation and also invalidate the guarantees of safe-

parking and resumption of smooth operation upon fault-recovery. Motivated by the
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above considerations, Chapter 3 considers the problem of handhhg faults in control of
nonlinear process systems subject to input constraints, uncertainty and unavailabil-
ity of measurements. We first consider the presence of constraints and uncertainty
and develop a robust Lyapunov-based model predictive controller that enhances the
set of initial conditions from which closed-loop stability is achieved. The stability
region characterization provided by the robust predictive controller is subsequently
utilized in a safe-parking algorithm that appropriately selects ‘safe-park’ points from
the safe-park candidates (equilibrium points subject to failed actuators) to preserve
closed—loop stability upon fault recovery. Then we consider the problem of availability
of limited measurements. An output feedback Lyapunov-based model predictive con-
troller, utilizing an appropriately designed state observer (to estimate the unmeasured
states), is formulated and its stability region explicitly characterized. An algorithm
is then presented that accounts for the estimation errors in the implementation of
the safe-parking framework. The proposed framework is illustrated using a chemical
reactor example and demonstrated on a styrene polymerization process.

The safe-parking framework proposed in Chapter 2 and Chapter 3 considers faults
in isolated units, however, the opportunities and challenges that arise in a plant-wide
setting due to the connected nature of chemical processes via material, energy or
communication lines simply do not exist in an isolated unit. The results in Chapter 2
and Chapter 3 therefore cannot be applied to a plant-wide setting. In fact, a simple
application of the results in Chapter 2 and Chapter 3 to a multi-unit setting can
result in missed opportunities as well as inadequate safe-parking. In particular, when
safe-parking a unit in a plant, the fact that the outlets from the faulty unit goes

to another unit (where functioning manipulated inputs exist) can help in localizing
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the effect of the fault to the faulty unit, and preserving nominal operation in the
downstream plant. On the other hand, if the fact that a unit (when multiple units are
being safe-parked) receives altered (or non-nominal) outlet streams from an upstream
safe-parked unit is not accounted for, it can result in the inability to adequately safe-
park the unit in question. In particular, a change in operating condition of one unit
naturally acts as a disturbance to the downstream units and hence large changes
in operating conditions of one unit, while possibly enabling safe-parking of the unit
in question, can jeopardize the operation of the downstream units, and therefore of
the whole plant. This necessitates that the safe-park point for a unit in multi-unit
processes be chosen with adequate consideration of its effect on downstream units.
Motivated by the above considerations, Chapter 4 addresses the problem of han-
dling faults in the context of multi-unit processes. We consider a multi-unit nonlinear
process system subject to input constraints and actuator faults in one unit that pre-
clude the possibility of operating the unit at its nominal equilibrium point. We
first consider the case where there exists a safe-park point for the faulty unit such
that its effect can be completely rejected (via changing the nominal values of the
manipulated variables) in the downstream unit. Steady-state as well as dynamic con-
siderations (including the presence of input constraints) are used in determining the
necessary conditions for safe-parking the multi-unit system. We next consider the
problem where no viable safe-park point for the faulty unit exists such that its effect
can be completely rejected in the subsequent unit. A methodology is developed that
allows simultaneous safe-parking of the consecutive units. Finally, we incorporate per-
formance considerations in the safe-parking framework for the multi-unit processes.

Efficacy of the safe-parking framework for plant-wide setting is demonstrated using



Ph.D. Thesis - Rahul Gandhi McMaster - Chemical Engineering

simulations study on a multi-unit chemical reactor system.

Next, we demonstrate efficacy of proposed Lyapunov based Model Predictive Con-
troller and Safe-Parking framework on practical scale polymerization reactor model
to control the polymerization reactor at an unstable equilibrium point and to handle
faults that dont allow continuation of the nominal operation in the reactor. Poly-
merization processes are an important class of chemical processes. The plastic con-
sumption of the world was estimated to be around 200 million tons in 2000 (Rosato
et al. [2001]) and continues to grow at a substantial rate. Continuous polymeriza-
tion reactors are widely used to produce synthetic polymer products such as styrene.
The increasing demand for high quality polymers has given impetus to controller
designs that provide good control of the polymer product properties and minimize
off-spec product during the start-up and the grade transitions. As with most chem-
ical processes, polymerization reactors are characterized by the presence of process
nonlinearity, uncertainty and constraints. Over and above the inherent complexity of
the process, operation has to deal with eventualities such as equipment and control
algorithm faults, which, if not addressed in a timely manner, can lead to substantial
economic losses and safety hazards motivating significant research on fault-tolerant
control.

In Chapter 5, we address the problem of effective control of the styrene polymer-
ization reactor (where living Nitroxide-Mediated Radical Polymerization of styrene
takes place) at an unstable equilibrium point and also the problem of how to oper-
ate the reactor during fault-rectification for the faults that do not allow continuation
of nominal operation in the reactor. First we design a Lyapunov based predictive

controller for the styrene polymerization reactor in a way that allows for an explicit
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characterization of the set of initial conditions from where the reactor can be stabi-
lized. Then, we consider the problem of handling faults in the manipulated inputs.
We design and implement the safe-parking framework to choose a safe-park point
where the reactor can be operated during fault rectification. Upon fault recovery, the
process states are driven back to the nominal operation. This ensures safe-operation
and minimizes deviation from specs during fault rectification and smooth resump-
tion of nominal operation upon fault recovery. Finally, in Chapter 6 conclusions and

recommendations for future work is presented.
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Chapter 2

Safe-Parking of Nonlinear Process

Systems !

2.1 Introduction

A Fault Tolerant Control System (FTSC) aims to maintain some “acceptable” level
of performance of the system if possible or degrade gracefully on occurrence of
fault. Here graceful degradation means going to a suboptimal operating point or
to shutdown safely. The existing Fault Tolerant Control methodologies can be cat-
egorized within the robust/reliable, and reconfiguration-based fault-tolerant control
approaches. Robust/reliable control approaches (e.g., see Wang et al. [1999]) essen-
tially rely on the robustness of the active control configuration to handle faults as
disturbances. Several faults, however, cause significant erosion of the control effort

in the active control configuration, and closed-loop stability cannot be preserved by

TThe results in this chapter are published in “R. Gandhi and P. Mhaskar, Safe-parking of nonlinear
process systems, Comp. and Chem. Eng., 32:2113-2122, 2008”.
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simply re-tuning the controller in the active control configuration. If redundant con-
trol configurations are available, control-loop reconfiguration (activating an appro-
priately chosen fall-back configuration) can be implemented to preserve closed—loop
stability at the nominal equilibrium point. However, all existing methods for han-
dling faults, whether robust or reconfiguration based fault tolerant control approach,
assume availability of sufficient residual control effort or redundant control configu-
rations to preserve operation at the nominal equilibrium point. The scenario where
due to fault, the nominal operating point ceases to be an equilibrium point has not
been explicitly addressed. In the absence of a framework for handling such faults,
ad-hoc approaches could result in temporarily shutting down the process which can
have substantially negative economic ramifications.

Motivated by the above considerations, this chapter considers the problem of con-
trol of nonlinear process systems subject to input constraints and destabilizing faults
in the control actuators. Specifically, faults are considered that cannot be handled
via robust control approaches or activation of redundant control configurations, and
necessitate fault-rectification. A safe-parking framework is developed to address the
problem of determining how to run the process during fault-rectification to enable
smooth resumption of nominal operation.

The rest of the chapter is organized as follows: we first present, in Section 2.2.1, the
class of processes considered, followed by a styrene polymerization process in Section
2.2.7 and review a Lyapunov-based predictive controller in Section 2.2.6. The safe-
parking problem is formulated in Section 2.3.1, and safe-parking designs that address
stability and performance objectives are presented in Sections 2.3.2 and 2.3.3, respec-

tively. A chemical reactor example is used to illustrate the details of the safe-parking

14
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framework in Section 2.3.4 while application to the styrene polymerization process,
subject to parametric uncertainty and disturbances, is demonstrated in Section 2.4.

Finally, in Section 2.5 we summarize our results.

2.2 Preliminaries

In this section, we first describe the class of processes considered and then review
theory of nonlinear control systems, stability analysis of nonlinear controllers, Model
Predictive Controller and a Lyapunov-based model predictive control design. We also

present a polystyrene process example to motivate the proposed framework.

2.2.1 Process description

We consider nonlinear process systems subject to input constraints and failures de-

scribed by:

z(t) = f(z(t)) +G(z(t)us(t), u,(-)eU (2.1)

where € IR" denotes the vector of state variables, u,(t) € IR™ denotes the vector
of constrained manipulated inputs, taking values in a nonempty convex subset U of
R™, where U = {u € R™ : Upnin < U < Unazr}, Where Ui, Umez € IR™ denote
the constraints on the manipulated inputs, f(0) = 0 and o € {1,2} is a discrete
variable that indexes the fault-free and faulty operation (o = 1 denotes fault-free
operation and o = 2 denotes faulty operation). The vector functions f(x) and the
matrix G(z) = [g'(z)--- g™ (x)] where g*(z) € R", k = 1---m are assumed to be

sufficiently smooth on their domains of definition. The notation || - || refers to the
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weighted norm, defined by HxHQQ = 2'Qx for all z € R", where @ is a positive definite
symmetric matrix and z’ denotes the transpose of z. Throughout the chapter, we
assume that for any u € U the solution of the system of Eq.2.1 exists and is continuous
for all t, and in this chapter we focus on the state feedback problem where z(t) is

assumed to be available for all ¢.

2.2.2 Lyapunov function

The Lyapunov functions are scalar functions which can be used to prove the stability
of a certain fixed point in a dynamical system. The basic philosophy of the Lyapunov
function is to define a scalar function of the system states that captures the total
energy of a mechanical (or electrical) system which is continuously dissipated. If there
exists such a function then the system, whether linear or nonlinear, must eventually
settle down to an equilibrium point and thus system is stable. A Lyapunov function
gives sufficient condition for stability, asymptotic stability, and so on. In general,

stability analysis using the Lyapunov function is applicable to autonomous systems.

Control Lyapunov Function (CLF)

The Control Lyapunov Function (CLF) is a generalization of the concept of Lyapunov
function, and can be applied to system with exogenous inputs (u) to test whether the
system is feedback stabilizable, that is whether for any state z there exists a control
action u(z,t) such that the system can be brought to the zero by applying the control
law u(x,t). In other words, it says that for each point in state space (x), we can find
a control (u) that will reduce the “energy” (V(z)), and as a result the energy will

eventually go to zero, that is to bring the system to the origin.
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As with the Lyapunov function, there is no general procedure to find a control
Lyapunov function for any given system but, fortunately, there is a sizeable class
of systems for which the systematic construction of a CLF is possible (feedback lin-
earizable, strict feedback and feed-forward systems, etc., see Nevisti et al. [1999] for
details). Alternately, a local quadratic Control Lyapunov Function, V(z) = TPz
(valid in the region around the equilibrium point) can be constructed by solving the

following Riccati equation for P (Dorato et al. [2000]),

ATP 4+ PA—-PBBTP+Q=0 (2.2)
where A = dj; (;) lz=cegs B = deix) lz=z., and P and @ are positive definite matrices.

If P is a positive definite matrix then the control Lyapunov function V(z) = z7 Pz
can be constructed and this ensures that system is feedback stabilizable in the neigh-

borhood of the origin.

2.2.3 Stability region

The stability region (also referred as stability domain) for a nonlinear dynamical
systems is defined as a set of state space points from where the dynamical system can
be stabilized to the origin using the given control law and bounds on inputs. In this
work, we use the Lyapunov function based approach to estimate the stability region.

Let V : R® — IR be a (control) Lyapunov function for the system defined in
Eq.2.1. Further define a set

17
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Il ={z € R": Ju € U such that V(z,u) < 0} (2.3)

In other words, for all state space points in the set II there exists an admissible
control action such that the Lyapunov function can be made to decrease. Now let us
define a set €2 which is the biggest sub level set of the Lyapunov function such that

QCIL

Q = {zeR":V(z) <™} (2.4)

Having defined ), now consider any trajectory starting from an arbitrary point
xg € 1. If the control law for the nonlinear system is designed to choose a control
action such that V(z) < 0 (which is a feasible control law for any point z inside Q
from the definition of 1), then the trajectory remains inside € for all time and the
closed loop system is asymptotically stable (because V(z(t)) < 0 for t > 0 implies
that V(z(t + A)) < V(z(t)) < V(z(0)) < ¢™*). Thus, Q can act as a stability
region for any controller that forces continuous decrease in Lyapunov function i.e.
the controller can stabilize the system from any point inside 2 to the origin. The size
of the stability region depends on the constraints on the inputs and on the choice of

the Lyapunov function.

Stability region characterization

In this subsection, we describe computational details for characterizing the stability
region (€2). The goal is to estimate the biggest sub level set of the Lyapunov function
V(z) = ¢™¥*, Vz such that V(z) < ¢™*, we can find admissible input (u € U) so

that V(z,u) < 0. V(z,u) can be given as,
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V(e w) = 5 i = S (7)) + G@)u)
= L;V(z)+ LV (z)u(t) = LiV(z +ZL Viz (2.5)
Where L,V (z) = %f(a:(t)) and L,V (z) = %g(z(t}) The notation L ¢h denotes

the standard Lie derivative of a scalar function A(-) with respect to the vector function
f(-). For a given state space point z, it can be verified whether V(x,u) < 0 or not

by using following control law:

( )

W o LyV(z)<0
ut = 4 ufm-n , ngV(l‘)>0 > (26)

0 y LgiV(.T):O

\ J

The control law choses u* such that value of LV (z)u' term is the most negative,
thus giving most possible negative value of V (, u) for the given z and the constraints
on the inputs. In this work, a grid search technique is used to estimate the stability
region. All the dimensions of the state space are discretized in uniform intervals to
create a grid and then for all points on the grid, V(x, u) is evaluated using the control
law of Eq.2.6. If V(a:, u) < 0, then the state space point is included in the set II. For
two dimensional system, the a typical set II is shown in Fig.2.1 by the dotted region.

Once the set II is characterized, biggest level set of the Lyapunov function is
fitted inside the set 1I. For two dimensional case, this can be achieved through visual

inspection. The level sets of the Lyapunov functions are superimposed on the set II
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Figure 2.1: Tllustration of stability region characterization using grid search technique.
Dotted region represents the set II and the ellipse (€2) represents the biggest level set
of the Lyapunov function that fits inside the set II

to verify whether the level set is completely contained inside the set II or not. In
Fig.2.1, a biggest level set (§2) that is contained in the set II is shown. For systems
with more than two dimension, the visual inspection is not straight forwards and
more complex algorithms needs to be used. Aumi and Mhaskar [2009] uses multiple

projections of n dimensional ellipsoid on two dimension planes in the conjunction

with visual inspection to verify 2 C II.

2.2.4 Model Predictive Controller (MPC)

Model Predictive Controller (MPC) refers to a class of algorithms that computes a
sequence of manipulated variable adjustments in order to optimize the future behavior
of a plant (Qin and Badgwell [1998]). To achieve this, MPC can use various kind of
models to predict behavior of outputs i.e. first principle model, empirical model,
linear model, nonlinear model etc. and based on the type of model the MPC uses,

there are various types of MPC formulations available in the literature.
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Figure 2.2: Basic idea of Model Predictive Controller (MPC) (Figure taken from
Wikipedia article on “Model Predictive Controller”)

The basic idea of Model Predictive Controller is shown in Fig.2.2. It can be
seen that the manipulated variables have been adjusted in the past and so while
making prediction of the controlled output, the effect of this past manipulation, and
also the effect of disturbances, is considered. In Fig.2.2, predicted control input and
prediction of controlled output is shown. The task of the control algorithm is to
determine future adjustments to the manipulated variables that will make predicted
controlled variable to follow the reference trajectory as close as possible (by solving

the optimization problem of Eqgs.2.7-2.10).

ket
min Jfeul) = Z loli)low + Iu(@ln) + Viiak ) 27)
subject to: Process model (2.8)
z(i) € X, Vizk:k+p (2.9)
uw(i) e U, Vi=k:k+p (2.10)
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Model predictive controller solves the optimization problem of Eqs.2.7-2.10 ev-
ery instant and the first control move is implemented on the process system and
this process is repeated indefinitely. Here Ji(z,u(:)) is the MPC objective function,
V(z(k + p)) is terminal penalty function, X is a set of allowable values of process
states (z), U is the set of allowable values of inputs (u). The matrices Q,, and R,
are weightings and p is prediction horizon.

The major advantages of Model Predictive Controller over traditional multi-loop
PID control system is that it can automatically compensate for process interactions,
measurable load disturbances and difficult dynamics. It is also capable of handling
constraints on controlled variables, state variables and manipulated variables.

The research in the field of MPC is relatively mature with abundant theoretical
and practical results available for the stability and performance of MPC (Mayne et al.
[2000]). The performance and stability of MPC depends on various tuning param-
eters including R, @, prediction horizon (p), control horizon etc. Choice of optimal
tuning parameters to ensure both performance and stability is not straight forward
and no general guidelines are available, though many researchers have attempted to
solve this problem (see Al-ghazzawi et al. [2001] and references therein). Longer pre-
diction horizon generally improves the stability property of MPC but it also increases
computational cost for solving MPC optimization problem. Alternately, stability and
performance of controller can be decoupled by including explicit stability constraint in
the MPC optimization problem. Including stability constraints in optimization prob-
lem of Eqs.2.7-2.10 puts stability before performance and this strategy is not popular

in Linear MPC, but for nonlinear MPC (see Section 2.2.5), where longer prediction
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horizon to ensure stability can make problem intractable in real time, the stabil-
ity constraints are frequently used. There are various types of stability constraints

proposed in the literature and are discussed briefly in the next section.

2.2.5 Nonlinear Model Predictive Controller (NMPC)

In this section, we briefly discuss stability properties of Nonlinear Model Predictive
Controller that uses nonlinear process model of the form of Eq.2.1 to make the pre-
dictions.

The main challenge in nonlinear MPC is to guarantee closed loop stability and
performance with prediction horizon (p) as short as possible due to computational
reasons. Many researcher have proposed various NMPC formulations with different
forms of terminal penalty (Vy(z(k+p))) and stability constraints (also called terminal

constraints). Terminal constraints are usually in following form:
z(k +p) €Xy (2.11)

where Xy C R"™ is the set where process states are required to reside at end of
prediction horizon. Some of the NMPC formulations are reviewed below (see Nicolao

et al. [1999] for more details on stability of NMPC):

The Zero terminal constraint (Chen and Shaw [1982], Mayne and Michal-
ska [1990])

The idea here is to let Vy(z) = 0 and Xy = {0} i.e. z(t+p) = 0. For this controller the
stability region coincides with the controllability region (X¢(p)) and X¢(p) grows with

p, but increasing prediction horizon (p) has computational drawback. Zero terminal
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constraint MPC guarantees feasibility from any state inside X°(p).

Dual mode controller (Michalska and Mayne [1993])

This controller uses terminal constraint of z(t + p) € W, where W, denotes the sta-
bility region (output admissible set) of LQ controller (in other words W, is invariant
set for LQ controller) where « is a scalar parameter such that Wy D W, if o < o
and lim,—,0{0}. At time ¢ + p (when z(t + p) € W,,) the controller switches to linear

state feedback. The stability region XPM(p, o) grows with p and .

The Contractive constraints (Yang and Polak [1993])

Here the terminal constraint is defined as a contractive constraint of the type,

Xy ={=z(t+p)lllz(t+p)ll < alz@®)|}, @ €[0,1] (2.12)

Here a further constraint is also introduced to be satisfied at each time within the

optimization horizon,

lz(t +9)|| < Bllz@®)], 1 <i< N, e (1,00) (2.13)

Here o and 3 are design parameters.

Lyapunov terminal constraint

As name suggests, here the terminal constraint is defined in terms of Lyapunov func-

tion. It requires that control action be calculated such that the Lyapunov function
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decreases continuously,

V(z(t),u(t)) <0, t>0 (2.14)

There are many variants of the Lyapunov terminal constraints that differ from
implementation point of view, but the basic idea remain same. In this work, we will
use nonlinear model predictive controller that uses Lyapunov terminal constraint to

guarantee stability of closed loop system.

2.2.6 Lyapunov-based model predictive control

In this section, we briefly review a recent result on the design of a Lyapunov-based
predictive controller that uses the Lyapunov terminal constraints presented in previ-
ous section. In Section 2.2.3, we defined set €2 that can act as stability region for any
controller that forces continuous decrease in the Lyapunov function. A similar idea
is used here for designing a controller that possesses an explicitly characterized set of
initial conditions from where it is guaranteed to be feasible, and hence stabilizing in
the presence of input constraints.

Consider the system of Eq.2.1, for o(¢) = 1 (i.e., under no fault, where all the ma-

nipulated inputs can be changed via a feedback law), under the predictive controller
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(Mhaskar et al. [2005b]) of the form:

ui () = argmin{J(z, t,u(-))|u(") € S} (2.15)
st. &= f(x)+ G(x)u(t) (2.16)
V(g(r)) < =€ V7 e[t,t+A)if V(z(t) >d (2.17)
V(r) <& Vreltt+A) if V(z@®) <6 (2.18)

where S = S(¢,T) is the family of piecewise continuous functions (functions con-
tinuous from the right), with period A, mapping [t,t+ 7] into U and T is the horizon.
Eq.2.16 is the nonlinear model describing the time evolution of the state z, V is a
control Lyapunov function and &, €* are parameters to be determined. A control
u(-) in S is characterized by the sequence {u[j]} where u[j] := u(jA) and satisfies

u(t+7) =ulj] for all 7 € [t + jA,t 4+ (j + 1)A). The performance index is given by
t4+T
Tatat) = [ (et (saol, + luol] d (2.19)
t

where (), is a positive semi-definite symmetric matrix and R, is a strictly positive
definite symmetric matrix. z%(s;z,t) denotes the solution of Eq.2.1, due to control
u, with initial state z at time ¢. The minimizing control u[l] € S is then applied to
the plant over the interval [¢,¢ + A) and the procedure is repeated indefinitely.

For this Lyapunov based MPC, we characterize stability properties using a bounded
controller of the form (e.g., see Lin and Sontag [1991], El-Farra and Christofides
[2003]):

u(z) = —k(z)(LeV)(z) (2.20)
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= YOGV + el LV G’ oo
LV Y@IP |1+ /1 + e L6V @) |

when LgV(z) # 0 and k(z) = 0 when LgV (z) = 0 where L;V(z) = a‘g:(f)f(m),

LoV (z) = [Ly, V() -- Ly, V(x)]' and g;(z) is the i-th column of the matrix G(z).
For the controller of Eqs.2.20-2.21, one can show, that whenever the closed—loop

state, z, evolves within the region described by the set:
I = {zeR": LiV(z) <u™|(LeV) ()|} (2.22)

where ™™ > 0 is such that ||u|| < «"™ implies u € U, where ||(-)|| denotes the
Euclidean norm of a vector, then the control law satisfies the input constraints, and
the time-derivative of the Lyapunov function is negative-definite. Note that the set
IT defined in Section 2.2.3 is controller independent, but the set IT defined in Eq. 2.22
is specific to bounded control law of Eqgs. 2.20-2.21.

Similar to Section 2.2.3, an estimate of the stability region can be constructed

using the biggest level set of the Lyapunov function V(z),

Q = {zeR":V(z) <™} (2.23)

where ¢™** > 0 is the largest number for which 2 C II. Closed-loop stability and
feasibility properties of the closed—loop system under the Lyapunov—based predictive
controller are inherited from the bounded controller under discrete implementation

and are formalized in Theorem 2.1 below (for a proof, see Mhaskar et al. [2005b]).
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Theorem 2.1. (Mhaskar et al. [2005b]) Consider the constrained system of Eq.2.1
under the MPC law of Eqs.2.15-2.19. Then, given any d > 0, zo € §2, where Q) was
defined in Eq.2.23, there exist positive real numbers § , €*, A*, such that if A € (0, A,
then the optimization problem of Eq.2.15-2.19 is feasible for all times, z(t) € Q for

allt > 0 and limsup ||z(t)] < d.
t—00

Remark 2.1. The predictive controller formulation of Eqs. 2.15-2.19 requires that
the value of the Lyapunov function decrease during the first step only. Practical
stability of the closed—loop system is achieved since only the first move of the set of
calculated moves is implemented and the problem is re-solved at the next time step. If
the optimization problem is initially feasible and continues to be feasible, then every
control move that is implemented enforces a decay in the value of the Lyapunov
function, leading to stability. Furthermore, the constraint of Eq.2.17 is guaranteed
to be satisfied since the control action computed by the bounded controller design
provides a feasible initial guess to the optimization problem. Finally, since the state
is initialized in €2, which is a level set of V, the closed—loop system evolves so as to
stay within (2, thereby guaranteeing feasibility at future times. The key idea in the
predictive control design is to identify stability constraints that can a) be shown to
be feasible and b) upon being feasible can guarantee stability. Note that the model
predictive controller of Eqs. 2.15-2.19 is only used to illustrate the safe-parking
framework, and any other controller that provides an explicit characterization of the

closed—loop stability region can be used within the proposed framework.
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2.2.7 Motivating example

To motivate the safe-parking framework and to demonstrate an application of our
results, we introduce in this section a polystyrene polymerization process. To this
end, consider a model for a polystyrene polymerization process given in Hidalgo and

Brosilow {1990] (also studied in, e.g., Prasad et al. [2002])

(FCry — FCr)

C; = 7 — kqaCr
. F,.Cus — FC
Cy = ( M{/ Cn) — kp,CrCp
pr
. _ RT-T)  (-AH) ha
- k _ T_T,
T i + P »CnCp pch( )
. F.(T.;-T.) hA
- T
T Ve M chpch(T ‘)
CP — fdeJ
kd = Ade RT
-E, (2.24)
k, = ApeRT
_E,
ki = Age RT

where Cf, Crys, Car, Cury, refer to the concentrations of the initiator and monomer
in the reactor and inlet stream, respectively, T and T} refer to the reactor and inlet
stream temperatures and T, and 7. refer to the coolant jacket and inlet temperatures,
respectively. The manipulated inputs are the monomer (F},) and coolant (F,) flow
rates. As is the practice with the operation of the polystyrene polymerization process
(Hidalgo and Brosilow [1990]), the solvent flow rate is also changed in proportion to

the monomer flow rate. The values of the process parameters are given in Table 2.2.
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Table 2.2: Styrene polymerization parameter values and units.

I

I

I

I

I

I

I

I

I

I

I

0.3
1.05
1.275
2.625
1.31
0.5888
0.0480
9.975
2.3331
306.71

354.9205

294.85

316.2429

5.95 x 101
1.25 x 1010
1.06 x 108
14.897 x 103
8.43 x 102
3.557 x 103

0.6

—1.67 x 104

360
700
966.3
3.0
3.312

L/s
L/s
L/s
L/s
L/s
kmol/m
kmol/m

kmol/m
kmol/m?

3
3
3

—

AR AR

—

(m? - 5)

3

Q

-
~

AR AE D

kJ /kmol
kJ/(m3 - K)
3K -5)
kJ/(m? - K)

m3
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The control objective is to stabilize the reactor at the equilibrium point (C; =
0.067 Kmol/m?, Cp = 3.97 Kmol/m?, T = 303.55 K, T, = 297.95 K), corre-
sponding to the nominal values of the manipulated inputs of F, = 0.131 L/s and
F,, = 0.105 L/s. The manipulated inputs are constrained as 0 < F},, < 3.105 L/s and
0< F.<31L/s.

Consider the scenario where the valve manipulating the coolant flow rate fails and
reverts to the fail-safe position (fully open). With the coolant flow rate set to the
maximum, there simply does not exist an admissible value of the functioning ma-
nipulated input F,, such that the nominal equilibrium point remains an equilibrium
point for the process, precluding the possibility of continued operation at the nominal
equilibrium point. The key problem is to determine how to operate the process under
failure condition so that upon fault-recovery, nominal operation can be resumed effi-
ciently. We will demonstrate the application as well as investigate the robustness of
the proposed safe-parking framework via the styrene polymerization process in Sec-
tion 2.4, while illustrating the details of the proposed framework using an illustrative

chemical reactor in Section 2.3.4.

2.3 Safe-parking of nonlinear process systems

We first formalize the problem in Section 2.3.1, and present a safe-parking algorithm
focusing on closed-loop stability in Section 2.3.2. We then incorporate performance

considerations in the safe-parking framework in Section 2.3.3.
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2.3.1 Problem definition

We consider faults where one of the control actuators fails and reverts to the fail-
safe value. Examples of fail-safe positions include fully open for a valve controlling a
coolant flow rate, fully closed for a valve controlling a steam flow etc. (generalization
to the case where multiple actuators fail and get ‘stuck’ at non-nominal values is
discussed in Remark 2.4). Specifically, we characterize the fault occurring w.l.o.g., in
the first control actuator at a time 772 subsequently rectified at a time TTecovery
(ie., for t < TFeult and t > TTeovr¥ o(t) = 1 and o(t) = 2 for T/t < ¢ < Trecovery),
as u3(t) = Ulgiegs With uh < Upyeq < Uhg,, Where u' denotes the ith component
of a vector u, for all T/o4t < ¢ < TTe%v*"Y leaving only u, i = 2...m available for
feedback control. With uj(t) = w},;.4, there exists a (possibly connected) manifold
of equilibrium points where the process can be stabilized, which we denote as the
candidate safe-park set X, := {z. € R" : f(2) + G (Tc)Ufgiq + Doins G (Tc)uhy =
0, ut, <ub<u,,i=2,...,m} The safe-park candidates therefore represent
equilibrium points that the system can be stabilized at, subject to the failed actuator,
and with the other manipulated inputs within the allowable ranges. Note that if
u}ailed # 0, then it may happen that 0 ¢ X, i.e., if the failed actuator is frozen at
a non-nominal value, then it is possible that the process simply cannot be stabilized
at the nominal equilibrium point using the functioning control actuators. In other
words, if one of the manipulated input fails and reverts to a fail-safe position, it may
happen that no admissible combination of the functioning inputs exists for which
the nominal equilibrium point continues to be an equilibrium point. Maintaining the

functioning actuators at the nominal values may drive the process state to a point

from where it may not be possible to resume nominal operation upon fault-recovery,
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or even if possible, may not be ‘optimal’. We define the safe-parking problem as the
one of identifying safe-park points s € X, that allow efficient resumption of nominal

operation upon fault-recovery.

2.3.2 Safe-parking to resume nominal operation

In this section, we present a safe-parking framework and a controller that executes
safe-parking as well as resumption of nominal operation. To account for the presence
of constraints on the manipulated inputs, the key requirements for a safe-park point
include that the process state at the time of the failure resides in the stability region
for the safe-park point (so the process can be driven to the candidate safe-park point),
and that the safe-park point should reside in the stability region under nominal oper-
ation (so the process can be returned to nominal operation). These requirements are
formalized in Theorem 2.2 below. To this end, consider the system of Eq.2.1 for which
the first control actuator fails at a time T7%“* and is reactivated at time T7ecvery
and for which the stability region under nominal operation, denoted by (1,, has been
characterized using the predictive controller formulation of Eqs.2.15-2.19. Similarly,
for a candidate safe-park point z., we denote 2. as the stability region (computed a
priori) under the predictive controller of Eqs.2.15-2.19, and u, . as the control law
designed to stabilize at the candidate safe-park with v, being the nominal control

law.

Theorem 2.2. Consider the constrained system of Eq.2.1 under the MPC law of

Eqs.2.15-2.19. If z(T7*4) € Q. and Q. C Q,, then the switching rule
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( 3
Uy, , 0<t < Toult
U(t) — Usz, Tfault <t< Trecovery > (225)
Uy, , TTecovery <
\ /

guarantees that z(t) € 2, V¢ > 0 and limsup ||z(t)]| < d.

t—ro0
Proof of Theorem 2.2: We consider the two possible cases; first if no fault occurs
(TTeult = Trecovery — o), and second if a fault occurs at a time T/ < oo and is
recovered at a time Tfoult < Trecovery
Case 1: The absence of a fault implies u(t) = uy,, V¢t > 0. Since z(0) € ©,,, and the
nominal control configuration is implemented for all times, we have from Theorem
2.1 that z(t) € 2, Vt > 0 and liltnsup lz(®)]| < d.
Case 2: At time T/o% the con;o;l law designed to stabilize the process at z. is
activated and implemented till 77", Since z(T7*¥) € Q. C Q,, we have that
z(t) € Q, ¥V T/oult < ¢ < Trecovery At a time T7°V*™Y, we therefore also have that
g(Treeeveryy € ,. Subsequently, as with case 1, the nominal control configuration
is implemented for all time thereafter, we have that z(¢t) € Q, V t > Tre°v¥,  In
conclusion, we have that z(t) € Q, V¢ > 0 and liin sup ||z(¢)|] < d. This completes

=00

the proof of Theorem 2.2.

Remark 2.2. The statement of Theorem 2.2 requires that for a safe-park point,
the stability (and invariant) region be such that the process state at the time of the
failure resides in the stability region for the safe-park point so the process can be
driven to the point of safe-park with the depleted control action available. Note that

this characterization can be done off-line. Specifically, for a fail-safe position of an
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actuator, the entire set of candidate safe-park points X, can be computed off-line,
and also, for any given point in this set, the stability region subject to depleted
control action can also be computed off-line (as is done for the nominal equilibrium
point). The statement of the theorem also requires that the stability (and invariant)
region for a safe-park point be completely contained in the stability region under
nominal operation, so the state trajectory always stays within the stability region
under nominal operation. This requirement can be readily relaxed to only require that
the state at the time of the failure reside in the stability region of the safe-park point.
This will allow for the state trajectory to leave the stability region under nominal
operation, and it may happen that at the time of fault-recovery, the closed-loop state
trajectory does not reside in the stability region under nominal operation. However,
to preserve closed-loop stability upon fault-recovery, the control law utilizing depleted
control action may be continued up until the time that the state trajectory enters
the stability region under nominal operation (this is guaranteed to happen because
z. € §1,), after which the control law utilizing all the manipulated inputs can be

implemented to achieve closed-loop stability.

Remark 2.3. The key motivation, from a resumption of nominal operation stand
point, for safe-parking is as follows: in the absence of a safe-park framework, if the
control law still tries to utilize the available control action to preserve operation at
the nominal operating point, the active actuators may saturate and drive the process
state to a point starting from where resumption of nominal operation, even after
fault-recovery, may not be achievable. Note that if continued operation at nominal
operating point was possible either via the depleted control configuration or via con-

trol loop reconfiguration, then reconfiguration-based fault-tolerant control approaches
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(e.g., see Mhaskar [2006]) could be utilized. However, Theorem 2.2 addresses the
problem where a fault occurs that precludes operation at nominal operating point,
and provides an appropriately characterized safe-park point where the process can be

temporarily ‘parked’ until nominal operation can be resumed.

Remark 2.4. Note that the assumption that the failed actuator reverts to the fail-
safe position allows enumerating the possible fault situations for any given set of
manipulated inputs a-priori to determine the safe-park candidates and then pick
the appropriate safe-park point online (the condition z, € €, can be verified off-
line, however z(T/*) € Q. can only be verified online, upon fault-occurrence;
for further discussion on this point, see Remark 2.5). The assumption reflects the
practice wherein actuators have a built-in fail-safe position that they revert to upon
failure. The fail-safe positions are typically determined to minimize possibilities of
excursions to dangerous conditions such as high temperatures and pressures (setting
a coolant valve to fail to a fully open position, while setting a steam valve to fail to
a shut position). In the unlikely event that the actuators experience a mechanical
failure and are not able to revert to a fail-safe position, one can work with simplified
(albeit without guarantees) estimates of the stability regions that can be generated
much faster (and therefore computed online, upon fault-occurrence), to implement the
proposed safe-parking mechanism. Specifically, instead of stability regions estimated
by constructing invariant sets {2 within the set of initial conditions II for which the
Lyapunov-function can be made to decay, one can use the set II (which is much easier
to compute) to implement the proposed safe-park mechanism (see Section 2.4 for a
demonstration). Note also that while the statement of Theorem 2.2 considers faults

in one of the actuators, generalizations to multiple faults (simultaneous or otherwise)
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Actuator 1 fails
and goes to fail-
safe position

Figure 2.3: A schematic illustrating the safe-parking framework for a process with
two actuators. () denotes the stability region under nominal operation. Solid line
(—) shows the manifold of equilibrium points corresponding to the fail-safe value of
the first actuator, and admissible values of the second actuator. Arbitrarily choosing
a safe-park candidate (e.g., safe-parking candidate 2) does not guarantee resumption
of nominal operation upon fault-recovery (see dashed lines “- -”), while choosing safe-
park candidate 1 guarantees resumption of nominal operation upon fault-recovery
(see doted lines “ --”).

are possible, albeit involving the expected increase in off-line computational cost (due
to the necessity of determining the safe-park points for all combinations of the faults

in the control actuators).

Remark 2.5. The presence of constraints on the manipulated inputs limits the set
of initial conditions from where the process can be driven to a desired equilibrium
point. Control designs that allow an explicit characterization of their stability re-
gions, and their use in deciding the safe-park point is therefore critical in determining
the viability of a candidate safe-park point. Note also that while the schematic in

Fig.2.3 shows two dimensional representations of the stability region to enable visual
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verification of the presence of a candidate safe-park point in the stability region, the
visual representation is not necessary. Specifically, the presence of a point in the
stability region can be verified by evaluating the Lyapunov function value. Note that
while the proposed safe-parking framework assumes apriori knowledge of the fail-safe
positions of the actuators, it does not require a priori knowledge of the fault and
recovery times, and only provides appropriate switching logic that is executed when

and if a fault takes place and is subsequently rectified.

Remark 2.6. While the results in the present chapter are presented using the
Lyapunov-based MPC of Eqs.2.15-2.19, the use of this controller is not critical to
the implementation of the proposed safe-parking design. Any other control law that
provides an explicit characterization of the stability region subject to constraints can
be used instead to implement the proposed safe-parking framework. With respect to
the design of the Lyapunov-based predictive controller of Egs.2.15-2.19, we also note
that while the use of a control Lyapunov function provides a better estimate of the
stability region, even a quadratic Lyapunov function (chosen such that it is locally a
control Lyapunov function) can be used to generate (possibly conservative) estimates

of the stability region. For further discussion on this issue, see Mhaskar et al. [2005a).

Remark 2.7. Implicit in the implementation of the proposed safe-parking mechanism
is the assumption of the presence of fault-detection and isolation filters. Existing
results on the design of fault-detection filters include those that use past plant-data
and those that use fundamental process models. Statistical and pattern recognition
techniques for data analysis and interpretation (e.g., Rollins and Davis [1992], Davis
et al. [1999], Yoon and MacGregor [2001], Zhang et al. [2004]) use past plant-data to

construct indicators that identify deviations from normal operation to detect faults.
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The analytical approach to fault detection relies on the use of fundamental models
for the construction of residuals, that capture some measure of the difference between
normal and ‘faulty’ dynamics, to achieve fault detection, isolation and estimation.
The problem of using fundamental process models for the purpose of detecting faults
has been studied extensively in the context of linear systems (Massoumnia et al.
[1989], Frank [1990], Raich and Cinar [1995], Frank and Ding [1997], Mehranbod
et al. [2005]); and more recently, results in the context of nonlinear systems have
been derived (Saberi et al. [2000], DePersis and Isidori [2001], Mhaskar et al. [2008]).
The proposed safe-parking framework determines the necessary course of action after
a fault has been detected and isolated and can be readily integrated with any of the

existing fault-detection and isolation structures.

2.3.3 Incorporating performance considerations in safe-parking

In the previous section, the requirements for an equilibrium point to be denoted a
safe-park point was provided. A large set of equilibrium points may qualify as safe-
park points and satisfy the requirements in Theorem 2.2. In this section, we introduce
performance considerations in the eventual choice of the ‘optimal’ safe-park point. To
this end, consider again the system of Eq.2.1 for which the first control actuator fails
at a time T/%¥ and is reactivated at time 77¢%°**"¥  and for which the set of safe-
park points, z; € X, have been characterized. For a given safe-park point (one that

satisfies the requirements of Theorem 2.2), define the followings costs:

Tfa““—f-Ts
Jor =/ l [llz*(s; 2, )|z + llu(s)ll g2, ] ds (2.26)
Tfault

where @)y, and Ry, are positive definite matrices, the subscript ¢r signifying that this
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value captures the ‘cost’ associated with transitioning to the safe-park point, with
T, being the time required to go to a sufficiently close neighborhood of the safe-park
point. This cost can be estimated on-line, upon fault-occurrence, by running fast
simulations of the closed-loop system under the auxiliary controller of Eq.2.20 (for

further discussion on this issue, see Remark 2.8). Similarly, define

Js = fs(xsaus) (227)

where fs(zs, us) is an appropriately defined cost function and the subscript s denotes
that this value captures the ‘cost’ associated with operating at the safe-park point.
Unlike the cost in Eq.2.26, this cost does not involve an integration over time, and
can be determined off-line. The framework allows for inclusion of (possibly nonlin-
ear) costs associated with further unit operations that may have to be performed to
recover useful products from the process operating at the safe-park point (for further

discussion on this issue, see Remark 2.9). Finally, define

Trecovery+Tr
Jp = /T [”:c“(s;x, oz + ||u(s)||R3] ds (2.28)
recovery

where ()r and R, are positive definite matrices, with the subscript r signifying that
this value captures the ‘cost’ associated with resuming nominal operation, with T,
being the time required to return to a sufficiently close neighborhood of the nominal
operating point, and the integration performed with the safe-park point as the initial
condition. Again, this cost can be estimated off-line by running simulations of the
closed-loop system under the auxiliary controller of Eq.2.20. Consider now the safe-

park points zs;, € X,,1 =1,..., Ny where N, is the number of safe-park points to be
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evaluated for optimality and let J;,, = Jys + Joi + Jri, 1 = 1,..., N,.
Theorem 2.3. Consider the constrained system of Eq.2.1 under the MPC law of

Eqs.2.15-2.19. If z(T7*4) € Q,, and Q,, C Qn,, then the switching rule

Upp , 0< < Tfoutt

U(t) = u2’zs,o , Tfaultst<Trecovery > (229)

i

L Uln Trecovery <t

guarantees that z(t) € Q,, Vt > 0 and limsup ||z(t)|| < d. Hereo € {1,...N,} =
t—o0

arg Ami}r\} Jz,; and Qs , is stability region of the optimal safe-park point z,,

1=1,N,
Proof of Theorem 2.3: Any z,, chosen according to Theorem 2.3 satisfies the
requirements of Theorem 2.2. The stability results follow from the proof of Theorem

2.2.

Remark 2.8. Note that the cost of transitioning to the safe-park point J;, can be es-
timated using the auxiliary controller of Eq.2.20 since the auxiliary controller achieves
decay of the same Lyapunov function as that used in the predictive controller design.
This cost has to be estimated on-line, because it depends on the process state at
which the failure occurs (in the special case that faults occur after the process has
been stabilized at the nominal operating points, this cost can also be computed off-
line; see Section 2.4 for a demonstration). In contrast, the cost incurred in resuming
nominal operation from the safe-park point can be computed off-line. Such a com-
putation can be done by running simulations under the predictive controller to get a

more accurate estimate of the ‘cost’. Additional terms in J;. and J; can be readily
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included to cater to the specific process under consideration. Furthermore, the contri-
bution of the cost J, to the total cost can be appropriately scaled utilizing reasonable
estimates of fault-rectification times. Specifically, if the malfunctioned actuator is
known to require significant time to be rectified, then this cost can be ‘weighed’ more
to recognize the fact that the process will deliver substantial amount of product cor-
responding to the safe-park point under consideration. If, on the other hand, it is
known that the fault can be rectified soon, then the cost involving the resumption to
nominal operation J;., or alternatively, the time required to resume nominal operation

can be given increased weight.

Remark 2.9. For the ‘product’ being generated during safe-parking, further unit
operations may be required, ranging from simple scparations to further processing,
all of which may have associated costs. Possible loss of revenue during safe-park
can be incorporated in the estimate J,. If the process is connected to further units
downstream, then increased utility costs associated with downstream processing can
also be accounted for in this cost. Finally, we note that the costs outlined here are
only some of the representative costs, and the framework allows for incorporating

costs/revenues that may be specific to the process under consideration.

Remark 2.10. Note that while the set of safe-parking points (satisfying the re-
quirements of Theorem 2.2) could be a continuous manifold of equilibrium points,
safe-parking points to be evaluated for optimality can be picked by discretizing the
manifold. The minimization in determining the optimal safe-park point can then be
carried out by a simple procedure of comparison of the cost estimates associated with
the finite number of safe-parking candidates. Choosing a finer discretization in eval-

uating the safe-parking candidates could possibly yield improved closed-loop costs,
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however, the approximations involved in the cost estimation (the cost of going to and
returning from the safe-parking points are only approximately estimated using the
auxiliary controller of Eq.2.20) could offset the benefits out of the finer discretization.
Therefore, a balance has to be struck in picking the number of safe-parking points
that will be evaluated for optimality that trades off the increased computational com-
plexity, the approximations in cost estimation, and the improved performance derived

out of the finer discretization.

2.3.4 Illustrative simulation example

We illustrate in this section the proposed safe-park framework via a continuous stirred
tank reactor (CSTR). To this end, consider a CSTR where an irreversible, first-order
exothermic reaction of the form A 2 B takes place. The mathematical model for the

process takes the form:

-F
Ch = "_/‘(CAO—CA)_ICQGRTRCA
_E (2.30)
. F —AH T
Tp = (Tao—Tr)+ (——)koeRTR Ca+ '
|% pCp pcyV

where C4 denotes the concentration of the species A, Tg denotes the temperature
of the reactor, Q is the heat added to/removed from the reactor, V is the volume
of the reactor, kg, E, AH are the pre-exponential constant, the activation energy,
and the enthalpy of the reaction and ¢, and p are the heat capacity and fluid density
in the reactor. The values of all process parameters can be found in Table 2.3.
The control objective is to stabilize the reactor at the unstable equilibrium point

(Cs, T5) = (0.447 Kmol/m?3, 393 K). Manipulated variables are the rate of heat
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input/removal, (), and change in inlet concentration of species A, AC 49 = Cag—Clao,,
with constraints: |Q] < 32 KJ/s and 0 < Cyo < 2 Kmol/m>. The heat input/removal
@ consists of heating stream (); and cooling stream (Q, with the constraints on each
as, 0 KJ/s < @Q; < 32KJ/s and —32 KJ/s < Q3 < 0 KJ/s. The nominal operating
point (N) corresponds to steady state values of the inputs C49 = 0.73 Kmol/m?® and
Q@ =10KlJ/s.

Table 2.3: Chemical reactor parameters and steady—state values.

1% = 0.1 m?

R = 8314 KJ/(Kmol - K)
Cao, = 0.73 Kmol/m?
Ty, = 310.0 K

Qs = 100 KJ/sec

AH = -478x10* KJ/Kmol
ko = T72x10° min~!

E = 8314x10* KJ/Kmol
oA = 0.239 KJ/(Kg - K)
p = 1000.0 Kg/m?

F = 100 x 107 m?®/min

Trs = 393 K

Cus = 0.447 Kmol /m?

For stabilizing the process at the nominal equilibrium point, the Lyapunov based

MPC of Section 2.2.6 is designed using a quadratic control Lyapunov function of the

432 0
form V = zTPz. The matix P = is generated by solving Riccati
0 0.004
1 1 x 1072
equation of Eq. 2.2 with Q = and making off-diagonal entries

1x1072 1x10°8

zero. The stability region is cstimated using grid search technique as described in

Section 2.2.3 with grid interval of 0.6 °C and 0.004 Kmol/m®. The stability region
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is denoted by € in Fig.2.4. We consider the problem of designing a safe-parking
framework to handle temporary faults in the heating valve (resulting in a fail-safe
value of @; = 0). The nominal operating point corresponds to Qs = 10 KJ/s,
and no value of the functioning manipulated inputs —32 KJ/s < @, < 0 KJ/s and
0 < Cao < 2 Kmol/m? exists such that the nominal equilibrium point continues to
be an equilibrium point of the process subject to the fault. For Q; = —14.7 KJ/s,
Cap = 1.33 Kmol/m?® and @, = —4 KJ/s, Csp = 1.27 Kmol/m3, the corresponding
equilibrium points are S; = (1.05 Kmol/m?, 396 K) and S, = (0.93 Kmol/m?, 393 K),

which we denote as safe-park candidates. For each of these safe-park candidates, we

1256 0
also design Lyapunov based MPC of Section 2.2.6 using P = for S;
0 0.049
1232 0
and P = for S;. The matrices in the objective function (Eq. 2.19),
0 0.026
72.72 0 640
are chosen as @, = and R, = . Prediction and control

0 1 0 0.67

horizons of 0.10 min and 0.02 min, respectively, are used in implementing the predic-
tive controller. It should be noted that as the stability of closed loop process system
is guaranteed by use of the stability constraint in the controller formulations, short
prediction horizon are chosen to reduce on-line computational requirements. The dis-
cretized version of the stability constraint of the form V(z(t + A)) < 0.99V(z(t)) is
incorporated in the optimization problem.

Consider a scenario where the process starts from O = (1.25 Kmol/m3, 385 K)
and the predictive controller drives the process toward the nominal operating point,

N = (0.447 Kmol/m3, 393 K). At ¢ = 0.16 min, when the process state is at
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Figure 2.4: Evolution of closed-loop states for the CSTR example. Dashed line (-
-) indicates the case when a safe-park point S; is arbitrarily chosen (resulting in
the inability to resume nominal operation upon fault-recovery) while the solid linc
(—) indicates the case when S, is chosen according to Theorem 2.2, guaranteeing
resumption of nominal operation upon fault-recovery. The dash-dotted lines show
the closed-loop response when optimality considerations are included in the choice of
the safe-park point and S; is chosen.

F = (0.9975 Kmol/m?, 394.02 K), the heating valve fails, and reverts to the fail-
safe position (completely shut) resulting in @y = 0 KJ/s. This restricts the heat
input/removal to —32 KJ/s < Q < 0 KJ/s instead of —32 KJ/s < Q <32 KJ/s. A
discrete manifold of available candidate safe-park points is generated by solving steady
state system equations for allowable values of manipulated variables in faulty scenario.
A grid of manipulated variables with intcrval of 0.0667 Kmol/m3 and 0.1 KJ /s is used
to generate the manifold of available candidate safe-park points. We first consider
the case where the safc-park candidate S; is arbitrarily chosen as the safe-park point,
and the process is stabilized at S; until the fault is rectified. At ¢ = 8.0 min, the fault
is rectified, however, we see that even after fault-recovery, nominal operation cannot
be resumed (see dashed lines in Fig.2.4). This happens because S; lies outside the

stability region under nominal operation. In contrast, if Sy is chosen as the safe-park

point, we see that the process can be successfully driven to S, with limited control
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action as well as it can be successfully driven back to N after fault-recovery (sce solid
lines in Fig.2.4). The state and input profiles are shown in Fig.2.5. In summary,
the simulation scenario illustrates the necessity to account for the presence of input

constraints (characterized via the stability region) in the choice of the safe-park point.
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Figure 2.5: Evolution of the closed-loop state (a-b) and input (c-d) profiles for the
CSTR example. Fault occurs at 0.16 min and is rectified at 8.0 min. Dashed lincs (-
-) indicate the case when a safe-park point S; is arbitrarily chosen (resulting in the
inability to resume nominal operation upon fault-recovery) while the solid lines (—)
show the case when S, is chosen according to Theorem 2.2, guaranteeing resumption
of nominal operation upon fault-recovery. The dash-dotted lines show the closed—loop
response when optimality considerations are included in the choice of the safe-park

point and Sj3 is chosen.

Next, we demonstrate the incorporation of performance criterion in selecting the

safe-park point. To this end, we consider another point S3 (corresponding to Q, =
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—14.6 KJ/s, Cyp = 1.53 Kmol/m?), which is also inside the stability region of N,
and is thereby also a viable safe-park point (i.e., cither of S, or S3 can be chosen
as safe-park point from stability perspective). Using the approach in Section 2.3.3,

the cost associated with operating at the two safe-park points is calculated utilizing

f@s,us) = ]

@2 + ||uss||rz and the weighting matrices in Eqs. (2.26)-(2.28) are
727 0 064 0

chosen as Qi = Q, = Q, = and R;, = R, = R, = . At
0 10 0 0.04

the time of the failure, the auxiliary controller of Eq.2.20 is used to estimate Ji,
and J,, which are divided by T, and 7, to determine Jy,fe—parking = —‘;i—s' + J, + %
Note that the fact that transition costs are divided by transition times implies that
the computation of Jsgfe—parking does not require prior information about the time
of fault recovery. We also note that while in this illustrative simulation example,
we only use two safe-park points for the purpose of illustration, the cost comparison
can be carried out over a larger number of safe-park points (see the styrenc process
in Section 2.4). As the failure in the first actuator occurs when process is at point
O (which is not the nominal opcrating point), the choice of optimal safe-park point
nceds to be made on-line. To reduce online compuational requirement for calculating
cost Jsqfe—parking, We use the bounded controller get rough estimate for Jyofe—parking-
Table 2.4 shows the objective function valuc for the safe-park points calculated using
the auxiliary controller. As can be seen from the table, the cost estimate for Sz is
significantly lower than for S,, indicating that S3 is a better choice for safe-parking
the process. Subsequently, if S3 is chosen as the safe-park point, it yields a closed—
loop cost significantly lower than the closed—loop cost achieved when safe-parking the
process at Sy (the corresponding closed-loop state and input profiles are shown by

the dash-dotted lines in Figs.2.4-2.5).
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Table 2.4: Safe-parking cost cstimates for the illustrative CSTR example of Section
2.3.4.

Ca T Objective function = J;, + J, + J,
Estimated using Closed—loop
the bounded controller | process cost
Sy | 0.9346 | 393 2406 4072
S3 | 0.8107 | 391 1209 1105

2.4 Application to the styrene polymerization pro-
cess

In this section, we implement the proposed safe-parking framework on the styrene
polymerization process described in Section 2.2.7. To evaluate the robustness of
the proposed framework, we consider errors in the values of the parameters A4,, hA
and V, of magnitude 1%, 2% and 10%, respectively as well as sinusoidal distur-
bances in the initiator flowrate F; of magnitude 10% around the nominal values.
The control objective is to stabilize the process at the nominal equilibrium point
(Cr = 0.067 kmol/m3, Cp = 3.968 kmol/m3, T = 303.55 K, T. = 297.95 K), cor-
responding to the nominal values of the manipulated inputs of F, = 0.131 L/s and
F,, = 0.105 L/s, while handling a fault in the valve manipulating the coolant flow
rate.

For nominal operation, the predictive controller of Eqs.2.15-2.19 is designed us-

ing a quadratic control Lyapunov function of the form V(z) = z/Pz. The matix
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3662.2 89.43 -—-18.59 -—25.02

89.430 2953 -—0.628 —0.845
P = is gencrated by solving Riccati equation

—18.592 —-0.628 0.682 —0.036

L——25.023 —0.845 —0.036 2.002 |
of Eq. 2.2. In Section 2.3.4 we demonstrated the implementation of the safe-parking

framework where the fault occurs before the process is stabilized at the nominal equi-
librium point. In this section we consider faults that occur after the process has
been stabilized at the nominal equilibrium point. Determination of the safe-park
points and evaluation of the cost estimates for safe-park points can therefore be car-
ried out off-line. The nominal operating point for the process is a stable operating
point, and several safe-park points satisfy the requirements of Theorem 2.2 (guaran-
teeing resumption of nominal operation upon fault-rccovery). Ten safe-park points
are chosen to be evaluated for optimality and using the approach in Section 2.3.3,

the cost associated with each safe-park point is estimated using the cost function,

f(zs,us) = ||Uss|| Rz — gs Musea, where the first term represents the cost of the utilities,
while the second term represents the value of the product formed (via computing the
rate of consumption of the monomer). With such a formulation of the steady-state

cost, the safe-park points where the rate of product formation is more are preferred.

025 0
The weighting factors arc chosen as R, = and ¢; = 0.5. The weighting

0 0

matrices in Eqs.2.26-2.28 are chosen as diagonal matrices with the clements on the
diagonal as Qi = Q, = diag(1000, 1000, 10, 10) and R, = R, = diag(1, 1).

For the safe-park points, the costs are calculated using the auxiliary controller
of Eqs. 2.20-2.21 and tabulated in Table 2.5. Note that the cost is the minimum

for the nominal operating point (with J;,, = J. = 0), and out of the ten safe-park
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Figure 2.6: Evolution of the state profiles for the styrene polymerization process for
an arbitrarily chosen safe-park point (dashed lines) and under the proposed safe-park
mechanism (solid lines). Fault occurs at 33.3 min and is rectified at 300 min. The
nominal equilibrium point N and the safe-park points Ss and S; are denoted by the

markers %, o and +, respectively.
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Figure 2.7: The input profiles for the styrene polymerization process for an arbitrarily
chosen safe-park point (dashed lines) and under the proposed safe-park mechanism
(solid lines). Fault occurs at 33.3 min, resulting in the coolant flow rate being stuck
at the maximum value during this time, and is rectified at 300 min.
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points, point S5 (C; = 0.081 kmol/m?, Cj; = 3.863 kmol/m3, T = 301.75 K, T, =
295.01 K) yields the lowest cost and and is therefore picked as the optimal safe-
park point. Closed-loop simulations are shown for the case where a fault occurs
at 33.3 minutes and is rectified at 300 mins. We first consider a case when 5
(Cr = 0.430 kmol/m?, Cy = 1.165 kmol/m3, T = 297.37 K, T. = 294.91 K) is
picked as the safe-park point using the safe-parking framework (without considering
performance criteria) and the closed-loop trajectories and input profiles are shown
by the dashed line in Figs.2.6-2.7. Next, we use performance costs in Table 2.5 to
select the optimal safe-park point (i.e. Ss). The closed-loop trajectories and input
profiles are shown by the solid lines in Figs.2.6-2.7 when the safe-park point Ss is
picked. The closed—loop costs for the two points is also shown in Table 2.5. Once
again, even in the prescnce of uncertainty and disturbances, the closed-loop costs
follow the same trend as the estimates, yiclding a low cost for the ‘optimal’ safe park

point and demonstrating the robustness of the proposed safe-parking framework.

2.5 Conclusions

This chapter considered the problem of control of nonlinear process systems subject
to input constraints and faults in the control actuators. A safe-parking framework
was developed for handling faults that preclude the possibility of continued operating
at the nominal equilibrium point. First, Lyapunov-based model predictive controllers,
that allow for an explicit characterization of the stability region subject to constraints
on the manipulated input, were designed. The stability region was utilized in selecting
‘safe-park’ points from the safe-park candidates (equilibrium points subject to failed

actuators). Specifically, a candidate parking point was termed a safe-park point if
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Table 2.5: Safe-parking cost estimates for the styrene polymerization process of Scc-

tion 2.4.

C; Cu T T. Objective function = J;, + Js + J;
Bounded Closed-loop
controller process cost

N | 0.0673 | 3.9685 | 303.5564 | 297.9532 -11.272 -
S | 04298 | 1.165 | 297.3679 | 294.9115 -2.079 -2.144
Sy | 0.2068 | 2.8708 | 299.2592 | 294.9543 -8.282 -
S3 1 0.1362 | 3.4256 | 300.3554 | 294.9791 -9.407 -
Sy | 0.1015 | 3.6998 | 301.1423 | 294.9969 -9.692 -
Ss | 0.0809 | 3.8631 | 301.7465 | 295.0105 -9.734 -9.732
Se | 0.0673 | 3.9716 | 302.2279 | 295.0214 -9.655 -
S7 | 0.0576 | 4.0488 | 302.6216 | 295.0303 -9.530 -
Sg | 0.0503 | 4.1065 | 302.95 | 295.0378 -9.383 - -
Sg | 0.0447 | 4.1513 | 303.2285 | 295.0441 -9.227 -
Sio | 0.0402 | 4.1871 | 303.4676 | 295.0495 -9.069 -
S11 | 0.0365 | 4.2163 | 303.6754 | 295.0542 -8.912 -
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1) the process state at the time of failure resides in the stability region of the safe-
park candidate (subject to depleted control action), and 2) the safe-park candidate
resides within the stability region of the nominal control configuration. Performance
considerations, such as ease of transition from and to the safe-park point and cost
of running the process at the safe-park point, were then quantified and utilized in
choosing the optimal safe-park point. The proposed framework was illustrated using
a chemical reactor example and its robustness with respect to parametric uncertainty

and disturbances was demonstrated via a styrene polymerization process.
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Chapter 3

Safe-Parking of Nonlinear Process
Systems: Handling Uncertainty and

Unavailability of Measurements *

3.1 Introduction

In Chapter 2, a ‘safe-parking’ framework was developed that preserves process safety
and enables smooth resumption of nominal operation on fault recovery via identifying
appropriate ‘safe-park’ points where the process is stabilized during failure. The safe-
parking framework in Chapter 2 assumes availability of the entire state information as
well as precise process dynamics knowledge. However, in chemical process industries,
all state are rarely measured and dynamics of unit processes/operations is difficult
to model accurately. This requires that the control system design must account for

estimation error associated with state estimation and also the plant-model mismatch.

*The results in this chapter are published in “M. Mahmood, R. Gandhi and P. Mhaskar. Safe-
parking of nonlinear process systems: Handling uncertainty and unavailability of measurements.
Chem. Eng. Sci., 63:5434-5446, 2008”.

61



Ph.D. Thesis - Rahul Gandhi McMaster - Chemical Engineering

In addition to it, the control system also should be able to efficiently deal with pro-
cess disturbances and measurement noise, which are ubiquitous in process industries.
These requirements have motivated numecrous rescarch studies in the field of robust
predictive controller designs to handle uncertainties in plant models, disturbances
and measurement noise. Bemporad and Morari [1999] provides cxcellent survey on
various robust model predictive controller designs and Mayne ct al. [2000] analyzes
stability and optimality of robust predictive controller for linear systems. For non-
linear systems, the problem of robust MPC design is still an area of ongoing research
with significant number of research paper publishing every year (see, for example
Michalska and Mayne [1993], Sarimveis ct al. [1996], Magni et al. [2003], Wan and
Kothare [2003], Langson et al. [2004], Wang and Rawlings [2004], Sakizlis et al. [2004],
Mhaskar [2006], Mhaskar and Kennedy [2008], Mhaskar et al. [2007]). In robust pre-
dictive controllers, various design procedures achieve robust stability in two different
ways: indirectly by specifying the performance objective and uncertainty description
in such a way that the optimal control computation leads to robust stability; or di-
rectly by enforcing a type of robust contraction constraint which guarantees that the
state will shrink for all plants in the uncertainty set (Bemporad and Morari [1999]).
Several robust model predictive formulations utilize the “min-max” approach where
the manipulated variables are calculated by solving as optimization problem that re-
quires minimizing objective function over all possible realizations of the uncertainty.
Robust predictive formulation in Zheng and Morari [1993] achieves robust stability
by forcing the states to contract for all possible realization of uncertainties.

Lack of complete state measurements have also motivated plethora of research

papers in field of state estimation, with most of research focusing on linear systems.
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Since the optimal estimator gencrally is not available for the nonlinear systems, the
estimator for nonlinear systems are based on sub-optimal approaches (Henson and
Seborg [1997]). The high-gain observer proposed in Esfandiari and Khalil [1992]
guarantees asymptotic stability of closed loop system and provides a handle on the
decay rate of the estimation error by tuning observer gain (see Khalil [1992] for more
details on high-gain observer).

As mentioned earlier, the safe-parking framework of Chapter 2 assumed avail-
ability of the entire state information as well as precise process dynamics knowl-
edge. Availability of limited measurements and the presence of disturbances and
uncertainty, however, can destabilize even nominal operation and also invalidate the
guarantees of safe-parking and resumption of smooth operation upon fault-recovery.

Motivated by the above considerations, this chapter considers the problem of
handling faults in control of nonlinear process systems subject to input constraints,
uncertainty and unavailability of measurements. A framework is developed to handle
faults that preclude the possibility of continued operation at the nominal equilib-
rium point using robust or reconfiguration-based fault-tolerant control approaches.
The key consideration is to operate the plant using the depleted control at an ap-
propriate ‘safe-park’ point to prevent onset of hazardous situations as well as enable
smooth resumption of nominal operation upon fault-recovery. The rest of the chapter
is organized as follows: we first present, in Section 3.2.1, the class of processes con-
sidered, followed by a styrene polymerization process in Section 3.2.2 and formulate
the safe-parking problem in Section 3.2.4. In Section 3.3.1 we extend the results in
Mahmood and Mhaskar [2008] to develop a robust Lyapunov-based predictive con-

troller that enhances the set of initial conditions from where stabilization is achieved
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subject to uncertainty and present a safe-parking design that addresses the presence
of uncertainty in Section 3.3.2. The problem of availability of limited measurements
is handled in the control design in Section 3.4.1 and incorporated in the safe-parking
framework in Section 3.4.2. A chemical reactor example is used to illustrate the de-
tails of the safe-parking framework in Secctions 3.3.3 and 3.4.3 while application to
the styrene polymerization process is demonstrated in Section 3.5. Finally, in Section

3.6 we summarize our results.

3.2 Preliminaries

In this section, we describe the class of processes considered, present a polystyrene
process example to motivate the proposed framework and formalize the control prob-

lem.

3.2.1 Process description

We consider nonlinear process systems subject to input constraints and failures de-

scribed by:

z(t) = [fz(t) +Glx(®))us(t) + WO(2)

y(z(t))

where z € IR™ and y € IR™ denote the vector of state and measured output

(3.1)
h(z(t));us(-) € U,, 6 € ©

variables, u,(t) € IR™ denotes the vector of constrained manipulated inputs, taking
values in a nonempty convex subset U, of R™, where U, = {u € R™ : Ui, <

U < Umaz,, }, WHCTE Umin ) Umaz,, € IR™ denote the constraints on the manipulated
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inputs, 8(t) = [0*(t)---07(t)]F € © C RI where ® = {0 € RY : ,in < 0 < oz}
where 0., Omaz € IR denote the bounds on the vector of uncertain (possibly time-
varying) but bounded variables taking values in a nonempty compact convex subsect
of R, f(0) = 0 and o € {1,2} is a discrete variable that indexes the fault-free
(0 = 1) and faulty (o = 2) operation. The vector function f(z) and the matrices W,
G(z) = [¢'(z) - - - g™ ()] where g*(z) € R", ¢ = 1---m are assumed to be sufficiently
smooth on their domains of definition. Throughout the chapter, we assume that for

any u € U, the solution of the system of Eq.3.1 exists and is continuous for all £.

3.2.2 Motivating example

To motivate the safe-parking framework and to demonstrate an application of our
results, we introduce in this section a polystyrene polymerization process. To this
end, consider the following model for a polystyrene polymerization process given in
Hidalgo and Brosilow [1990] (also studied in, e.g., Prasad et al. [2002], Mahmood
and Mhaskar [2008] and Chapter 2, where it is used in the context of demonstrating
the stability properties of a new predictive controller design and the safe-parking

framework in the absence of uncertainty and availability of full state information)

(ECIf - ECI)

Cr = o — kaCi
: FCuys — F
Gy = EnCus = FCw) 40 o)
VP”'
: F(T;-T) (-AH hA
p - BI =T )kpCMCp—-—(T—Tc)
Vir PCp pcpV
: F(T;-T.) hA
T, T-T.
Ve * pccpch( )
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1
Cp = [Zﬂlijcjz

— L4
kg = Adeﬁ

-E, (3.2)
k, = A,eRT

—E,
k, = A,eRT

where C1, Cry, Cunr, Cuy, refer to the concentrations of the initiator and monomer
in the reactor and inlet stream, respectively, T and T refer to the reactor and inlet
strcam temperatures and 7.y and 7, refer to the coolant inlet and jacket tempera-
tures, respectively. The manipulated inputs are the monomer and coolant flow rates,
denoted by F,, and F., respectively. As is the practice with the operation of the
polystyrene polymerization process (Hidalgo and Brosilow [1990]), the solvent flow
rate is also changed in proportion to the monomer flow rate. The values of the
process parameters are given in Table 2.2. The control objective is to stabilize the
reactor at the equilibrium point (C; = 0.07 kmol/m3, Cy = 3.97 kmol/m?, T =
303.55 K, T. = 297.95 K), corresponding to thc nominal values of the manipulated
inputs of F, = 1.31 L/s and F,,, = 1.05 L/s. The manipulated inputs are constrained
as0< F, <3131 L/sand 0 < F,,, < 31.05 L/s.

Consider the scenaric where the valve manipulating the coolant flow rate fails and
reverts to the fail-safe position (fully open). With the coolant flow rate set to the
maximum, there simply does not exist an admissible valuc of the functioning ma-
nipulated input F,, such that the nominal equilibrium point remains an equilibrium
point for the process, precluding the possibility of continued operation at the nominal

equilibrium point (regardless of the choice of the control law). The key problem is
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to determine how to operate the process under failure conditions to maintain process
safety and, upon fault-recovery, efficient resumption of nominal operation. We will
demonstrate the application of the proposed safe-parking framework on the styrene
polymerization process subject to uncertainty and limited availability of (noisy) mca-
surements in Section 3.5, while illustrating the details of the proposed framework

using a chemical reactor in Sections 3.3.3 and 3.4.3.

3.2.3 High gain observer

Here we briefly review the theory of high gain observer that will be used in Section
3.4 for estimating unmeasured states. There is no general procedure for designing
state observer for nonlinear systems but some nonlinear systems, the design of such
observer could be an easy as in linear systems. Consider a two dimensional system

in the canonical form:

.’i’l = T2
j:2 = ¢($, U,)

For this system a high gain observer can be designed as,

.';71 = jg +h1(y — .’?71)

Ty = ¢o(Z,u) + holy — 1) (3.4)

where ¢,(x,u) is a nominal model of ¢(z,u). The dynamics of the estimation
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error can be written as,

él = —-h161 + e
é2 = —h261 + 5(.’1), 6) (35)
T z1 — I .
where z = , T = and 8(z,e) = ¢(z,u) — (%, u)
Io o — .’i‘g

If there is no model-plant mismatch term, i.e. é(z,e) = 0, then asymptotic con-

—h 1
vergence of estimate is achieved by choosing hy and hs such that A = is
—hy O

Hurwitz.

In presence of 6(z,u), it can be shown that by choosing hs < hy < 1, specifically
by taking h; = %, hy = %22 for some positive constant oy, as and € with ¢ < 1, the
effect of 8(z,u) on cstimation error diminishes. For example, if the system in Eq. 3.3

is sccond order, then the transfer function from 4 to e is given by,

1 1
—52 + hlS + h2

Go(s) .
s+

€ €

_ 3.6
(es)? + a1€5 + a2 (3.6)

s+ o

Thus lim.,0 G,(s) = 0. As mentioned carlier, reducing €, diminishes the effect
of 4 on estimation error but it should be noted that it also gives rise to peaking
phenomenon, where error (e) exhibits an impulsive like behavior where transient
peaks to O(1/¢) valuc before it decays rapidly towards zero (see Khalil [1992] for

more details on high-gain observer).
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3.2.4 Problem definition

We consider faults in the control actuators under the assumption that upon failure,
the actuator reverts to a fail-safe position. Examples of fail-safe positions include
fully open for a valve regulating a coolant flow rate, fully closed for a valve regulating
a steam flow etc. Specifically, we characterize the fault occurring w.l.o.g., in the first
control actuator at a time T7%%% subsequently rectified at a time TT****"¥ (i.e., for
t < T7out and t > Treevey g(t) = 1 and o(t) = 2 for T/oult < ¢ < Trecovery) ag
uy(t) = Ulgipeqr With Upin o < Utaueq < Uhgr o, Where u' denotes the ith component
of a vector u, for all T/out < t < TTevrY leaving only u, i = 2...m available for
feedback control. With u3(t) = .4, there exists a (possibly connected) manifold
of equilibrium points where the process can be stabilized, which we denote as the
candidate safe-park set X, := {z. € R™ : f(z.) + g"(Tc)ufgited + Doina 9 (T)Us =
0, ul,,, < ub <ul...i=2,...,m} The safe-park candidates therefore represent
possible equilibrium points (note that the subsequent results do not require the set
of equilibrium points to be connected), corresf)onding to the failed actuator stuck at
the fail-safe value, and acceptable values of the other manipulated inputs. Note that
if u}ailed # 0, then it may happen that 0 ¢ X, i.c., if the failed actuator is frozen at
a non-nominal value, then it is possible that the process simply cannot be stabilized
at the nominal equilibrium point using the functioning control actuators. In other
words, if one of the manipulated input fails and reverts to a fail-safe position, it may
happen that no admissible combination of the functioning inputs exists for which
the nominal equilibrium point continues to be an equilibrium point. Maintaining the
functioning actuators at the nominal values may result in the onset of hazardous or

undesirable process conditions or drive the process state to a point from where it
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may not be possible to resume nominal operation upon fault-recovery. We define the
safe-parking problem as the one of identifying safe-park points z, € X, that preserve
process safety and allow smooth resumption of nominal operation upon fault-recovery

subject to uncertainty and availability of limited measurements.

3.3 Safe-parking of nonlinear process systems: han-
dling uncertainty

The presence of uncertainty can invalidate the stability guarantees of the Lyapunov-
based predictive controller developed in Mahmood and Mhaskar [2008], as well as the
the safe-parking framework of Chapter 2. To handle uncertainty, we first develop a
robust predictive controller that provides an explicit characterization of the robust
stability region (without assuming initial feasibility and without resorting to min-max
computations), as well as enhances the set of initial conditions from where stabiliza-
tion is achieved in Section 3.3.1 and then present a safe-parking algorithm handling

uncertainty in Section 3.3.2.

3.3.1 Robust model predictive controller

In this section we present a robust predictive controller, for each mode of operation
(and drop the subscript o for case of notation) that allows an explicit characteriza-
tion of the feasibility and stability region and fully exploits the constraint handling
capabilities of the predictive control approach. Preparatory to the presentation of the

robust predictive controller for the system of Eq.3.1, we define the set (in line with
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the idea of Section 2.2.3):

N={zeR": LiV(z) + i Lyme=V (z)6" + i LG:ninV(l')Ui +pV(z) <0} (3.7)

i=1 i=1

where Lyme=V ()0 = L,V ()0, if Lw,V (z) < 0 and Lyme:V (2)0* = Lw,V ()6},

min?

mazx’

if Ly, V(z) > 0 and LG;an(x)ui = Lg,V(x)ui,,., if Lg,V(z) < 0and LgminV (z)u =
Lg,V(z)ui,,, if Lg,V(z) > 0 (for a discussion on the definition of the set II, see Sec-
tion 2.2.3 and Remark 3.1) and assume that Q := {z € R" : V(z) < ¢™**} C II for
some c™** > ( (sce Section 2.2.3 for more details). Consider now the receding horizon
implementation of the control action computed by solving an optimization problem

of the form:

umpc(z) = argmin{J(z,t,u(-))lu() € 5} (3.8)
st. & = f(z)+G(z)u (3.9)

LV (@)u < ~L;V(z) - é LyymasV (2)6° — pV (z) (3.10)
z(r) € IV T € [t,t+ A) (3.11)

where LgV = [LpV --- Ly V] is a row vector and p is a constant, S = S(t,T)
is the family of piecewise continuous functions (functions continuous from the right),
with period A, mapping [t,t + T] into U. Eq.3.9 is the ‘nominal’ nonlinear model

(without the uncertainty term) describing the time evolution of the state z. A control
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u(-) in S is characterized by the sequence {u[j]} where u[j] := u(jA) and satisfies

u(t) = ulj] for all £ € [jA, (5 + 1)A). The performance index is given by

Tatat) = [ e sa ol + fu)] ds (3.12)

where ) and R are positive semi-definite, and strictly positive definite, symmetric
matrices, respectively, and z*(s; z,t) denotes the solution of Eq.3.9, due to control u,
with initial state x at time £ and T is the specified horizon. The minimizing control
uSspc(-) € S is then applied to the plant over the interval [t, +A) and the procedure is
repeated indefinitely. Feasibility of the optimization problem and stability properties
of the closed-loop system under the predictive controller are formalized in Theorem

3.1 below.

Theorem 3.1. Consider the constrained system of FEq.3.1 under the MPC law of
FEqs.3.8-83.12. Then, given any positive real number d, there exists a positive real
number A* such that if A € (0, A*] and z(0) := xy € Q, then the optimization problem
of Eqs.3.8-3.12 is gquaranteed to be initially and successively feasible, z(t) € QVt > 0
and liItIi» sup ||z(t)|| < d. Furthermore, if zo € II\Q), then if the optimization problem

is successively feasible, then z(t) € IVt > 0 and limsup ||z(t)]| < d.
t—o0

Proof of Theorem 3.1: The proof of this theorem is divided in three parts. In
the first part we show for all g € 2, the optimization problem of Eqs.3.8-3.12 is
guaranteed to be initially feasible. We then show that there exists a A* such that if
A € (0, A*] then Q is invariant under receding horizon implementation of the pre-
dictive controller of Eqs.3.8-3.12 (implying that the optimization problem continues

to be feasible) and that the state trajectories converge to the desired neighborhood
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of the origin. Finally, in part 3, we show that the state trajectories, once they reach
the desired neighborhood of the origin, continue to stay in the neighborhood.

Part 1: Consider some zy € Q under receding horizon implementation of the pre-
dictive controller of Eqs.3.8-3.12, with a prediction horizon T'= NA, where A is the
hold time and 1 < N < oo is the number of the prediction steps. We first analyze the
constraint of Eq.3.10 for feasibility. Since € II and zy € 2, this implies that there
exists a u* € S such that LeV(z)u(t) < —L;V(x) — 1| Lwme=V (2)6" — pV (z).
Therefore, for all £(0) € Q, the solution comprising of u* as the first element followed
by N — 1 zeros is a feasible solution to constraint of Eq.3.10.

Part 2: Having shown initial feasibility of the optimization problem in Part 1, we
now show that the implementation of the control action computed by solving the
optimization problem of Eqs.3.8-3.12 guarantees that for a given d, if we pick a
sufficiently small A (i.e., there exists a A* such that if A € (0, A*]) Q is invariant under
the predictive control algorithm of Eqs.3.8-3.12 (this would guarantee subscquent
feasibility of the optimization problem due to part 1 above), and then that if the
optimization problem continues to be feasible, then practical stability (convergence
to a desired neighborhood of the origin) for the closed-loop system is achieved.

To this end, we first note that since V(-) is a continuous function of the state,
one can find a finite, positive real number, &', such that V(z) < § implies ||z| < d.
Now consider a “ring” close to the boundary of Q, described by M := {z € R :
(¢ —§) < V(z) < ™=}, for a 0 < § < ¢™®, with § to be determined later.
The initial feasibility of the constraint of Eq.3.10 implies that for all z(0) € Q and
16| < 6,
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V(z) = LjV+ LeVu+ LyVa(t
(z) ! G wVo(t) (3.13)
< —pV(z)
Furthermore, if the control action is held constant until a time A**, where A** is a

positive real number (u(t) = u(zg) := ug V t € [0, A**]) then, V ¢ € [0, A**],

V(z@) = LV(z(t) + LeV (z(t))uo + LwV (z(£))0(2)
= LiV(zo) + LeV (zo)uo + Lw V (20)0(0) + (LfV(z(t)) — LfV(x0))

+(LeV (z(t))uo — LaV (zo)uo) + LwV (z(t))0(t) — LwV (z0)8(0)
(3.14)

Since zg € M C Q,and 6 € ©, LV (zg)+ LaV (zo)up+ Lw V(z)0(0) < —pV (xq).
By definition, for all zy € M, V(zg) > ¢™** — 4, therefore LV (x) + LaV (xo)ug +
LV (z0)8(0) < —p(c™=—4). Since the function f(-) and the clements of the matrices
G(-), W(-) are continuous, |[u(t)|| < u™*, ||8(¢)]| < 6™** and M is bounded, then
one can find, for all z; € M and a fixed A**, a positive real number K!, such that
|z(2) — zo|| < K'A** for all £ < A™.

Since the functions LV (-), LeV (-), LwV (-) are lipschitz, then given that ||z(t) —
zo|| < K'A™, x5 € Q and ||6(t)]| < 8™, we have that one can find positive real num-
bers K2, K* and K* such that ||LfV (z(t)) — L;V (z0)|| < K3?K'A*, || LaV (z(t))ug -
LoV (zo)uo|| < K2K'A* and || LV (2(2))8(t) — LwV (20)0(0)]| < K*K'A**. Using

these inequalities in Eq.3.14, we gct

V(e(t)) < —p(c™= —38)+ (K'K? + K'K3 + K'K*)A* (3.15)

74



Ph.D. Thesis - Rahul Gandhi McMaster - Chemical Engineering

p(cmaz _ 5) — €
(K1K? + K1K3 + K1K*)

For a choice of A*™ < where € is a positive rcal number

such that

e < p(cm® —§) (3.16)

we get that V(z(t)) < —e < 0 for all t < A*. This implies that, given &,
if we pick § such that ¢™* — § < § and find a corresponding value of A** then
if the control action is computed for any £ € M, and the ‘hold’ time is less than
A**, we get that V remains negative during this time, and therefore the state of
the closed-loop system cannot escape 2 (since € is a level set of V). This in turn
implies successive feasibility of the optimization problem for all initial conditions in
M, and that for any initial condition, zg, such that § < V(zq) < ¢™** we have that
V(z(t + A)) < V(z(t)). All trajectories originating in , therefore converge to the
set defined by Qf := {z € R : V(z) < ¢™= — §}.
Part 3: We now show the existence of A" such that for all zg € Qf = {z € R™ :
V(zg) < ¢™® — §}, we have that z(A) € Q* = {zy € R* : V(zo) < §'}, where
§ < ™=, for any A € (0,A].

Consider A’ such that

§ = max V(z(t)) (3.17)

V(zo)<cme= —§, ueld, €8 te[0,A’]
Since V is a continuous function of z, and z evolves continuously in time, then
for any value of § < ¢™** one can choose a sufficiently small A’ such that Eq.3.17
holds. Let A* = min{A**, A'}. We now show that for all z, € Q* and A € (0, A*],

z(t) € Q* for all t > 0.
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For all o € Q*(N Y, by definition z(t) € Q¥ for 0 < ¢t < A (since A < A"). For
all g € Q*\Q (and therefore 2y € M), V < 0for 0 < ¢t < A (since A < A™).
Since Q* is a level set of V| then z(t) € Q" for 0 < ¢t < A. Either way, for all initial
conditions in Q*, z(t) € Q" for all future times.

In summary, we showed 1) that for all z(0) € (2, the optimization problem is
guaranteed to be feasible, 2) the optimization problem continues to be feasible and
z(t) € Q V t > 0, all state trajectories originating in € converge to Q*, and 3)
that all state trajectories originating in Q" stay in %, i.e., z(t) € Q V¢t > 0 and
limsup ||z(¢)]] < d.

t—o0

We next consider initial conditions such that zy € II ¢ €. The initial and suc-
cessive feasibility of the optimization problem ensures that V(z(t + A)) < V(z(¢)).
All trajectories originating in I, therefore converge to the set ). Once the state tra-
jectory enters Q, z(t) € AVt > 0 and lirtn sup ||z(t)|| < d can be showed as before.
This completes the proof of Theorem 3.1. o
Remark 3.1. The proposed predictive controller ensures robust stability by comput-
ing the control action such that its effect on the evolution of the Lyapunov-function
is sufficiently negative to counter the worst case effect of the disturbances on the Lya-
punov function derivative. Feasibility of this constraint is guaranteed by explicitly
characterizing the set IT for which an acceptable value of the manipulated input exists
that can counter the effect of the state dynamics and uncertainty on the Lyapunov-
function derivative. The term pV (z) appears in the constraint of Eq.3.10 to provide
“robustness” against the fact that the control action is computed for a certain state,
but held for a time A during which time the process moves away from the state for

which the control action was computed. The inclusion of uncertainty term in the
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characterization of the stability region results in contraction of the stability region as
compared to the stability region for the system without uncertainty. In Fig. 3.1, the
contraction of the stability region is shown. The degree of the contraction depends
on the magnitude of the uncertainty considered, the equilibrium point and inherent
robustness of the system.

X2

Stability region in Stabifity region in
presence of uncertainty absence of uncertainty

AN

0 %

Figure 3.1: Schematic for stability region characterization in the presence of uncer-
tainty. Inclusion of the uncertainty term in the charactcrization of stability region
results in contraction of the stability region as comparcd to the stability region for
the system without uncertainty term.

Remark 3.2. Note that the proposed robust predictive controller is different from
existing robust MPC designs in that it does not use a min-max formulation (but
guarantees stability for the nonlinear uncertain system) and also allows explicit char-
acterization of the set of initial conditions for which the optimization problem is
guaranteed (not assumed) to be feasible. The proposed robust predictive controller
also differs from recently proposed Lyapunov-based predictive control designs. Specif-

ically, the robust predictive control design in Mhaskar [2006] uses an auxiliary control

7



Ph.D. Thesis - Rahul Gandhi McMaster - Chemical Engineering

law in formulating the robust stability constraint and the stability region of the robust
predictive controller of Mhaskar [2006] is limited to the (possibly conservative) sta-
bility region estimate of the auxiliary control law. More recently, a Lyapunov-based
controller is proposed (Mahmood and Mhaskar [2008]) that enhances the set of initial
conditions from where closed-loop stability is achieved compared to Lyapunov-based
bounded control designs. The predictive controller of Mahmood and Mhaskar [2008]
however, does not explicitly account for the presence of disturbances and uncertain-
ties. In contrast, the proposed robust predictive controller not only enhances the set
of initial conditions from where stability is achieved, but also explicitly accounts for

the presence of uncertainty in the control design.

Theorem 3.1 establishes the cxistence of a robustness margin that allows prac-
tical stability in the presence of disturbances and compute and hold control action.
Preparatory to our results on the output feedback controller in section 3.4.1, we
present a corollary that establishes the existence of an equivalent ‘bound’ on the er-
ror in the state variable measurements that the controller can tolerate, in the absence
of uncertainty. The proof of the corollary follows along similar lines of Theorem 3.1

and is omitted for brevity.

Corollary 3.1. Consider the constrained system of Eq.3.1 with 8(t) = 0 under the
MPC law uppc(z + €). There exists a positive real number e,, such that if le| < e,
and zy € €, then the optimization problem of Eqs.3.8-3.12 is guaranteed to be initially
and successively feasible, z(t) € Q@ V¢t > 0 and lirtn sup ||z(t)|] < d. Furthermore,
if zg € I\, then if the optimization problem is su;:ssively feasible, then z(t) €

IVt > 0and limsup ||z(t)| < d.
t—o0
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Remark 3.3. The above corollary establishes the existence, for a given bound on
the disturbances, of an cquivalent robustness margin with respect to error in the
value of the state variable measurements. Note that such a robustness margin with
respect to errors in the state measurements can be incorporated in the controller over
and above the robustness with respect to disturbances. For the sake of simplicity, in
this chapter the ‘equivalent’ robustness with respect to measurement errors (in the
absence of uncertainty) is analyzed for its subsequent use within the output feedback

predictive controller in Section 3.4.1.

3.3.2 Robust safe-parking of nonlinear process systems

The presence of uncertainty and constraints on the manipulated inputs need to be
accounted for to ensure that upon failure, the process does not transit to a hazardous
operating point, and this can be achieved via requiring that the process state at
the time of the failure resides in the stability region for the safe-park point (so the
process can be driven to the candidate safe-park point), and that the safe-park point
should reside in the stability region under nominal operation (so the process can be
returned to nominal operation). These requirements are formalized in Theorem 3.2
below. To this end, consider the system of Eq.3.1 for which the first control actuator
fails at a time T/ and is reactivated at time 77¢****"¥  and for which the robust
stability region under nominal operation, denoted by €2,, has been characterized using
the predictive controller formulation of Eqs.3.8-3.12. Similarly, for a candidate safe-
park point z., we denote ), as the stability region (computed a priori) under the
predictive controller of Eqs.3.8-3.12, and us ;. s the control law designed to stabilize

at the candidate safc-park (using the depleted control action) with u; ., being the
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nominal control law (using all the control actuators).

Theorem 3.2. Consider the constrained system of FEq.3.1 under the MPC law of

Eqs.83.8-3.12. If z(0) € Q,,, x(T7*) € Q. and Q, C Q,,, then the switching rule

( A
Uy, , 0<t< Tl

U(t) = { uss Tfault§t<Trecm;ery $ (318)

Ui, Trecovery St
\ J

guarantees that z(t) € Q, V1t > 0 and limsup ||z(¢)|| < d.
t—00

Proof of Theorem 3.2: We consider the two possible cases; first if no fault occurs
(Tfoult = Trecovery — o0) and second if a fault occurs at a time T7% < oo and is
recovered at a time T7out < Trecovery < o5,

Case 1: The absence of a fault implics u(t) = u1, V¢ > 0. Since z(0) € ,, and the
nominal control configuration is implemented for all times, we have from Theorem
3.1 that z(t) € 2, V¢ > 0 and lirtn sup ||z(t)]| < d.

Case 2: At time T7 the con;‘ogl law dcsigned to stabilize the process at z. is
activated and implemented till 77°°**"Y. Since z(T7%) € Q. C ,, we have that
z(t) € O, ¥V T/oult < ¢ < Treeovery At a time TT"¥, we therefore also have that
z(Treev*¥) € ,,. Subsequently, as with case 1, the nominal control configuration
is implemented for all time thereafter, we have that z(t) € Q, V t > TT"*¥, In
conclusion, we have that z(t) € Q, V¢ > 0 and Iirtn sup [|z(#)|| < d. This completes

—00

the proof of Theorem 3.2.

Remark 3.4. The necessity of the requirements of Theorem 3.2 can be understood

in the context of preventing onset of hazardous situations as well as enabling smooth
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resumption of nominal operation. Note that in the presence of an actuator failure, if
the control law still tries to utilize the available control actuators to try to drive the
process state to the nominal operating point, the active actuators may saturate and
end up driving the process state to a hazardous operating point, or to a point from
where nominal operation cannot be resumed upon fault-recovery. On the other hand,
if continued operation at the nominal operating point was possible either via the de-
pleted control configuration or via control loop reconfiguration, then reconfiguration-
based fault-tolerant control approaches (e.g., see Mhaskar [2006]) could be utilized to
preserve closed—loop stability. However, Theorem 3.2 addresses the problem where
a fault occurs that precludes operation at nominal operating point, and provides
an appropriately characterized safe-park point where the process can be temporarily

‘parked’ until nominal operation can be resumed.

3.3.3 Illustrative simulation example: handling uncertainty

We illustrate in this section the proposed safe-park framework in the presence of
uncertainty via a continuous stirred tank reactor (CSTR). To this end, consider a
CSTR where an irreversible, first-order exothermic reaction of the form A % B takes

place. The mathematical model for the process takes the form:

-F
Cp = g(CA,in — Cy) — keeRTRC,
—-FE
Cp = "E/(CB,in - Cg)+ koe RTrRC, (3.19)
—FE
Tr = E(Tin —Tr) + (CAH) koeﬁfl—ch + _9_
|14 PiCp piceV

where Cy4, Cp denotes the concentration of the species A, and B, respectively, Tg
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denotes the temperature of the reactor, @ is the heat added to/removed from the
reactor, V is the volume of the reactor, kg, E, AH are the pre-exponential constant,
the activation energy, and the enthalpy of the reaction and ¢, and py are the heat
capacity and fluid density in the reactor. The values of all process parameters can be
found in Table 3.1. The control objective is to stabilize the rcactor at the unstable
equilibrium point (C4, Tj) = (0.45 Kmol/m®, 393 K) in the presence of uncertainty.
Specifically, we consider an error in the parameter AH of magnitude 1%, a sinusoidal
disturbance in the inlet temperature T3, of magnitude 10% around the nominal value,
random disturbances in F, Cy ;» of magnitude 1% around the nominal value, and a
random disturbance in @ of magnitude 5% around the nominal value. Manipulated
variables are the rate of heat input/removal, @, and change in inlet concentration
of species A, ACuin = Caun — Cajin,, With constraints: |Q| < 32 KJ/s and 0 <
Cain < 2 Kmol/m3. The heat input/removal Q) consists of heating strecam @; and
cooling stream @ with the constraints on each as, 0 KJ/s < @Q; < 32 KJ/s and
-32 KJ/s < Q2 < 0 KJ/s. The nominal operating point (/N) corresponds to steady
state values of the inputs Cy ;, = 0.73 Kmol/m?* and @ = 10 KJ/s.

For stabilizing the process at the nominal equilibrium point, the Lyapunov based

MPC of Section 3.3.1 is designed using a quadratic Lyapunov function of the form V =

432 0
2T Pz with Py = . The stability region is estimated using grid search

0 0.004
technique as described in Section 2.2.3 with grid interval of 0.6 °C and 0.004 Kmol /m3.

The stability region is denoted by €2 in Fig.3.2. We consider the problem of designing
a safe-parking framework to handle temporary faults in the heating valve (resulting
in a fail-safe value of @; = 0). The nominal operating point corresponds to @5 =

10 KJ/s, and no value of the functioning manipulated inputs —32 KJ/s < Q, <
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Table 3.1: Chemical reactor parameters and steady—statc values.

|% = 0.1 m>

R = 8314 KJ/(Kmol - K)
Capin, = 073 Kmol/m3
T, = 3100 K

Q. = 100 KJ/s

AH = —4.78 x 10* kJ/kmol

ko = 72x10° min~!

E = 8.314 x 10* kJ/kmol

e = 0.239 KJ/(Kg - K)
pf = 1000.0 Kg/m3

F = 100 x 10~ m?/min

Ta, = 393 K

Ca, = 0447 Kmol/m?

0KJ/s and 0 < Cy ., < 2 Kmol/m? exists such that the nominal equilibrium point
continues to be an equilibrium point of the process subject to the fault. For @y =
—30.72 KJ/s, Cpin = 1.86 Kmol/m? and Q2 = —4.57 KJ /s, Cp s = 1.26 Kmol/m?,
the corresponding equilibrium points are S; = (1.05 Kmol/m?, 396 K) and S, =
(0.8 Kmol/m3, 391.5 K), which we denote as safe-park candidates. For each of

these safe-park candidates, we also design Lyapunov based MPC of Section 3.3.1

1760 0 930 O
using P, = for 51 and Ps, = for S,. The matrices
0 0.083 0 0.027
10° 0
in the objective function (Eq. 3.12), are chosen as Q,, = and R, =
0 10°
1072 0
. Prediction and control horizons of 0.01 min are used in implementing
0 1072

the predictive controller. It should be noted that as the stability of closed loop process

system is guaranteed by use of the stability constraint in the controller formulations,
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short prediction horizon are chosen to reduce on-line computational requirements.

Consider a scenario where the process starts from O = (1.25 Kmol/m?3, 385 K)
and the predictive controller drives the process toward the nominal operating point,
N. At t = 0.5 min, when the process state is at F = (1 Kmol/m?, 393.76 K), the
heating valve fails, and reverts to the fail-safe position (completely shut) resulting in
@, = 0 KJ/s. This restricts the heat input/removal to —32 KJ/s < Q@ < 0 KJ/s
instead of —32 KJ/s < @ < 32KlJ/s.

We first consider the case where the safe-park candidate S; is arbitrarily chosen
as the safe-park point, and the process is stabilized at S; until the fault is rectified.
At t = 1.7 min, the fault is rectified, however, we see that even after fault-recovery,
nominal operation cannot be resumed (see dashed lines in Fig.3.2). This happens
because S lies outside the stability region under nominal operation. In contrast, if
S is chosen as the safe-park point, we sce that the process can be successfully driven
to S, with limited control action as well as it can be successfully driven back to N
after fault-recovery (see solid lines in Fig.3.2). The state and input profiles are shown
in Fig.3.3. In summary, the simulation scenario illustrates the necessity to account
for the presence of input constraints and uncertainty (characterized via the stability

region) in the choice of the safe-park point.

3.4 Safe-parking of nonlinear process systems: han-
dling availability of limited measurements

In the previous section, a robust safe-parking methodology was presented under the

assumption of availability of the full state for feedback. In practice, the entire state
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0 02 04 06 08 1 12
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Figure 3.2: Evolution of the state trajectory for the CSTR example in the presence
of uncertainty. Dashed line (- -) indicates the case when a safe-park point S is
arbitrarily chosen (resulting in the inability to resume nominal operation upon fault-
recovery) while the solid line (—) indicates the case when S, is chosen according to
Theorem 3.2, guaranteeing resumption of nominal operation upon fault-recovery.

information may often not be available and necessitates cstimation of the process state
via an appropriate state observer. We first develop in Section 3.4.1 a predictive con-
troller formulation that provides guaranteed stability from an explicitly characterized
set of initial conditions under availability of limited measurements. A safe-parking

algorithm that accounts for the estimation errors associated with the state observer

is subsequently presented in Section 3.4.2.

3.4.1 Output-feedback Lyapunov-based predictive controller

To allow for the output-feedback controller design, we impose the following assump-
tion on the process of Eq.3.1.

Assumption 1. There ezist a set of integers (r1,7a,...,Tm) and coordinate transfor-
mations (¢ = T®(z)) such that the representation of the system of Eq.8.1, in the

€9 coordinates takes the form
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C, (kmol/m®)

Tim1e (min) Tim1e (min)
(a) (b)

‘ 1 2 1
Time (min) Time (min)
() (d)
Figure 3.3: Evolution of the closed-loop state (a-b) and input (c-d) profiles for the

CSTR example in the presence of uncertainty. Fault occurs at 0.5 min and is rectified
at 1.7 min. Dashed lines (- -) indicate the case when a safe-park point S is arbitrarily
chosen (resulting in the inability to resume nominal operation upon fault-recovery)
while the solid lines (—) show the case when S, is chosen according to Theorem 3.2,

guaranteeing resumption of nominal operation upon fault-recovery.
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:(2) (3)
1 2

3.20
£D W (3.20)

-1 =
9~ Lih(@) + 0 Ly L ha(z)ug
where Ly, L} b, (z) # 0 for all z € R™. Also, € — 0 if and only if = — 0.
Preparatory to the presentation of the output feedback model predictive controller,
we present an assumption below that formally characterizes the ‘speed of escape’ of
the system states, i.c., establishes a time for which the process states will continue to
reside in §2 given that the initial conditions are within a given subset of 2. Note that
Assumption 2 is satisfied for practically all chemical processes.
Assumption 2. Consider the nonlinear system of Eq.3.1 withuw € U. Then, given any
positive real numbers § > &, there ezists a time T, > 0, such that if V(z(0)) < &,
then V(z(t)) <Vt < Th.

We now present the output feedback predictive controller (for a similar result in
the context of sensor data losses, see Munoz de la Pena and Christofides [2008]). To
this end, consider again the nonlinear system of Eq.3.1, for which the parameter e,
(allowable error in the state values used in computing the control action) has been
characterized (using Corollary 3.1), and for a given subset 2, (the desired output
feedback stability region; characterized by d;), the time T} (defined in Assumption 2)

has also been computed.

Theorem 3.3. Consider the nonlinear system of Fq.3.1, under the output feedback
MPC law of Eqs.3.8-3.12:
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—Liagi) 10 ---0 [ Liagi)
~L%P 01 - 0 L2a?
y(l) = . - . . yZ _*_ . ym
: Do T : (3.21)
~L7a® 0 0 -+ 0| Lral)
U = Umpe(E)
where the parameters, agi), S o are chosen such that the polynomial s™ +

agi)s"_1 + as)s”*Z + -+ 0P = 0 is Hurwitz, & = [T7Y @), - - -, T (§m)], and let
e = max{l/L;}. Then, there exists positive real number ¢* such that if ¢ € (0, €],
z(0) € Q and £(0) € O, then z(t) € Q@ V t > 0 and limsup,_, ||lz(?)]| < d.

Furthermore, for a choice of ¢ € (0,¢*], ||z(t) — Z(t)|| < ey for all t > T®.

Proof of Theorem 3.3: The proof of this thecorem consists of two parts. In the first
part, we use a singular perturbation formulation to represent the closed-loop system,
with the resulting fast subsystem being globally exponentially stable, and use this,
together with Assumption 2 to show that for any #(0) and z(0) € €, there exists
e* > 0 such that, for every 0 < € < ¢*, the state trajectory remains in the set €2 till
the time that the state estimation error falls below a given value e,,. Then in the
second part, we show practical stability of the closed-loop system using Corollary
3.1.

Part 1: Defining the auxiliary error variables é; = L7 (y; — g§i)), j=1,...,7; the

7 o) (m)”

i gl A(i)]T, eo = [eo ,---,€6 " | the parameters ¢; = 1/L;,

vectors el = [eel), ... el
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the matrices A; and the vector ;:

a® 10 .- 0] [0 ]
a 01 0 0
A= + b=, (3.22)
-a®, 00 1 0
| ¥ 00 - 0] |1

the system of Eq.3.9 under the controller of Eq.3.21 takes the following form:

i€ = Aiel 4 ,b¥(x,2),i=1,...,m (3.23)

= f(z) + g(z)u(Z) (3.24)

where ¥(z,Z) is a Lipschitiz function of its argument. Owing to the presence of
the small parameter ¢; that multiplies the time derivative e , the system of Eq.3.23
can be analyzed as a two-time-scale system. Defining £ = maz{e;}, multiplying each

e(()i) subsystem by £/e and introducing the fast time-scale 7 = t/&, and setting £=0,

the closed-loop fast subsystem takes the form:

de((,i)

- = Aie (3.25)

where each A; is Hurwitz. Establishing that the fast system is globally expo-
nentially stable implies that for a given subset (2, having computed 7} according to
Assumption 2 (note that the state trajectory stays bounded for ¢ < T;) and also a

positive real number e, (defined in Corollary 3.1), there exists an €* such that if
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e <e’ |a(Th) — 2(Th)| < em.
Part 2: Having established the convergence of the state estimates to a value less
than e,,, by a time T}, the results of Corollary 3.1 can be invoked to prove practical

stability of the closed—-loop system. This concludes the proof of Theorem 3.3.

Remark 3.5. Note that the pcaking phenomenon associated with the high-gain ob-
server is naturally climinated due to the presence of constraints on the manipulated
input. It should be noted, however, that while the output feedback stability region
can be chosen as close as desired to its state feedback counterpart by increasing
the observer gain, the large observer gains result in poor performance due to noisy
measurcments. This however, cannot be mitigated simply by using a ‘smaller’ gain,
because that would not preserve the stability guarantecs. It cannot also be mitigated
by using alternative estimation schemes (such as moving horizon estimators) that
handle noise, but do not provide convergence guarantecs. In practical scenarios, high
gain observers can be used in a switched fashion—using a high gain initially for rapid

convergence and then switching to a lower gain to mitigate noise.

3.4.2 OQOutput-feedback safe-parking of nonlinear process sys-
tems

Owing to the lack of full state measurements, the decision to utilize a safe parking
candidate has to be made using only the available state estimates. This necessitates
that the supervisor be able to make reliable inferences regarding the position of the
states based upon the available state estimates. Proposition 3.1 below establishes the
existence of a set, (), such that once the state estimation error has fallen below a

certain value (note that the decay rate can be controlled by adjusting L;), the presence
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of the state within the output feedback stability region, €2, can be guaranteed by
verifying the presence of the state estimates in the set €2s. A similar notion was used
in Mhaskar et al. [2004] and El-Farra et al. [2005] in the context of hybrid predictive
control of linear systems and nonlinear switched systems under output feedback.
The proof of Proposition 3.1 follows from the continuity of the function V(-), and
relies on the fact that given a positive real number, 8, (i.c., given a desired output
feedback stability region), one can find positive real numbers e,, and 45 such that if
the estimation error is below e, (i.e., ||z — Z|| < e,,) and the estimate is within Q,

(i.e., V(&) < ds or & € §),), then the state itself must be within £, i.e., V(z) < d.

Proposition 3.1. Given any positive real numbers ¢; and e,,, there exists a positive
real number d; and a set Q, := {z € R"™ : V/(z) < é,} such that if ||z — Z|| < e, where

e€ (0,e,] then £ € Q, =z € .

We are now ready to proceed with the design of safe parking framework under
availability of limited measurements. To this end, consider the process of Eq.3.1 for
which Assumptions 1 and 2 hold and, for each safe-parking point, an output feedback
controller of the form of Eq.3.21 has been designed. Furthermore, given the desired
output feedback stability regions ; C €2;, ¢ = 1,--- , N, we choose, for simplicity,
€1 =€ =--- = ¢, < min{e;} (i.e., the same observer gain is used for all candidate
safe-park points). Also assume that the sets €2, ; and the times T;; (see Assumption 2)
have been determined, and let 7T;"** = max{T;;},t = 1,--- ,N. Theorem 3.4 below

presents the output feedback safe parking framework.

Theorem 3.4. Consider the constrained system of Eq.3.1 under the MPC law of

Eqs.8.8-3.11. If z(0) € Oy, TT* > Tyme gnd 2(TT*) € Q, . and Q. C Uy, then
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the switching rule

3\
[(wn , 0<t< T

7

ut) = { usg, , TToE <t < Trecovery 3 (3.26)

L Uln recovery _<_t

guarantees that z(t) € Q, Vt > 0 and limsup ||z(?)|| < d.

t—o00
Proof of Theorem 3.4: The proof of the theorem follows along the lines of theorem
3.2. If no fault takes place, practical stability of the nominal equilibrium point is
guaranteed via Theorem 3.3. If a fault takes place, the key difference is the require-
ment of 7724 > T, This ensures that |Z(T/*#) — z(T/***)| < e,,. This in turn
ensures that £ € Q,. = z € (), ., that ensures practical stability of the equilibrium
point z.. Upon fault recovery, and switching back to the original configuration, since
€ Q. €M, and z € () ,, practical stability of the nominal equilibrium point is
achieved. To summarize, we have that z(t) € Q,, V¢t > 0 and lignsup llz(®)| <d.
—300

This completes the proof of Theorem 3.4.

Remark 3.6. Limited availability of state measurcments requires a redesign of the
controller (appropriately incorporating the state observer) as well as that of the safe-
parking framework. In contrast to the state-feedback scenario, the decision to pick a
safe-park point requires a time interval of at least 7;"**. This is done to ensure that
the estimation error has enough time to decrease to a sufficiently small value such that,
from that point in time onwards, the position of the state can be inferred by looking at
the state estimate. Recall from Proposition 3.1 that the relation £ € ), ; = z € O ;

holds only when the estimation error is sufficiently small. Second, the decision to use
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a given safe-park point is not based on £ being in the set (2 ,; rather it is based
on £ being inside ;.. The inference that z € Q;. = z € (., however, can be
made only once the error has dropped sufficiently, and this is guaranteed to happen
after the closed-loop system has evolved fault-free at least for a time 77" > T;.
Therefore, the decision to go to a safe-park point is not made before an interval of
length T;™** elapses even if Z resides in (), . at some earlier time. Note that in practice,
if a fault takes place before the estimates have converged, the safe-parking decision
can be delayed to achieve estimate convergence and allow for appropriate picking of

the safe-park point (see simulation example in Section 3.4.3 for a demonstration).

Remark 3.7. Note that while the present chapter develops the safe-parking frame-
work for a single processing unit, the idea can very well be generalized to handle
faults within a networked-plant setting. Specifically, operating considerations for
downstream processing units can be incorporated in the choice of safe-park points for
the upstream processing units. Chapter 4 presents safe-parking framework to handle
faults in networked-plant setting. Additionally, the issue of handling sensor failurcs

that may lead to loss of observability remains the topic of future work.

3.4.3 Illustrative simulation example: output feedback

We illustrate in this section the proposed safe-park framework under availability of
limited measurements via the continuous stirred tank reactor (CSTR) of section 3.3.3.
To this end, consider the CSTR example presented in section 3.3.3 in the absence of
uncertainty and disturbances but subject to availability of limited measurements.
Specifically, we now consider the case when only Cp and Tk are measured, that is

y1 = Tg, and y» = Cpg. The relative degrees for the choice of process outputs,
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with respect to the vector of manipulated inputs, are r; = 1, and ry = 2, respectively.
Therefore Assumption 1 is satisfied and an output feedback controller of the following

form is designed.

i = L’ - 3")

i = G5+ Loai” (2 — 1) (3:27)

i) = Ljay (32— 1)
The observer parameters in the state estimator design of Eq.3.27 are chosen as L =
L, =100, agl) = agz) = 10 and agl) = aéz) = 20. The observer generates estimates of
Tgr as g?’ and of Cg and Cg as 3}?) and gf), respectively, to generate estimates of
Ca.

Consider a scenario where the process starts from F = (0.99 Kmol/m3, 394.02 K)
the observer is initialized at E = (0.03 Kmol/m?, 424 K), and the predictive controller
drives the process toward the nominal operating point, N = (0.45 Kmol/m?, 393 K).
Immediately, the heating valve fails, and reverts to the fail-safe position (completely
shut) resulting in @); = 0 KJ/s. We first consider the case where the supervisor does
not wait for a sufficient period of time in choosing the safe park point, and based
on the proximity of the state estimates to the candidate safe-park point S, chooses
S1 = (0.17 Kmol/m3,424.75 K) as the safe-park point. However, the process state is
outside the stability region for the safe-park point 1, and the controller is unable to
drive the process to the desired safe-park point. In contrast, if the supervisor waits
for the cstimates to converge, then the point S, ((0.8 Kmol/m?,391.5 K)) is chosen
as the safe-park point. Subsequently, the process is driven to and back from the safe

park point after fault-recovery (see solid lines in Fig.3.4). The state and input profiles
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are shown in Fig.3.5. In summary, the simulation scenario illustrates the necessity
to appropriately design, and account for the presence of state estimation error in

executing the safe-parking framework.

450 -
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e« 4107
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3800
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Figure 3.4: Evolution of closed-loop states and closed—loop state estimates for the
CSTR example with limited availability of state measurements. The dashed—dot line
(- .) and dotted line (...) represents the state estimates and state trajectories for
the case when a safe-park point S, is immediately chosen, without waiting for the
state estimates to converge, resulting in the inability to reach the chosen safe-park
point. The dashed line (- -) and solid line (—) represents the state estimates and
state trajectories for the case when a safe-park point S is chosen after waiting for the
convergence of the state estimates (utilizing Theorem 3.3), guarantecing stabilization
at the safe-park point and subsequent resumption of nominal operation upon fault-
recovery.

3.5 Application to the styrene polymerization pro-
cess

In this section, we demonstrate the efficacy of proposed safe-parking mechanism to

stabilize the styrenc polymerization process described in Section 3.2.2, in presence of
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Figure 3.5: Evolution of the closed-loop state (a-b) and input (c-d) profiles for the
CSTR cxample with limited availability of state measurements. Fault occurs at 0.05
min and is rectified at 2 min. The dashed—dot line (- .) and dotted line (...) represents
the state estimates and state trajectories for the case when a safe-park point S, is
immediately chosen, without waiting for the state estimates to converge, resulting in
the inability to reach the chosen safe-park point. The dashed line (- -) and solid linc
(—) represents the state estimates and state trajectories (see the insets in (a) and (b)
illustrating the convergence of the state estimates) for the case when a safe-park point
Sy is chosen after waiting for the convergence of the state estimates (utilizing Theorem
3.4), guaranteeing stabilization at the safe-park point and subsequent resumption of
nominal operation upon fault-recovery.
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disturbances and measurement noise as well as availability of limited measurements.
We consider errors in the values of the parameters A,, hA and V, of magnitude 1%, 2%
and 10%, respectively as well as fluctuations in the initiator flowrate F; and cooling
water inlet temperature T, of magnitude 2% and 10%, respectively, around their
nominal values. It is assumed that measurements are available only for Cyy and T
(with random measurement error of magnitude +5% in Cys and +0.5 K in T'). The
control objective is to stabilize the process at the nominal equilibrium point (C; =
0.07 kmol/m3, Cy = 3.97 kmol/m?, T = 303.55 K, T, = 297.95 K), corresponding
to the nominal values of the manipulated inputs of F, = 1.31 L/s and F,, = 1.05 L/s,
while handling disturbances/noise and a fault in the valve manipulating the coolant
flow rate.

A high gain observer of the form of Egs. 3.21 is designed, to estimate Cj and
T. from measurements of Cy; and T, with parameters L; = 10, Ly = 40, agl) = 10,
a§2) = 20, agl) = 10 and agz) = 20. To prevent the undesired effect of measurement
noise, the measurements are filtered before passing on to the state observer. The

predictive controller of Eqs.3.8-3.12 is designed using a quadratic Lyapunov function
2091.4 35.9537 -—6.5924 9.1116

35.9537 1.1603 —0.2231 0.3084
of the form V(z) = 2’ Px. The matrix P =

—6.5924 —-0.2231 0.8473 —0.2857

9.1116 0.3084 —0.2857 1.4576
is generated by solving Riccati equation of Eq. 2.2.

The first part of the simulation demonstrates the implementation of the output-
feedback controller in the presence of uncertainty and measurement noise. To this end,
consider the process starting from an initial condition (C; = 0.07 kmol/m3, Cys =

4.36 kmol/m3, T = 333.91 K, T. = 327.74 K) with the estimator initialized at the
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nominal equilibrium point. As seen by the dashed and solid lines in Fig.3.6 (sec
Fig.3.7 for the corresponding manipulated input profiles), the observer converges to

the truc state values sufficiently fast and drives the process to the nominal equilibrium

point.
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Figure 3.6: Evolution of the state (solid lines) and state estimates profiles (dashed
lines) for the styrene polymerization process. Fault occurs at 83.3 min and is rectified
at 150 min. The nominal equilibrium point N and the safe-park point S are denoted

by the markers x and o, respectively.

We next demonstrate the implementation of the proposed safe-parking mechanism.
To this end, consider the scenario, where after the process is stabilized at the nominal
operating point, a fault occurs in coolant flow rate at £ = 83.3 min, where the flow
reverts to the fail safe value (of fully open, corresponding to F, = 31.31 L/s) and

it is no longer possible to operate the process at the nominal equilibrium point.
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Figure 3.7: The input profiles for the styrene polymerization process. Fault occurs
at 83.3 min and is rectified at 150 min. The nominal equilibrium point N and the
safe-park point S are denoted by the markers x and o, respectively.

Subsequently, a safe-park point of (C; = 0.14 kmol/m3, Cy = 3.42 kmol/m3, T =
300.35 K, T, = 294.98 K) is chosen, and the process is driven to, and stabilized at
the safe-parking point using the functioning control actuator. At ¢ = 150 minutes
the fault is rectified. The controller subsequently uses both the functioning actuators
and is able to drive the process back to the original nominal equilibrium point. In
summary, the simulations demonstrate an application of the proposed safe-parking
framework in the presence of limited (noisy) measurements, parametric uncertainty

and disturbances.

3.6 Conclusions

This chapter considered the problem of handling actuator faults in nonlinear process
systems subject to input constraints, uncertainty and unavailability of measurements.
A framework was developed to handle faults that preclude the possibility of contin-

ued operating at the nominal equilibrium point using robust or reconfiguration-based
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fault-tolerant control approaches. First, we considered the presence of constraints
and uncertainty and developed a robust Lyapunov-based model predictive controller
as well as the safe-parking algorithm that prescrves closed-loop stability upon fault
recovery. Specifically, a candidate parking point is chosen as a safe-park point if 1)
the process state at the time of failure resides in the stability region of the safe-park
candidate (subject to depleted control action and uncertainty), and 2) the safe-park
candidate resides within the stability region of the nominal control configuration.
Then we considered the problem of availability of limited measurements. An out-
put fcedback Lyapunov-based modcl predictive controller, utilizing an appropriately
designed state observer (to estimate the unmeasured states), was formulated and
its stability region explicitly characterized. An algorithm was then presented that
accounts for the unavailability of the state measurements in the safe-parking frame-
work. The proposed framework was illustrated using a chemical reactor example and

demonstrated on a styrene polymerization process.
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Chapter 4

A Safe-Parking Framework for

Plant-Wide Fault-Tolerant Control *

4.1 Introduction

In Chapter 2, a safe-parking framework is developed to address the problem of de-
termining how to run an isolated unit during fault-rectification to prevent onset of
hazardous situations and enable smooth transition to nominal operation upon fault
repair. In Chapter 3, the safe-parking framework is extended to handle uncertainty
and limited availability of measurements. The results in Chapter 2 and Chapter 3,
however, consider safe-parking in the context of an isolated unit. The opportunities
and challenges that arise in a plant-wide setting due to the connected nature of chem-
ical processes via material, energy or communication lines simply do not exist in an

isolated unit. The results in Chapter 2 and Chapter 3 therefore cannot be applied to a

*The results in this chapter are published in “R. Gandhi and P. Mhaskar, A safe-parking frame-
work for plant-wide fault-tolerant control, Chem. Eng. Sci., 64:3060-3071, 2009”.
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plant-wide setting. Infact, a simple application of the results in Chapter 2 and Chap-
ter 3 to a multi-unit sctting can result in missed opportunities as well as inadequate
safe-parking. In particular, when safe-parking a unit in a plant, the fact that the out-
lets from the faulty unit go to another unit (where functioning manipulated inputs
exist) can help in localizing the effect of the fault to the faulty unit, and preserving
nominal operation in the downstream plant. On the other hand, if the fact that a unit
(when multiple units are being safe-parked) receives altered (or non-nominal) outlet
streams from an upstream safe-parked unit is not accounted for, it can result in the
inability to adequately safe-park the unit in question. In particular, a change in op-
erating condition of one unit naturally acts as a disturbance to the downstrecam units
and hence large changes in operating conditions of one unit, while possibly enabling
safe-parking of the unit in question, can jeopardize the operation of the downstream
units, and therefore of the whole plant. This necessitates that the safe-park point for
a unit in multi-unit processes be chosen with adequate consideration of its effect on
downstream units.

Motivated by the above considerations, this chapter addresses the problem of
handling faults in the context of multi-unit processes. We consider a multi-unit non-
linear process system subject to input constraints and actuator faults in one unit
that preclude the possibility of operating the unit at its nominal equilibrium point.
We first consider the case where there exists a safe-park point for the faulty unit
such that its effect can be completely rejected (via changing the nominal values of
the manipulated variables) in the downstream unit. Steady-state as well as dynamic
considerations (including the presence of input constraints) arc used in determining

the necessary conditions for safe-parking the multi-unit system. We next consider
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the problem where no viable safe-park point for the faulty unit exists such that its
effect can be completely rejected in the subsequent unit. A methodology is developed
that allows simultaneous safe-parking of the consecutive units. Finally, we incor-
porate performance considerations in the safe-parking framework for the multi-unit
processes.

The rest of the chapter is organized as follows: First in Section 4.2.1, we present
the class of processes considered. Next we review a Lyapunov-based predictive con-
troller in Section 4.2.2 and safe-parking framework for an isolated unit in Section
4.2.3. In Section 4.3 we present the safe-parking framework for multi-unit processes,
first presenting the case where a unit can be safe-parked to allow nominal operation
in the subsequent unit in Section 4.3.2 and then presenting the methodology for si-
multaneous safe-parking in Section 4.3.3. The details of the framework are illustrated
using a chemical process with two chemical reactors in Section 4.4, and we summarize

our results in Section 4.5.

4.2 Preliminaries

In this section, we describe the class of processes considered and briefly review
Lyapunov-based predictive controller designs and safe-parking framework for an iso-

lated unit.
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4.2.1 Process description

Consider a plant comprising M units described by the following equations:

1 = fi(z1) + Gi(z1) (w1 + ha)

Ty = fa(za) + Go(x2)(uz + ho) + Wa1(z2)21

T, = fz(%) + Gz(xz)(uz + hi) + VVi,i-l(SCi)IEi—l

where z; ;= [z} zZ-- 2] € R™ 7 € [1, M] denotes the vector of state variables
for the 4" unit and u;(t) := [u! ©?---u™] € R™ dcnotes the vector of constrained

manipulated variables for the ** unit, taking valucs in a noncmpty convex subset
U; of R™, where U; = {u; € R™ : U min < U < Uimaz), Where Ui min, Ui maz €
IR™ dcnote the constraints on the manipulated variables of the i unit. h,(t) =
[h} hZ--- hT] € R™ is a vector that captures the effect of the actuator faults on the
process states. hf =0 fort < tff and t > tir; hf = —ug + ug’fm.led for tff >t >
t{,r, where tf ¢ and tg’r denote the fault occurrence and recovery times and uf failed
denotes the fail-safe value for the j** actuator in the ¢** unit. The vector function
fi(z;) and the matrix functions Gi(z;) = [g}(z;)--- g™ (x;)] where ¢/ (z;) € R™,
j=1---m; and W, (z;) = [w};(z:)--- w3 (z;)] where wf;(z;) € R™, k = 1---n;

constitute the process model for the i unit. W;; captures the effect of the j* unit

on the 7** unit. It is assumed that the origin, z; = 0, ¢ = 1--- M is the nominal
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cquilibrium point for each unit. Functions f;(z;), Gi(z;) and W;;_1(z;), i =1---M
are assumed to be sufficiently smooth on their domain of definition. The units are
connected in series via material or energy streams. The results in the chapter are
applicable to system of the form of Eq.4.1, where evolution of the states in the i**
unit depends only on local states, local inputs and state variables of the preceding
unit (through the interconnection W; ;_1(z;) term). V(z) is a Lyapunov function and
LeV = [LpV -+ LgnV], LyV = [L,nV --- Ly»V]. The notation B\A, where A
and B are sets, refers to the relative complement, defined by B\A = {z € B:z ¢ A}.
Throughout the chapter, we assume that for any u; € Uj the solution of the each
subsystem of Eq.4.1 exists and is continuous for all ¢, and we focus on the state

feedback problem where z;(t), ¢ =1--- M is assumed to be available for all .

4.2.2 Lyapunov-based predictive controller

In this section, we briefly review Lyapunov-based predictive controller designs (pre-
sented in Section 3.3.1) that handle non-lincarity, uncertainty, input constraints and
provide explicit characterization of stability region. We consider the k™ unit of the
system in Eq.4.1 in fault-free scenario, i.e. hi(t) = 0, (and drop the subscript & for

simplicity) described by:

z = f(z)+Gx)u+ W(z)d (4.2)

where x denotes process states of the process unit under consideration, u denotes the
manipulated variables and 8 is the vector of vanishing disturbances (in the sense that
the nominal equilibrium point continues to be an equilibrium point in presence of

disturbances; in context of multi-unit processes, # denotes process state of upstrcam
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unit).

Disturbance handling becomes all the more important in the context of multi-unit
processes and we next review a robust predictive controller formulation that we will
use to present the safe-parking framework. Specifically, in Chapter 3, a Lyapunov-
based robust predictive controller is proposed that provides an explicit character-
ization of the stability region without using a min-max formulation and without
assuming initial feasibility of the optimization problem. In the predictive control
formulation of Chapter 3, the control action is computed by solving an optimization
problem of Eqgs. 3.8-3.12.:

To characterize the stability region for the Lyapunov-based robust MPC, a set
IT is defined in Eq. 3.7 such that for all values of the state in the set II, therefore,
there exists a value of the manipulated variables that satisfies the constraints (note
that the definition of the set Il does not depend on any specific control law, but only
on the Lyapunov function, the process dynamics, input constraints and uncertainty)
and also counters the effect of uncertainty on the Lyapunov function derivative. An

estimate of the stability region can be constructed using a level set of V, i.c.

Q:={zeR":V(z) <™=} (4.3)

where ¢™*® > 0 is the largest number for which & C II. Stability and feasibility
properties of the closed-loop system under the Lyapunov-based robust predictive

controller are formalized in Theorem 3.1.
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4.2.3 Safe-parking of an isolated unit

In this section, we briefly review the safe-parking framework for an isolated unit
proposed in Chapter 2. To explain the safe-parking framework for an isolated unit,
we again consider the k** unit (Eq.4.2) in the plant presented in Section 4.2.1. Assume
that a fault occurs in the first actuator u!(t) of the unit at time 7/** and reverts
to fail-safe position uf,;.q With )., < Ufyueq < U,g, and subsequently the fault
is rectified at a time T7P*". This implies that t; = T7**# and t; = T"P*". This
leaves only u?, i = 2...m available during T/ < t < T"*P%" for feedback control
of the unit. Examples of fail-safe positions include fully open for a valve controlling
a coolant flow rate and fully closed for a valve controlling a steam flow etc. In

this failure scenario, there exists a set of equilibrium points where the unit can be

stabilized, which we denote as the candidate safe-park set:

X ={z. e R": f(z.) +g' (zc)u}ailed + Zgi(IC)ui =0, uinin <t < uinaz’
=2

i=2,...,m} (4.4)

The safe-park candidates therefore represent equilibrium points that the unit can be
stabilized at, subject to the failed actuator, and with the other manipulated variables
within the allowable ranges. Note that if u},;., # 0, then it may happen that
0 ¢ X,, i.e., if the failed actuator is frozen at a non-nominal value, then it is possible
that the unit simply cannot be stabilized at the nominal equilibrium point using
the functioning control actuators. In other words, if one of the actuators fails and
reverts to a fail-safe position, it may happen that no admissible combination of the

functioning manipulated variables exists for which the nominal equilibrium point
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continues to be an cquilibrium point. If the controller attempts to use the functioning
actuators to preserve nominal operation, it will not succeed since there does not exist
an allowable value of the functioning inputs for which the nominal equilibrium point
is still an equilibrium point. The states, in such an event, could possibly stabilize
at an equilibrium point outside the stability region of the nominal equilibrium, thus
making it impossible to resume nominal operation upon fault rectification. Even if
it may be possible to resume nominal operation, it might not be the optimal way of
resuming nominal operation. Thus choice of the temporary operating point is crucial
for safety and performance of process operation. In Chapter 2, the safe-parking
problem is defined as the one of identifying safe-park points z; € X, that allow
efficient resumption of nominal operation upon fault-repair.

The key requirements for the choice of safe-park point are:

1. It should be possible to drive the process to the safe-park point from the nominal

equilibrium point.

2. The safe-park point should be an equilibrium point corresponding to allowable

values of manipulated variables in faulty scenario, and
3. It should be possible to resume nominal operation after the fault is rectified.

In Chapter 2, to account for constraints on inputs and nonlinearity, a safe-parking
framework is developed that imposes the following criteria on the safe-park point: 1)
the unit state at the time of failure resides in the stability region of the safe-park candi-
date (subject to depleted control action), so the process can be driven to the candidate
safc-park point and 2) the safe-park candidate resides within the stability region of the

nominal control configuration so the unit can be returned to nominal operation after
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fault repair. These requirements are formalized in Theorem 4.1 below. To this end,
consider the unit of Eq.4.2 for which the first control actuator fails at a time 779 and
is reactivated at time 77°P%" and for which the stability region under nominal opcra-
tion, denoted by 2,,, has been characterized for the robust model predictive controller
of Egs.3.8-3.12. Similarly, for a candidate safe-park point z., we denote €}, as the

UZ® _ Omin, Omaz) and

Tn
min? “rax? ML

stability region (computed a priori) and u, = upmpc(z, Zn, u
Uz, = UMPC(T, Te, Unsi, UZS o, Orin, Omaz ), Where upn  uZn - and urs, , ure, . denote the
constraints on the manipulated variables for stabilizing the process at the nominal
and safe-parking point respectively. As these controllers are designed to stabilize the
process at two different operating points, the values of nominal manipulated variables

for both controllers are different. This in turn leads to different values of u,,;, and

Umaez 11 the controller design.

Theorem 4.1. [Chapter 2] Consider the constrained system of Eq.4.2 under the

robust model predictive controller of Eqs.3.8-3.12 designed to achieve (using Theo-

rem 3.1) limsup ||z(t)|| < ¢ where ¢ is a given positive real number. If z(0) € Q,,
t—oco

z(TTo) € Q, and Q. C Q,, then the switching rule

(
U, , 0<t< Tioult 1
’U,(t) - 4 T Tfa.ult <t< Trepair f (45)
Un Trepair <t
\ J

guarantees that z(t) € 2, V¢ > 0 and limsup ||z(t)|| < .
t—o0

In Theorem 4.1, z(T7**) € ), ensures that the process can be driven to the

safe-park point in failure scenario thus satisfy the first requirement for safe-parking.

115



Ph.D. Thesis - Rahul Gandhi McMaster - Chemical Engincering

Also, as Q. C Q,, we have that z(t) € Q, V T/*" < t < T"*" This means upon
fault recovery the process can be driven back to the nominal operating point. This
fulfills the third requirement for safe-parking. As the safe-park point is chosen from
the set X, it is an equilibrium point in the faulty scenario thus satisfying the second
requirement for safe-parking. The thcorem guarantees that the process can be driven
to the desired neighborhood of the origin (characterized by ¢ which can be made as
small as desired) where the robust predictive controller of Theorem 3.1 is designed to
drive it to.

Theorem 4.1 addresses the problem of safe-parking of an isolated unit, and con-
siders neither the effect of safe-parking a unit on downstream plant operation, nor the
effect of changes in upstream operation on the ability to safe-park a unit in question.
Note that in a plant-wide setting, a change in operation of a unit naturally enters as a
‘disturbance’ in the downstream unit. Preparatory to the presentation of our results
on a safe-parking framework for plant-wide fault-tolerant control, we characterize the

maximum disturbance caused by safe-parking of unit & in Proposition 4.1 below.

Proposition 4.1. Consider operation of the k** unit under the safe-parking frame-
work of Theorem 4.1. If £(0) € ),,, then 3 o%, i = 1---ny such that ||z*(t)|| < o, i =

1. my, VE>0

Proof of Proposition 4.1: The proof of the proposition follows from Theorem 4.1.
Since ), is charactcrized by the level sets of the Lyapunov function, 3 o such that
z€Q, = ||z%|| <, i =1---ng. The fact that z(t) € Q, V t > 0 results in

llzi(t)]| < af, i=1---my, VE>0. W
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4.3 Safe-parking framework for plant-wide fault-
tolerant control

In Section 4.2.3, we reviewed the safe-parking procedure for an isolated unit. Almost
always, a chemical plant consists of many process units which are connected via
material, encrgy, and/or communication streams. A change in operating condition
of one unit, therefore, enters the downstream unit as a disturbance and, hence, huge
change in operating condition of one unit can jeopardize plant operation. Specifically,
consider a multi-unit plant in which due to failure in one unit, the unit is safe-parked
using the framework presented in Section 4.2.3, without considering its intcraction
with the other units in the plant. In such a case, it may happen that even though
the faulty unit is safely operated at safe-park point, the change in operation of the
faulty unit may cause a significantly large disturbance to downstream units (i.e. the
disturbance can not be rejected in the downstream units) or may even result in
instability. This nccessitates that the safe-park point for the faulty unit be chosen
with proper consideration to its effect on downstream processes. In other words,
a safe-park point should be chosen such that it has minimal adverse effect on the
ability of downstream unit to continue nominal operation. In this section, we prescnt
a framework to account for the interaction of faulty units with downstream operation

while choosing a safe-park point for the faulty unit.

4.3.1 Problem definition

We consider the scenario where one of the control actuators in unit k& (k € [1 M])

fails and reverts to the fail-safe value. Specifically, we consider a fault occurring,

117



Ph.D. Thesis - Rahul Gandhi McMaster - Chemical Engincering

without loss of generality, in the first control actuator of the k** unit at a time Tfoult,
subsequently rectified at a time T7P%" ie. t} , = T/ and t; , = TP The

process model for the faulty unit (k** unit) in failure scenario can be given as,

mi

= fe(@k) + Gk faitea + Y L(ER)UL + Wi ko1 (Tk)Te1 (4.6)
=2
This leaves only ui, Jj = 2...my available for feedback control of the k* unit. As
explained in Section 4.2.3, if 4y f4,,4 7 0, then the origin (the nominal operating
point of k** unit) may no longer be an equilibrium point and hence, the k™ unit can
no longer be operated at thc nominal equilibrium point nccessitating safe-parking of
the k** unit.

The change in operating condition of the faulty unit (k* unit) due to safe-parking,
however, enters the downstream unit as a disturbance. If this disturbance is ‘small
enough’ (as defined in Section 4.3.2), then it can be rejected in the k + 1% unit (i.c.,
in spite of change in inlet condition of k + 1** unit, the &k + 1** unit can be maintained
at nominal operation by changing the nominal values of the manipulated variables),
and the rest of the plant can, therefore, be operated nominally. Another possibility
is that, if the disturbance causcd by safe-parking of k** unit is very large and it may
not be rejected in the k + 1** unit, then the downstream k + 1** unit cannot continue
operation at the nominal operating point. In other words, operation of the faulty unit
at the safe-park point does not allow nominal operation of the downstream unit. This
then necessitates safe-parking of the k + 1** umit to avoid any undesirable incident
requiring the simultaneous safe-parking of two units.

We first consider the case where the safe-parking produces ‘small disturbance’ to

the downstream unit. We formalize, in Section 4.3.2, the framework to define ‘small
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disturbance’ and thus to choose safe-park point so that the downstream unit can
continue nominal operation. Next in Section 4.3.3, we consider the case where no safe-
park point for the faulty unit exists which allows nominal operation of downstream
operation and we present the framework for simultaneous safe-parking of multiple
units. Efficacy of the proposed framework is demonstrated by simulation study on a

two-unit chemical process in Section 4.4.

4.3.2 Safe-parking of a single unit in a multi-unit process

Consider the fault scenario described in Section 4.3.1 where an actuator of the k**
unit fails such that nominal operation in the unit cannot be continued and so safe-
parking of the k** unit is inevitable to continue safe operation of the whole plant.
As discussed earlier, the choice of a safe-park point for the k™ unit allows the safe-
operation in the k** unit during fault rectification and ensures resumption of nominal
operation in the k** unit upon fault repair. In the multi-unit setup, an additional
criterion needs to be added to the choice of safe-park point which is that if possible,
it should allow continued nominal operation in the downstream units. In this section,
we provide a systematic procedure to choose safe-park point that allows continued
nominal operation in the downstream units. Preparatory to the presentation of the

results, we define the set:

Dy ={z € R™ : fri1(Thi1,65) + Grr1(That,e5) k1 + Whir k(Trg1,05)Tk = 0,

Ur41 € Uk+1 S IR,mH'l} (47)
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where zp.1 s is the nominal operating points in the k + 1** unit. Therefore, Dy is
+1, 1Y g ;

the set of values of process variables (zx) in the k™ unit such that if the k** unit is
stabilized at zx, nominal operation in the k+ 1** unit can be maintained using allow-
able, although possibly different from nominal, values of the manipulated variables
in the k + 1% unit. In other words, the non-vanishing disturbance caused by change
in operation of the k™ unit can be rcjected in the k 4 1** unit at steady state via
using non-nominal valucs of the manipulated variables. Note that hg,; = 0 is used
for calculation of the set Dy because there is no fault in the k + 1** unit. We denote
Ukt1,n = UMPC(Tht1s Tht 1> UL 1 min> Uat 1 maz» Ok+1mins Ok+1,maz) @S the controller de-
signed to control the k + 1** unit at the nominal operating point with nominal values
of manipulated variables. As mentioned earlicr, when the k** unit is safe-parked,
the controller in k + 1** unit can maintain the nominal operation in the unit us-
ing non-nominal values of the manipulated variables. We denote this controller as
u;c-{-l,n = UMPC($k+1’zk+1,mu;c+1,min7u;c+1,maza9k+1,min79k+l,maz) where u;:—}-l,mi'n. and
Uj 11 maz ar€ modified constraints on manipulated variables. Both ugy1, and uy,;,
are designed to stabilize the k + 1** unit at the nominal equilibrium point but as
the nominal values of the manipulated variables (and therefore of the constraints)
are different for these controllers, they may have different stability regions which we
denote by Qxy1, and O +1, Tespectively. As before, we denote (2, and Q. as the
stability region for nominal equilibrium point and the safe-park point for the k* unit
respectively. For a choice of safe-park point of the k** unit, the maximum disturbance
caused to the k + 1** unit is denoted by dy.maz (characterized using Proposition 4.1).

Theorem 4.2 below provides the key requirements for choice of the safe-park point for

the faulty unit so that the downstream units can continue nominal operation.
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Theorem 4.2. Consider the constrained system of Eq.4.1 subject to failure in the first
control actuator of the k™ unit at a time TY* | subsequently rectified at a time TTP¥" .
If 2x(0) € Qn and 2441(0) € Quy1n, Thss is the safe-park point for the k™ unit
satisfying zx (T7%) € Oy, T 5 € Dy and Qi C Qg n and if 2y (T7) € Q;H-l,n

then the switching rule

uk(t) = Ukn, Uk+1 (t) = Uk41n 0<t< Tfault
Ue(t) = Uk Uaa() = Uy TIH <1< TTPO
u(t) = Ukn, Upg1(t) = Upyrn T7FP <t
under the robust model predictive controller of Eqs.3.8-3.12 with 0x41 min = —dk maz

and Ox+1,maz = Qkmaz, guarantees that zx(t) € Qepn, Tep1(t) € Qg1 for VL > 0 and
lim sup ||zx(t)|| < e and limsup ||zx41(t)|| < €x+1 where €; and ex41 are given positive
t—o0 t—00

real numbers.

Proof of Theorem 4.2: Since z4(Tf ‘“‘”) € Q. and Q. C Q,, the switching rule of

Theorem 4.1 guarantees that zx(t) € Qr, V¢ > 0 and limsup ||zx(t)|| < €. By invok-
t—o00

ing Proposition 4.1, we know that |z} (¢)| < d} ;s © = 1--- 7, ¥Vt > 0. Therefore,

th - - —
1** unit with 041 min = —dk mazs

designing the robust predictive controller for the k£ +
Ok+1,maz = Bk maz and with zx41(0) € Qg41 ., satisfies all the requirements of Theorem
3.1. Therefore, for all 0 < ¢t < T4, g4 1 (t) € Qpqan. Since 21 (T7*) € O,y o,
it follows that z41(t) € Q4 ,, V T7%* <t < T Since k41 and Oy,
are defined by different values of the level sets for the same Lyapunov function (and

the controllers ux1,, and u},, ,, enforce a decay of the same Lyapunov function), and

Tk41 (0) € Qk+1,n, it follows that Tk41 (Tfau,lt) (S Qk+1,n and Tr4+1 (t) € Qk+1,n v Tfault S
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t < TTP%r. This leads to Tp11 (T7%%") € Qpr1n- Try1(t) € Qpy1n for V& > 0 and
limsup ||zx41(%)| < €41 therefore follow. This completes the proof of Theorem 4.2.
t—o0

A A D« 0
Uk+1 K.n

U,

b 4

Y

U(1)k+1 X( 1)k

(a) (b)

Figure 4.1: Graphical illustration of requirements of Theorem 4.2 showing (a) con-
straints on inputs of downstream unit (k + 1** unit), and (b) the corresponding sct
Dy, and stability region (Q,,)of nominal equilibrium point of faulty unit (k** unit).
The set Dy, represents the allowable values of equilibrium points for the k& unit, such
that with allowable values of the inputs in the & + 1** unit, the nominal equilibrium
point continucs to be an equilibrium point for the k + 1** unit.

Remark 4.1. The key idea in Theorem 4.2 is to ensure that there exist admissi-
ble values of the manipulated variables in the downstream unit which can ‘reject’
the effect of safe-parking the faulty unit to preserve nominal operation of the down-
stream unit. This requirement is graphically illustrated in Fig.4.1. Fig.4.1a depicts
constraints on the inputs of the k + 1** unit. These constraints correspond to values
of the process states of the k* unit shown by the sct Dy in Fig.4.1b such that for

any value of the process states of the k' unit in the set Dy, the nominal values of
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the manipulated inputs in the k 4 1** unit can be adjusted to preserve nominal op-
eration in the k + 1** unit. Superimposed is also the stability region of the nominal
equilibrium point (Q%,) for the k" unit and two candidate safe-park points z .5,
and Ty 5. Note that the candidate safe-park point zj ., would be an acceptable
safe-park point in an isolated unit (since zj 45, € (, guaranteeing the resumption
of nominal operation in the k!* unit after the fault rectification). It is, however, not
an acceptable safe-park point from the viewpoint of preserving nominal operation in
the downstream unit since zxs5, ¢ Di. In contrast, the candidate safe-park point
Zksf, guarantees the resumption of nominal operation in the k** unit as well as the
continuation of nominal operation in the k 4+ 1** unit during the fault rectification

since Ty, € i, N Dy and therefore zy 45 is an acceptable choice for safe-parking

of the k** unit in a plant sctting.

Remark 4.2. Note that the k+1% unit is operated (and controlled) using a controller
that uses a non-nominal value of the manipulated input, and therefore has a different
stability region (denoted by %, ,,). The stability region, however, is still described by
the same Lyapunov function (and the same Lyapunov function is used in the control
design as well). Since the state for the k + 1** unit is initially inside the stability
region under nominal operation of the k + 1** unit and the controller for the k + 1%
unit ensures continued decay of the Lyapunov function, zx,(T7*) € Qp41,n follows.
Theorem 4.2 requires that zjy(T7**) € Q,;,. This leads to two possibilities:

kr1n 2 Qkrin and Q0 C Qgyiq. In either case, since the controller during
TTewlt and TT%" enforces decay of the same Lyapunov function describing Q11 ,

and ) ., i1 (T7P%") € Qpy1n follows, ie., the state residing in the stability

region at the time of fault repair is guaranteed and not required in Theorem 4.2.
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Remark 4.3. Note that the set Dy is based on steady-state considerations and its
characterization is computationally inexpensive. Specifically, it involves only repeated

solving of the algebraic equation:

Jrr1(Zr41.5s) + Gra1(Ths1,85) k1 + Wi p(Tht1,65)Thsr = 0 (4.8)

Furthermore, the equation is linear in the variables of interest (zj,ux). For fixed (and

known) values of zx s, the equation takes the form:

A+ Buk+1 + C.’Ek’sf =0 (49)

where A € R™+1*! B ¢ R™+1.X™+1 gnd C' € IR™+1*™ are constant matrices. The
set Dy, can readily be computed by varying ug,; over the desired values and comput-
ing the corresponding values of zy .. Note that while the schematic in Fig.4.1 shows
the two dimensional representation to illustrate the key idea, this visual representa-
tion is not necessary for the purpose of implementation of the proposed safe-parking
framework. In particular, verification of the presence of a point in the set Dy can
be done via solving a linear equation of the form of Eq.4.9, and the presence in the
set (), can be verified via evaluating the Lyapunov function (again an algebraic
evaluation). Also, note that the characterization of the set X, stability region for
nominal equilibrium point & safe-park points and computation of the sct Dy can be

done off-line.

Remark 4.4. Note that there may be instances when the requirements of Theorem
4.2 are not satisfied, i.e., there simply does not exist a safe-parking point that en-

ables nominal operation of the downstream units. Such possibilities are handled in
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Section 4.3.3. However, the value of Theorem 4.2 is in that it explores the possibil-
ity of continued operation of the plant (if possible) in a way that preserves nominal
operation. In other words, even in the presence of a fault in a mid-strcam unit, the
faulty unit is safe-parked to prevent onset of hazardous situations, enable smooth re-
sumption of nominal operation in the faulty unit, as well as enabling the subsequent
unit to continue nominal operation, thereby not disrupting the production of valuable

products.

4.3.3 Simultaneous safe-parking of multiple units

In the last section, we presented the framework to select a safe-park point so that
nominal operation in downstream units can be continued. However, it may happen
that in case of a fault, none of the candidate safe-park points satisfy the requirements
presented in Theorem 4.2, i.e. O, N Dy N Xi,. = 0. In other words, there exist no
safe-park point such that nominal operation of the downstream unit can be continued.
This necessitates that the downstream unit also be safe-parked. However, due to the
interconnected nature of the process, the procedure for safe-parking of isolated units
cannot be duplicated to safe-park multiple units, and one needs a framework to
simultaneously safe-park multiple units to continue the safe-operation of the entire
plant. In this section, we provide details of the framework to carry out simultaneous
safe-parking.

Consider the plant of Eq.4.1 with Q, N Dy N X . = 0. Preparatory to presenting
the framework for simultaneous safe-parking, we recall the control laws uy, », ux 5, and
Uk+1,» 8S defined in Section 4.3.2. Further, we define,

_ Tk+1,c Tk41,z
Ukt1lz. = uMpC(a:k+1,:ckH,c,ukH’min,uk+1’mfu_,9k+1,min,6k+1,mz) as control law to
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stabilize the k+ 1" unit at a candidate safe-park point x5 .. Also, we define (411, and
Qk+1,c as the stability regions for the nominal equilibrium point and safe-park point
in the downstream unit, for the robust predictive controller of Eqs.3.8-3.11 designed
using g1 1 min = —dkmaz a04d Ok i1 maz = dkmaz Where di min and dy ma, arc maximum
possible disturbance that can be caused by safe-parking of k** unit (characterized us-
ing Proposition 4.1 ). The key idea in simultaneous safe-parking is to ensure that for
a choice of safe-park point of the faulty processing unit, there exists a safe-park point
for the downstream unit (for which the ‘disturbance’ caused by the safe-parking of the
faulty unit can be rejected) and such that it can resume nominal operation when the
faulty processing unit reverts to nominal operation. This requircment is formalized

in Theorem 4.3 below.

Theorem 4.3. Consider the constrained system of Eq.4.1 subject to failure in the
first control actuator of the k™ unit at a time TT* subsequently rectified at a time
TP and x1, .5 and Tr1sp are chosen as safe-park points for the k™ and k + 1**
unit, respectively, such that p(T7%") € Mo, To 1 (TT™) € Miy1 e, ke € Qm and

Qit1,e € Qit1n, then the switching rule

Uk(t) = Ukn, uk+1(t) = Ukt1n 0 S t < Tfault
Uk(t) = uk,z,n uk+l(t) = uk+1,zc Tfault S t < TTepai'r
Uk(t) = Ukn, Uk-{—l(t) = Ukt1n Trepair <t

under the robust model predictive controller of Fqs.3.8-3.12, guarantees that xx(t) €

Qi and Try1(t) € Qig1n for VE > 0, limsup ||zx(t)]| < e andlimsup ||z441(E)|| < €xpr-
t—o0 t—o0
Proof of Theorem 4.3:
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For the k™ unit, since zx(T7) € Qe and Qe C Qg , from Theorem 4.1, zi(t) €
Qi , for Vt > 0 and lirtn sup [|zx(t)|| < e follows.

The robust model—);edictive controller for the k + 1% unit is designed with
Ok+1,min = —Akmazr 80d Okt1 maz = Qkmaz- AlSO, Tpy (T € Qyy1. and Qgyre C
Q%11.n, it follows from Theorem 3.1 that zx41(t) € Q41 for VE > 0 and lim sup,_, o [|Ze41(2)]|

< €1 M

Remark 4.5. Note that unlike Theorem 4.2, the unit downstream to the faulty unit
does not require to preserve nominal operation. In designing the controller for the safe-
parking of the downstream unit as well as for nominally operating the downstream
unit, the fact that an upstream faulty unit could safe-park has to be accounted for,
and this is achieved in Theorem 4.3 by designing the controllers for the downstrcam
unit such that it can reject the disturbance caused by the faulty unit. In picking the
safe-park point for k+ 1% unit, one can additionally incorporate further considerations
to cnsure that the units further downstream can preserve nominal operation. This
can be done by requiring that the safe-park point for the k 4- 1** unit be such that
it also satisfies zg41,sf € Dgt1. This allows nominal operation in units downstream
to the k + 1** unit even though both k™ and k + 1** unit are safe-parked. If it so
happens that there exists no safe-park point for unit ¥ to unit k¥ + p — 1 such that
nominal operation in downstream units can be continued, then a combination of the
procedures of Theorem 4.2 and Theorem 4.3 can be utilized to simultaneously safe-
park unit k£ to unit k£ + p to preserve nominal operation (if possible) of the rest of the

plant.

Remark 4.6. The proposed framework considers plants where units are connected

in seriecs. The framework, however can be readily extended to plants where units
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are connected in a combination of parallel and series fashions. To this end, the safe-
park point for faulty unit would have to be chosen using stability region for the unit
and the Dy, estimated for each of downstrcam units that are dircctly connected to the
faulty k** unit. The safe-park point would have to be chosen such that z;, ¢ resides in
Qkn and all Dy. Furthermore, the robust predictive controller for each downstream
unit would have to be designed to reject maximum disturbance caused by any of
the upstream unit. To deal with recycle, on the other hand, the process will have
to be divided into sub-processes (not necessarily the same as individual units) that
would eventually result in the hierarchical structure of Eq.4.1). A detailed analysis

of processes with recycle, however, remains outside the scope of the present work.

Remark 4.7. Note that while the safe-parking framework is presented assuming
fault in one of the actuators in the unit, it can be readily extended to multiple faults
occurring simultancously. When there arec multiple faults occurring in the unit, the
candidate safe-park points and corresponding stability regions should be calculated
using failed value for all failed actuators and then a safe-park point should be chosen
using safe-parking framework to ensure safe operation of the entire plant. Thus,
generalization to multiple faults (simultanecous or otherwise), while increasing off-
line computational cost (due to the necessity of determining the safe-park points for
all possible combinations of the faults in the control actuators), is possible in the

proposed framework.

Remark 4.8. Note that while the safe-parking Theorems 4.2 and 4.3 utilize ‘worst-
case’ estimates of the effect of safe-parking a unit to compute the relevant stability
region estimates, the current (as well as estimated future trajectories) of the distur-

bances can be made available to the downstream controllers resulting in a significantly
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improved performance. Specifically, when deriving guarantees for safe-parking the
units it is necessary to use the worst case effect of safe-parking a unit since the exact
profile of the state variables depends on the process state when the fault takes place.
However, once a fault takes place, the current value of the process states of the faulty
unit (which act as ‘disturbance’ to the downstream unit) can be used in computing
and improving the control action in the downstream unit (for a demonstration of the

improved performance using this idea, see the simulation example).

Remark 4.9. While the results in the present chapter are derived assuming avail-
ability of full state feedback, the framework can be extended to handle availability of
limited measurements. However, to do this, the stability regions for the various oper-
ating points in the multi-unit setting would have to be modified to the corresponding
output-feedback stability region, and the controllers would have to be augmented
with appropriate state observers (similar to the generalization of safe-parking of an
isolated unit presented in Chapter 3 to handle availability of limited measurements).
Note also that the use of predictive controllers allows explicit handling of time-delays
between subsequent units. Application of the proposed framework under limited
measurements and time delays, however, remains outside the scope of the present

work.

4.4 Application to a two-unit chemical process

To demonstrate the efficacy of the proposed safe-parking framework for multi-unit
processes, we perform simulation study on a plant comprising of two chemical re-
actors in series (also used in El-Farra et al. [2005] in the context of fault-tolerant

control using communication networks). To this end, consider a process composed of
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Figure 4.2: Schematic of the process with two chemical reactors.

two well-mixed, non-isothermal continuous stirred-tank reactors (CSTRs) with inter-
connections, where three parallel irreversible elementary exothermic reactions of the
form A 5 B, A B U and A8 R take place, where A is the rcactant species, B the
desired product, and U and R are the undcsired byproducts. As shown in Fig.4.2,
the feed to CSTR-1 consists of pure A at flow rate Fp, molar concentration Cag, and
temperaturc Ty, and the feed to CSTR-2 consists of the output of CSTR-1, and an
additional fresh stream feeding pure A at flow rate F3, molar concentration C 493, and
temperature Ty3. Due to the nonisothermal nature of the reactions, a heat-exchanger
at the inlet of the reactors is used to remove heat and two coils are used to add heat

in each reactor. Under standard modeling assumptions, a mathematical model of the
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plant can be derived and takes the following form:

% = TF,f(To ST+ é iz"&(cm, ) + pgi/l (4.10)
dg';u — -I‘;(I)(CAO —Ca1) - iz;:R;(CAl,Tl) (4.11)
% = %(Tl —-Ts) + %(Tos —T) + é AHi&(CA2,Tg) + pg;z (4.12)
di;fl - %(CAI — Ca2) + %(CA% —Ca2) — iRﬁ(CAz,TZZ) (4.13)

i=1

where R;(Ca;,T;) = kiexp(E;/RT;)Caj, for j = 1,2. The symbols T, Cy4, Q, and
V denote the temperature of the reactor, the concentration of species A, the rate of
heat input/removal from the reactor, and the volume of reactor, respectively, with
subscript 1 denoting CSTR 1, and subscript 2 denoting CSTR 2. AH;, k;, E;, 1 =
1,2, 3, denote the enthalpies, pre-exponential constants and activation energies of the
three reactions, respectively, ¢, and p denote the heat capacity and density of fluid
in the reactor. @7 and @), are net heat added/removed from CSTR-1 and CSTR-2,
respectively. The @ term consists of heat removed @Q;. and heat added @4 and
Qipe (le. @1 = Q1+ Q1p1 + Q1 42) in CSTR-1 while Q, consists of heat removed
Q>,c and heat added Qa1 and Qo p2 (ie. Q2 = Q2.0+ Q2p1 + Q2,42) in CSTR-2. The
values for all the parameters is given in Table 4.1.

The control objective is to stabilize CSTR-1 at the unstable equilibrium point
(Ca1 = 1.69 kmol/m3, T} = 4244 K) and CSTR-2 at the unstable cquilibrium
point (C42 = 0.89 kmol/m®, T, = 444.5 K). The manipulated variables for the
CSTR-1 are inlet concentration (C49) and heat removed/added (Q;) while manipu-

lated variables for the CSTR-2 are inlet concentration of stream 3 (Cas30) and heat
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Table 4.1: Process Parameters and Steady-State Values for the Chemical Reactors of

FEq.4.10
[ Parameter [ Value [ Unit ” Parameter ] Value [ Unit ]

5 4.998 m? /hr Es 753 x 10* | kJ/kmol
'3 4.998 m3 /hr p 2000 Kg/m?
E 8 m? /hr Cp 0.731 KJ/(kgK)
Vi 1 m> Tis 424 .4 K
Va 3 m> Cais 1.69 kmol /m3
R 8.314 KJ/(kmolK) 15, 444.5 K
T 280 K Caas 0.89 kmol /m?
Tos 280 K Q1,¢maz 0 KJ/hr

CAos 24 kmol/m3 Ql,c,min -2 X 106 KJ/hI

CA()gs 2.6 kmol/m3 Ql,hl,maz 0.5 x 106 KJ/hI‘
Q1 0.7 x 10° KJ/hr Q1,h1,min 0 KJ/hr
Qs 0.3 x 10° KJ/hr Q1h2maz | 1.5 x 108 KJ/hr

AH, 1.00 x 10° kJ /kmol Q1,h2,min 0 KJ/hr

AH, 1.04 x 10° kJ/kmol Q2,¢,maz 0 KJ/br
AH; 1.08 x 10° kJ /kmol Q2,c.min —2 % 10 KJ/hr
klO 3.0 x 108 hr! Qz,hl,maz 0.5 x 106 KJ/hI‘
kag 3.0 x 10° hr~! Q2.11,min 0 KJ/hr
k3o 3.0 x 10° hr—! Q2h2maz | 1.5 x 108 KJ/hr
E, 5.0 x 104 kJ /kmol Q2,h2,min 0 KJ/hr
E, 7.53 x 10* | kJ/kmol
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removed/added (Q;). Controller prescribed values of Q; and @2 are achieved by ma-
nipulating appropriate heating or cooling streams. The constraints on each input are
given in Table 4.1. The constraints on net heat added/removed is —2 x 10% < Q; <
2 x 108 KJ/hr and —2 x 108 < Q; < 2 x 108 KJ/hr. The constraints on other inputs
are 0 < Cyg < 8 kmol/m?® and 2.3 < Cy3 < 2.9 kmol/m3. The nominal equilibrium
points for CSTR-1 and CSTR-2 corresponds to manipulated variable values of Cgg =
2.4 kmol/m?, Q; = 0.7 x 106 KJ/hr and Cy3 = 2.6 kmol/m?, Q, = 3 x 10° KJ /hr.
For stabilizing the process at the nominal equilibrium point, the robust Lyapunov-
based model predictive controller of Section 4.2.2 is used for each CSTR. The robust

Lyapunov-based MPC is designed using a quadratic Lyapunov function of the form

2.37 0.09 5.90 0.29
V;=12FPzx; i =1,2 with P, = and P, = (generated by
0.09 0.02 0.27 0.02
solving Riccati cquation of Eq. 2.2). The matrices in the objective function of Eq.3.12
25 0 g 0
are chosen as Q1 = Qu2 = and R,1 = Ryo = and an execution
1
0 4 0 1x5106

period of A; = 0.01 hr, ¢ = 1,2 is used for MPC implementation. The prediction and
control horizons of 0.02 hr and 0.02 hr, respectively, are used in implementing the
predictive controller in both units. It should be noted that as the stability of closed
loop process system is guaranteed by use of stability constraint in the controller
formulations, short prediction horizon are chosen to reduce on-line computational
requirements. For implementation purpose, the robust predictive controller is dis-
continued once the process states reach the neighborhood of the desired equilibrium
point and a stability constraint of the form V;(z;(t + A;)) < 0.98Vi(z;(t)) i = 1,2
is incorporated in the optimization problem to guarantee stability of the closed-loop

system.
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We first demonstrate the implementation of Theorem 4.2 where it is possible to
reject the disturbance caused by safe-parking of the faulty unit in the downstream
unit (see Section 4.3.2). To this end, consider a fault where one of the heating coils
in CSTR-1 fails to its fail-safe position (resulting in Q1 42 = 0) at time ¢ = 1 hr and
so the constraints on net heat added/removed from CSTR-1 becomes —2 x 108 <
Q1 < 0.5 x 108 KJ/hr. This makes it impossible to opcrate CSTR-1 at the nominal
equilibrium point because there exist no admissible inputs which can maintain CSTR-
1 at the nominal cquilibrium point and, therefore, CSTR-1 needs to be safe-parked

at a safe-park point.

550
500/
)
2 450
o)
Q.
€ 400
(6]
= e
350 ununnnuunuuun ‘<

gjoooeoopopoooa0 J
L

3000 5 10

Concentration

Figure 4.3: Stability region for nominal equilibrium point (;,), the set D; and
candidate safc-park points (O) for fail-safe value of Q1 for CSTR-1. z; .4 and
1 s, are two representative candidate safc-park points where z; .5, satisfies both the
requirements of Theorem 4.2, allowing nominal operation in the downstream unit,
while z; .5, satisfies the requirements for the safe-parking of an isolated unit.

The stability region for CSTR-1 is estimated using grid search technique as de-
scribed in Section 2.2.3 with grid interval of 1.67 °C and 0.04 Kmol/m?®. The stability
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region is denoted by € ,, in Fig.4.3. A discrete manifold of available candidate safe-
park points is generated by solving the steady state system equations for allowable
values of manipulated variables in the faulty scenario. A grid of manipulated variables
with interval of 0.06 Kmol/m® and 0.1 x 10% KJ/s is used to generate the manifold
and the manifold is shown in Fig.4.3 by O.

To demonstrate the need for accounting for the multi-unit nature of the process,
we first consider the case where a fault occurs in CSTR-1 and it is safe-parked utilizing
the safe-parking framework for isolated unit described in Section 4.2.3. Therefore a
safc-park point .4 : (Ca1 = 2.58 kmol/m?®, T} = 452.6 K) is chosen. Note that
Tis5, € knand N € Oz P It is therefore possible to stabilize CSTR-1 at the safe-
park point z; ., . However, as can be seen from the dashed line in Fig.4.4, safe-parking
CSTR-1 at z; 55, does not permit operating CSTR-2 at the nominal equilibrium point.
To explain this, we also compute the set D (defined in Eq.4.7 ) and superimpose on
the candidate safe-park points in Fig.4.3. It can be scen that the safe-park point
Z1,f, is outside the set D. This explains the inability of operating CSTR-2 at the
nominal equilibrium point. In summary, as z; .5, € 2 the operation in CSTR-1 can
be resumed after fault rectification but during fault rectification the final product
quality cannot be maintained at desired specifications. In contrast, if the proposed
safe-parking framework outlined in Theorem 4.2 is utilized, it dictates picking z1 7, :
(Ca1 = 1.90 kmol/m3, T} = 471.6 K) as the safe-park point, since z; .y, is inside the
stability region of nominal equilibrium point and inside the set D (i.e z; 45, € 2N D)
as well. z;45 € QN D ensures that the non-vanishing disturbance caused by safe-
parking of CSTR-1 can be rejected in CSTR-2 while z 45, € {2 ensures that nominal

operation in CSTR-1 can be resumed upon fault repair, as demonstrated by the solid
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line in Fig.4.4. In summary, the proposed safc-parking framework provides guidelines
to choose safe-park point such that during fault rectification nominal operation in
downstream units can be maintained and upon fault repair (at time ¢ = 9 hrs),

nominal operation of the faulty unit can be resumed.

5 480
460
<
< 440
'_
420
% 5 15 400, 5 15

10 10
Time (hrs) Time (hrs)

(a) (b)

15

5 10 15 0 5_ 10
Time (hrs) Time (hrs)

() (d)

Figure 4.4: Evolution of the closed-loop state profiles of CSTR-1 (a,b) and CSTR-2
(c,d) for the simulation example. Fault occurs at 1 hr and is rectified at 9 hr. Dotted
lines (- - - } indicate the case when z; 45, (an acceptable safe-park point for the isolated
unit) is chosen as the safe-park point for CSTR-1 (resulting in inability to maintain
nominal operation in CSTR-2) while the solid lines (—) show the case when z; 47,
is chosen using the proposed framework as the safe-park point for CSTR-1 (which
allows nominal operation in CSTR-2).

Next, we consider the fault scenario, when there is no candidate safe-park point
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Figure 4.5: Input profiles for CSTR-1 (a,b) and CSTR-2 (c,d) in the simulation
example. Fault occurs at 1 hr and is rectified at 9 hr. Dotted lines (- - - ) indicate the
case when z, 5, is chosen as the safe-park point for CSTR-1 while the solid lines (—)
show the case when 1, .y, is chosen as the safe-park point for CSTR-1.

(d)
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Figure 4.6: Stability region for nominal equilibrium point (€;,), the set D; and
candidate safe-park points (0) for failure value of C4¢ for CSTR-1. It can be seen
that none of the candidate safe-park point satisfies the conditions in Theorem 4.2,
thercby requiring simultaneous safe-parking of the units using Theorem 4.3.

inside €2 N D and thus, there is no safe-park point that can allow continued nominal
operation in downstream unit (see Section 4.3.3). To this end, consider a case where a
fault occurs in upstream of CSTR-1 restricting the concentration of inlet stream to 6 <
Cao < 8 kmol/m? instcad of 0 < Cup < 8 kmol/m3. This fault makes it impossible
to continue nominal operation in CSTR-1 because nominal equilibrium point is not
an cquilibrium point in the faulty scenario. The robust predictive controller for both
CSTR’s is designed and the stability region for CSTR-2 (€3 ) is cstimated using
Omin = —Omaz aNd Oar = dmar in Eq.3.7. For the simulations we design the robust
predictive controller for CSTR-2 using 8,4, = (0.2 kmol/m?, 20 K). The stability
region for nominal opcrating point and the set Dy as well as the set of equilibrium
points in faulty scenario are shown in Fig.4.6. From Fig.4.6, it can be scen that there
exist no candidate safe-park point such that z; .y € Q2N Dy, and hence, there exists no
safe-park point for CSTR-1 such that nominal operation in CSTR-2 can be continued.

This requires that both CSTR-1 and CSTR-2 be safe-parked simultaneously. Out of
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the safe-park candidates, we choose z; .5 : (Ca; = 3.59 kmol/m3, T} = 445.0 K) as
the safe-park point for CSTR-1, and zsf : (Caz = 1.30 kmol/m?, T, = 437.3 K)
as safe-park point for CSTR-2. As can be seen from the dotted lines in Fig.4.6
(the corresponding state and input profiles are shown as dotted lines in Fig.4.7 and
Fig.4.8, respectively) safe-parking of both CSTR’s and subsequent resumption of

nominal operation (at time ¢ = 9 hrs) is achieved.
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Figure 4.7: Evolution of the closed-loop state profiles of CSTR-1 (a,b) and CSTR-2
(c,d). Fault occurs at 1 hr and is rectified at 9 hr. Dotted lines (---) indicate the
case when disturbance is considered as unmeasured while the solid lines (—) show the
case when disturbance information is passed to the predictive controller of CSTR-2
resulting in improved performance.
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Figure 4.8: Input profiles for CSTR-1 (a,b) and CSTR-2 (c,d). Fault occurs at 1
hr and is rectified at 9 hr. Dotted lines (---) indicate the case when disturbance is
considered as unmeasured while the solid lines (—) show the case when disturbance
information is passed to the predictive controller of CSTR-2.
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Finally, we demonstrate the improvement in performance when the measured
values of the process states of CSTR-1 are used in computing the control action in
CSTR-2 (instead of the worst case bounds, as described in Remark 4.8). Specifically,
the expected state trajectory computed by the predictive controller in CSTR-1 is
passed to the controller for CSTR-2. The controller for CSTR-2, therefore, does not
use worst-case bounds of the disturbances, but the predicted (and known/measured)
values of the process states of CSTR-1. The results are shown by the solid lines in
Figs 4.6-4.8, where the improved performance is clearly visible. In particular, we
see significantly less overshoot in the temperature and concentration of CSTR-2 both

when safe-parking CSTR-2 and when resuming nominal operation in CSTR-2.

4.5 Conclusions

This chapter considered the problem of control of chemical plants subject to input
constraints and faults in the control actuators. A safe-parking framework for plant-
wide fault-tolerant control was developed to handle faults that preclude the possibility
of continued operating at the nominal equilibrium point. First a framework was
developed to select the safe-park point in faulty unit such that nominal operation in
downstream unit can be continued during fault rectification. Next we considered the
scenario where no viable safe-park point for the faulty unit exists such that its effect
can be completely absorbed in the subsequent unit. A methodology was developed
that allows simultaneous safe-parking of the consecutive units. The efficacy of the
proposed framework was illustrated using a process comprising two chemical reactors

in series.

141



Bibliography

A. Armaou and M. A. Demetriou. Robust detection and accommodation of incipient
component and actuator faults in nonlinear distributed processes. AIChE J., 54:

2651-2662, 2008.

W. B. Bequette. Nonlinear control of chemical processes: A review. Ind. & Eng.

Chem. Res., 30:1391-1413, 1991.

P. D. Christofides and N. H. El-Farra. Control of Nonlinear and Hybrid Process
Systems: Designs for Uncertainty, Constraints and Time-Delays. Springer-Verlag,

Berlin, Germany, 2005.

J. F. Davis, M. L. Piovoso, K. Kosanovich, and B. Bakshi. Process data analysis and

interpretation. Advances in Chemical Engineering, 25:1-103, 1999.

C. DePersis and A. Isidori. A geometric approach to nonlinear fault detection and

isolation. IEEFE Trans. Automat. Contr., 46:853-865, 2001.

S. Dubljevic and N. Kazantzis. A new Lyapunov design approach for nonlinear sys-

tems based on Zubov’s method. Automatica, 38:1999-2005, 2002.

N. H. El-Farra. Integrated fault detection and fault-tolerant control architectures for

distributed processes. Ind. & Eng. Chem. Res., 45:8338-8351, 2006.

142



Ph.D. Thesis - Rahul Gandhi McMaster - Chemical Engineering

N. H. El-Farra, A. Gani, and P. D. Christofides. Fault-tolerant control of process

systems using communication networks. AIChE J., 51:1665-1682, 2005.

P. M. Frank. Fault diagnosis in dynamic systems using analytical and knowledge-

based redundancy — a survey and some new results. Automatica, 26:459-474, 1990.

P. M. Frank and X. Ding. Survey of robust residual generation and evaluation methods

in obscrver-based fault detection systems. J. Proc. Contr., 7:403-424, 1997.

R. Gandhi and P. Mhaskar. Safe-parking of nonlinear process systems. Comp. &
Chem. Eng., 32:2113-2122, 2008.

N. Huynh and N. Kazantzis. Parametric optimization of digitally controlled nonlinear
rcactor dynamics using zubov-like functional equations. J. Math. Chem., 38:499-

519, 2005.

N. Kapoor and P. Daoutidis. Stabilization of nonlinear processes with input con-

straints. Comp. & Chem. Eng., 24:9-21, 2000.

I. Karafyllis and C C. Kravaris. Robust output feedback stabilization and nonlincar

observer design. Syst. & Contr. Lett., 54:925-938, 2005.

Y. Lin and E. D. Sontag. A universal formula for stabilization with bounded controls.

Syst. & Contr. Lett., 16:393-397, 1991.

M. Mahmood, R. Gandhi, and P. Mhaskar. Safe-parking of nonlinear process systems:
Handling uncertainty and unavailability of measurements. Chem. Eng. Sci., 63:5434

— 5446, 2008.

143



Ph.D. Thesis - Rahul Gandhi McMaster - Chemical Engineering

M. Massoumnia, G. C. Verghese, and A. S. Wilsky. Failure detection and identifica-

tion. IEEE Trans. Automat. Contr., 34:316-321, 1989.

D. Q. Mayne, J. B. Rawlings, C. V. Rao, and P. O. M. Scokaert. Constrained model

predictive control: Stability and optimality. Automatica, 36:789-814, 2000.

N. Mehranbod, M. Soroush, and C. Panjapornpon. A method of sensor fault detection

and identification. J. Proc. Contr., 15:321-339, 2005.

P. Mhaskar. Robust modecl predictive control design for fault-tolerant control of

process systems. Ind. & Eng. Chem. Res., 45:8565-8574, 2006.

P. Mhaskar, N. H. El-Farra, and P. D. Christofides. Predictive control of switched
nonlinear systems with scheduled mode transitions. IEEFE Trans. Automat. Contr.,

50:1670-1680, 2005.

P. Mhaskar, N. H. El-Farra, and P. D. Christofides. Stabilization of nonlinear systems
with state and control constraints using Lyapunov-based predictive control. Syst.

& Contr. Lett., 55:650-659, 2006a.

P. Mhaskar, A. Gani, N. H. El-Farra, C. McFall, P. D. Christofides, and J. F. Davis.
Integrated fault-detcction and fault-tolerant control for process systems. AIChE

J., 52:2129-2148, 2006b.

P. Mhaskar, C. McFall, A. Gani, P. D. Christofides, and J. F. Davis. Isolation and

handling of actuator faults in nonlinear systems. Automatica, 44:53-62, 2008.

K. R. Muske and J. B. Rawlings. Model predictive control with linear-models. AICRE

J., 39:262-287, 1993.

144



Ph.D. Thesis - Rahul Gandhi McMaster - Chemical Engineering

C. Panjapornpon and M. Soroush. Shortest-prediction-horizon non-linear modcl-
predictive control with guaranteed asymptotic stability. Int. J. Conir., 80:1533-
1543, 2007.

A. C. Raich and A. Cinar. Multivariate statistical methods for monitoring continuous

processes: Assessment of discrimination power of disturbance models and diagnosis

of multiple disturbances. Chemom. & Int. Lab. Sys., 30:37-48, 1995.

D. R. Rollins and J. F. Davis. An unbiased estimation technique when gross crrors

exist in process measurements. AIChE J., 38:563-572, 1992.

A. Saberi, A. A. Stoorvogel, P. Sannuti, and H. Niemann. Fundamental problems in

fault detection and identification. Int. J. Rob. & Non. Contr., 10:1209-1236, 2000.

S. Valluri and M. Soroush. Analytical control of SISO nonlinear processes with input

constraints. AIChE J., 44:116-130, 1998.

Z. D. Wang, B. Huang, and H. Unbehauen. Robust reliable control for a class of

uncertain nonlinear state-delayed systems. Automatica, 35:955-963, 1999.

S.Y. Yoon and J. F. MacGregor. Fault diagnosis with multivariate statistical models

part I: using steady state fault signatures. J. Proc. Contr., 11:387-400, 2001.

X. D. Zhang, T. Parisini, and M. M. Polycarpou. Adaptive fault-tolerant control
of nonlinear uncertain systems: An information-based diagnostic approach. IEEE

Trans. Automat. Contr., 49:1259-1274, 2004.

145



Blank Page



Chapter 5

Safe-Parking of a Styrene Polymerization

Process |

5.1 Introduction

Polymerization processes are an important class of chemical processes. The plastic
consumption of the world was estimated to be around 200 million tons in 2000 (Rosato
et al. [2001]) and continues to grow at a substantial rate. Continuous polymeriza-
tion reactors are widely used to produce synthetic polymer products such as styrene.
The increasing demand for high quality polymers has given impetus to controller
designs that provide good control of the polymer product properties and minimize
off-spec product during the start-up and the grade transitions. As with most chem-
ical processes, polymerization reactors are characterized by the presence of process
nonlinearity, uncertainty and constraints. Over and above the inherent complexity of

the process, operation has to deal with eventualities such as equipment and control

TThe results in this chapter are published in “R. Gandhi, D. Baldwin and P. Mhaskar, Safe-
Parking of a Styrene Polymerization Process, Ind. Eng. Chem. Res., 48 (15), 7205-7213, 2009”.
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algorithm faults, which, if not addressed in a timeiy manner, can lead to substantial
economic losses and safety hazards motivating significant research on fault-tolerant
control.

In recent years, there has been a great deal of interest in living chain radical poly-
merization due to its ability to produce polymers in which the presence (or absence)
of branches, number of functional groups (a characteristic of ionic polymerization)
and the molecular weight distributions can be properly controlled. In polymer chem-
istry, the living polymerization is a form of addition polymerization where the ability
of a growing polymer chain to terminate has been removed and this is accomplished
in a variety of ways. Chain termination and chain transfer reactions are absent and
the rate of chain initiation is also much larger than the rate of chain propagation.
The result is that the polymer chains grow at a more constant rate than seen in
the traditional chain polymerization and their lengths remain very similar (i.e., they
have a very low polydispersity index). Though there has been a lot of research effort
focused on the understanding of the chemistry of the living chain polymerization, the
process system engincering aspects of the process, imperative for successful commer-
cialization, are less explored.

Successful commercialization of any process, apart from profitability and feasi-
bility, requircs that process be safe and operable despite disturbances and faults in
industrial environment. In this chapter, we design control strategy to control living
chain polymerization reactor at an unstable operating point using Lyapunov based
MPC and address the problem of how to operate the reactor during fault-rectification

for the faults that do not allow continuation of nominal operation in the reactor. First
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we design a Lyapunov based predictive controller for the styrene polymerization reac-
tor in a way that allows for an explicit characterization of the set of initial conditions
from where the reactor can be stabilized. Then, we consider the problem of han-
dling faults in the manipulated inputs. We design and implement the safe-parking
framework to choose a safe-park point where the reactor can be operated during fault
rectification. Upon fault recovery, the process states are driven back to the nominal
operation. This ensures safe-operation and minimizes deviation from specs during
fault rectification and smooth resumption of nominal operation upon fault recovery.

The rest of the chapter is organized as follows: In Section 5.2, the styrcne polymer-
ization process is described and a mathematical model for the process is presented.
Next we describe the control objectives for the styrenc polymerization reactor. A
Lyapunov-based predictive controller is designed in Section 5.3.1 and implemented in
Section 5.3.2. Next, in Section 5.4.2 a safe-parking framework is designed and used

to handle faults in Section 5.4.3. Finally we summarize our results in Section 5.5.

5.2 Process description and modeling

A schematic of a typical styrene polymerization reactor setup is shown in Fig. 5.1.
Living Nitroxide-Mediated Radical Polymerization (NMRP) of styrene takes place
in the CSTR. We consider the scenario where Monomer feed to the CSTR comes
from two different sources, through intermediate storage tanks, Tank-1 and Tank-
2. Nitroxyl ether is fed to the CSTR to keep the ratio of total monomer feed to
nitroxyl ether constant. In Bonilla et al. [2002] and Lemoine-Nava et al. [2006], a

detailed kinetic mechanism for the NMRP of styrene via manomolecular process is
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Figure 5.1: Schematic of the Living Nitroxide-Mediated Radical Polymerization re-
actor.

reported (reproduced in Table 5.1 for convenience). The numerical values of the ac-
tivation cnergy and pre-exponential factors in Arrhenius-like rate constant equations

are provided in Table 5.2.
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Table 5.1: NMRP living polymerization kinetic scheme

Nitroxyl ether decomposition NOg Z? R + NO,

2
Mayo dimerization M+MM D
Thermal initiation D& M+ D
First propagation R+ M & P
(primary radicals)
First propagation M+ M & P,
(monomeric radicals)
First propagation D+M & P
(dimeric radicals)
Propagation P, +M & Poiy
Dormant-living exchange M+ NO, (:—47 MON,
(monomeric alkoxyamine) )
Dormant-living exchange P, +NO, <:—“> P,ON,
(polymeric alkoxyamine) )
Alkoxyamine decomposition MONz ™&™ M+ H ON,
Rate enhancement reaction D+ NO, % D + HON,
Termination by combination Pn + P, bild D,+ D,
Termination by disproportionation P, + P, pi D, + D,
Transfer to monomer P+ M*es M+ D,
Transfer to dimer P.+D = D + D,
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Table 5.2: NRMP living polymerization kinctic information

Parameter Value Unit
k; {TOB3e=TeI8T/T) | T,/ (mols)
kaim 10%4 ¢(~93.5/RT) L/(mols)
kp 10763 6(—»3251/1‘2T7 L/(mols)
ke 1.7 x 109 &= ¥3/T | L /(mols)
ki 0 L/(mols)
ktrm 0 L/(mols)
kird 0 L/(mols)
Kdccomp | 5.7 x 10 e~ 153/FT L/s
ki3 0.1 L/(mols)
kq 4.7 x 10%~9626/ET | 1, /(mols)
k., 3 x 1013 ¢~ 124/ET L/s
kgo kq L/(mols)
ka2 ke L/s

Table 5.3: Design parameters and thermodynamic information

Design Parameter Value Unit
Monomer feed stream concentration 8.7 mol /L
Nitroxyl ether feed stream concentration | 0.0087 mol /L
Feed stream flow rate 0.372 L/s
Feed stream temperature 403.15 K
Cooling water flow rate 1 L/s
Cooling water feed temperature 293.15 K
Reactor volume 9450 L
Cooling jacket volume 2000 L
Heat transfer coefficient 80 J/(m*sK)
Heat transfer area 19.5 m?
Heat of reaction -73000 J /mol
Feed stream heat capacity 1647.27 | J/(kgK)
Cooling water heat capacity 4045.7 | J/(kgK)
Feed stream density 0.915 kg/L
Cooling water density 1 kg/L
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5.2.1 Styrene polymerization reactor model

We utilize the mathematical model derived in Verazaluce-Garcia ct al. [2000] and
Lemoine-Nava et al. {2006}, reproduced below:

(5.1)
(5.2)
(5.3)
(5-9)
(5.5)
(5.6)
(5.7)
(5.8)
(5.9)
(5.10)
(5.11)
(5.12)

(5.13)

(5.15)
(5.16)
(5.17)
(5.18)

(5.19)

dM in — L
7 :gﬂ%_]u_) — 2kgimM? — kDM — kpM(D+ M + R) ~ kpMYo — ktrm MY, + KdecompMONz
D
% — — 5+ kaimM? = DM — k1,4DY, — kny, DNO-
dN NOgo — NO .
O =( £.0 E) —kﬂzNOE+kdzNOzR
dt ]
aM M . .
— = 5 TRDM —kpMM ~ kgNO: M + ka MONz + kirm MY,
%]tz =- % ~kpRM 4 kay NOg ~ kaa RNO,,
dD D .
— == 5 +kiDM — kDM + kiypaDYo + kny DNO;
dN NO, . .
d?I =~ =% ~ kaNO:Yo + kaZo + kay NOg — kaNO=M + ks MON; ~ kazNO= R — kg DNO:
dMO MON, .
dth == Z + kgNOzM — kaMONz — kgecompMON;
day, Y, o
—E = — 7 + kpM(D + M+ R) + kaZy — Ya(deOz + ktrmM + kirqg D + (ktc + kid)yf’)
o __Zo +kgNOY, — ko Z,
dt
dI' _ (Tin—T) + (AHkpM(M + R+ D +Y,)) (VAT —Ty))
dt 6 (PCpm) (pCPmV:'I)
dT; UA(T -T;
ot} :9.‘1(’1‘].,‘.'1 —TH+ WAT - T3))
i V; (pCpm Vi)
dy; v S
=7 +kpM(D+ M+ R)+kaZy + kpMY, — Y1(kaNOz + ktrm M + kirg D + (ktc + kia)Yo)
dy: Y; L
—df =_ 7"‘ +hpM(D+ M+ R+ Yy +2¥1) + ka Zo — Ya (kgNOz + ktrm M + kypg D + (kio + ki) Yo) (5.14)
dz, Z
S = - T2 4 kgNOLY: — ko Z
T 2 + kg Y1 adl
dZ, Zs
=2 22 L kyNO.Ys — ko Z
i ) + ka Y2 2
dQo 1
e - 99—" + (gkte + ki) V2 + YolkirmM + FiraD)
d
__‘?tl - %l + (kte + keg)Y1 Yo + Y1 (ktrm M + kyrg D)
d
_22 = %2- + (kte + ka)YoY2 + kth12 + Yo (ktrm M + k'trdD)

where M is monomer concentration, D is dimer concentration, NOg is nitroxyl ether

concentration, M is monomer radical concentration, R is primary radical concentra-

tion, D is dimer radical concentration, NO, is nitroxide concentration, MON, is
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alkoxyamine concentration, T is reactor temperature, 7} is jacket watcr temperature,
@ is cooling water flowrate to jacket, M;, is concentration of monomers in feed, V is
the volume of the reactor, () is total volumetric flowrate fed to reactor and 0 = g A
material balance for the species and polymer moments in the styrene polymerization
rcactor gives Eqs.5.1-5.10 and Egs.5.13-5.19. An energy balance for both the reactor
and the cooling jacket gives Eqs.5.11-5.12. The evolution of the process state of the
reactor is governed by 12 cquations i.c. Eqs.5.1-5.12. The rest of the model equations
are required to calculate the end product quality measures such as average molecular
weight and polydispersity. The values of the design parameters for the reactor and the
thermodynamic properties are shown in Table 5.3. The polymer end properties such

as average number molecular weight (M, ), average weight molecular weight (M,,)

and polydispersity are calculated using Eqgs.5.20-5.22.

i+ + 24
M,=MWy—F—— 5.20
MZO + Qo+ Zy ( )

Zo + Q2+ 2y
M, = MWy-—F"—F= 5.21
MZl +Q1+ 2, ( )

) . M,
Polydispersity = A (5.22)

where MW, is the monomer molecular weight (104.16 g/mol).

5.2.2 Control strategy

In this section, we briefly explain the control objectives and the control strategy for
the styrene polymerization rcactor. The control objective is to ensure production
of desired end quality, defined via the quality measures such as average molecular

weight and polydispersity. The manipulated variables for achieving this objective are
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monomer feed flowrate and cooling water flowrate. To facilitate controller design, the

process model of Egs.5.1-5.22 can be divided into three groups as follows.

z = f(z) + g(z)u (5.23)
2=z, 2) (5.24)
y = h(z, 2) (5.25)

where £ = [M, D, NOg, M, R, D, NO,, MON,, Y, Z, T, T;|T is the
vector of statc variables, u = [M;,, Q|7 is the vector of manipulated inputs, z =
Y1, Ya, Z1, Z2, Qo, @1, Q2] is the vector of output variables and y = [M,,, M,
Polydispersity | are the quality variables. The control objective is to stabilize the
process at the desired values of process states, chosen to yield the desired product
quality indicators; furthermore, for the sake of illustration, an average molecular
weight in the range 20,000 — 22,000 gm/mol and the polydispersity in the range
2.7 — 2.9 is deemed acceptable.

Notc that the polymerization reaction exhibits heat balance multiplicity and there
can be one or three equilibrium points depending on the values of the process parame-
ters. Where multiple equilibrium points exist, the equilibrium points corresponding to
the upper and lower temperatures are stable while the equilibrium point correspond-
ing to the middle temperature is unstable. Unlike a typical reaction, the reaction rate
in polymerization reactor does not increase monotonically with the temperature due
to gel effects in the reactor at higher conversions. To attain optimal reaction rate in
the reactor, therefore, the reactor is operated at mid-range temperatures, resulting in

the need to operate the process at an unstable equilibrium point (denoted by N). The
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physical limitations in the process design imposes the following constraints on the ma-
nipulated variables; the constraints for the monomer feed flowrate is 0 < Q < 0.8 L/s
and for the cooling water flowrate is 0 < @, < 5 L/s. The steady state values of
the state variables corresponding to the nominal values of the manipulated variables

Qu =1 L/s and @ = 0.52 L/s are given in Table 5.5.

5.3 Lyapunov-based model predictive control of
the polymerization reactor

In this section, we design and implement a recently developed Lyapunov-bascd pre-
dictive controller on the polymerization reactor. The key benefit of the predictive
control design is that it possesses an explicitly characterized set of initial conditions
from where it is guarantced to be feasible, and hence stabilizing in the presence of

input constraints.

5.3.1 Controller design

Consider the system of Eq.5.23 for which we design a predictive controller (Mhaskar

et al. [2005]) of the form:

w () = argmin{J(z,t,u(-))|u(-) € S} (5.26)
st. & = f(z)+ G(z)u(t) (5.27)

Viz(r)) < —e Y1 et,t+A)if V(z(t)>6 (5.28)
Vz(r)) <& VTeltt+A) if Vie(t)<§ (5.29)
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zt+7) € MPV7eltt+A)if V(z@)>cme" (5.30)

where S = S(t,T) is the family of piecewise constant functions (functions continuous
from the right), with period A, mapping [t,t + T] into U and T is the horizon (with
Nupe = T/A. Eq.5.27 is the nonlinear model describing the time evolution of
the state z, V is a control Lyapunov function and §', €* are controller parameters.
The parameters ¢™* and the set IIt are defined below. A control u(-) in S is
characterized by the sequence {u[j]},7 = 0... Nyypc — 1. The performance index is
given by “T
Tatult) = [ [le*(s5, 00, + luls) ) ds (5.31)
where @, is a positive semi-definite symmetric matrix and R,, is a strictly positive
definite symmetric matrix. z%(s;z,t) denotes the solution of Eq.5.23, due to control
u, with initial state z at time ¢. The minimizing control u[0] € S is then applied to
the plant over the interval [t,t + A) and the procedure is repeated indefinitely.

For all values of the styrene polymerization process, negative definiteness of the
Lyapunov function derivative can be achieved subject to manipulated input con-

straints (and independent of the control law) in the set described by:

I* = {z€R":LiV(z)+ »_ LomnV ()t < —€*} (5.32)

i=1

where Lgmin V(2)u* = Lg,V(2)Uinay if Le,V(2) < 0and LomnV (2)u* = La,V (2)tihin,
if Lg,V(z) > 0 and €** is a positive number (appropriately defined, and related to
¢* through the sampling time A; see Mahmood and Mhaskar [2008] for details). The

set TI* therefore denotes the entire set of initial conditions from where V < —e** is

achievable. The idea behind the expression in Eq.5.32 is as follows: each element of
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the vector LgV (x), denoted by Lg,V (z) captures the effect of the ith component of
the manipulated input on the Lyapunov function derivative. The term LG'IgninV(.’L')'U,i
thercfore captures the most that the i¢h manipulated input can contribute towards
making V(a:) negative. Alternatively, the expression can also be thought of as the
set of states for which V(z) is negative under the ‘bang-bang’ control law given by
ui(z) = —sgn(Lg,V(z))u?™ (for the case where |ul | = [u, | = u?*™) where
sgn(z) = 1if z > 0 and sgn(z) = —1 if z < 0. Subsequently, computation of the

largest level set Q% of the form
Qf = {zeR*:V(z) <™} (5.33)

completely contained in II* provides an estimate of the stability region. For further

details on the controller design and a stability proof, see Mahmood and Mhaskar

[2008].

Remark 5.1. The Lyapunov based predictive controller of Egs.5.26-5.31 guarantees
stability from all initial conditions inside set Q*. If the process states arc initially
outside the set O but inside the set II*T then the constraints in the predictive con-
troller formulation requiring that process states remain inside the set II* allows to
possibly enhance the sct of initial conditions from where the process can be stabilized.
Given the high dimensional nature of the problem, and the possible conservatism as-
sociated with utilizing quadratic Lyapunov functions (which are easy to construct)
this constraint provides further assurance that the controller will be able to recover

from a disturbance that throws it away from nominal operation.
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5.3.2 Controller implementation

We now implement the Lyapunov-based predictive controller on the styrene poly-
merization reactor. The Lyapunov-based model predictive controller minimizes a
quadratic cost function subject to input and stability constraints. Note that for the
controller design, we utilize a quadratic Lyapunov function of the form V = zT Pz,
where P is positive definite matrix calculated by solving the Riccati equality of
Eq.2.2. The stability guarantees however, explicitly account for the nonlinear process
model. Prediction and control horizons of 100 sec are used for the controller design
and implementation. A discretized version of the stability constraint of the form
V(z(t+ A)) <0.99V(z(t)) is incorporated in the MPC optimization problem.

We tested the controller implementation from several initial conditions. Shown
here is the simulation result for a cold filled start-up of the polymerization reactor
where the polymerization is started from an initial condition M,, = 8 mol/L, T =
300 K and 7; = 300 K while all the other concentrations start at zero. As can be
seen in the Fig. 5.2, the Lyapunov based predictive controller is able to stabilize the
process at the desired unstable operating point. Fig. 5.3 shows the corresponding
input profiles. Fig. 5.4 shows the evolution of the Lyapunov function and it can be
secen that the Lyapunov function continuously decreases, driving the process towards

the desired operating point.
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Figure 5.2: State profile evolution (solid lines) for the stabilization of the styrene
polymerization process from a cold startup to the desired unstable equilibrium point
(a) Monomer concentration (M), (b) Reactor Temperature (T'), and (c) Jacket Tem-
perature (T;). The dotted lines denote the desired steady-state values.
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Figure 5.3: Input profile for the stabilization of the styrene polymerization process
from a cold startup to the desired unstable equilibrium point (a) Inlet monomer
flowrate (Q), and (b) Jacket cooling water flowrate (Qy). The dotted lines denote
the nominal values of the manipulated inputs.
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Figure 5.4: Lyapunov function evolution for the stabilization of the styrene poly-
merization reactor process from a cold startup to the desired unstable equilibrium
point.

5.4 Handling faults in the operation of the poly-
merization reactor

In this section, we design a framework for handling actuator faults in the polymer-
ization process. To this end, first we formulate the problem and then design and

implement a safe-parking framework Chapter 2 on the polymerization process.

5.4.1 Problem statement

We illustrate the safe-parking mechanism by considering a fault scenario where the
valve regulating the flow from one of the monomer tanks (tank-1) fails and reverts
to its fail safe (completely shut) position. This results in modified constraints on the
monomer feed flow rate 0 < @ < 0.4 L/s. As the nominal operating point corresponds
to @ = 0.52 L/s, no value of the functioning manipulated inputs 0 < @, < 5 L/s and
0 < Q <04 L/s exists such that the nominal equilibrium point (V) continucs to be

an equilibrium point of the process subject to the fault. This requires that the process
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be shutdown or be taken to some other operating point that is an equilibrium point
for the allowable values of the manipulated variable in the faulty scenario. In this
chapter, we use the safe-parking framework that systematically selects a temporary
operating point so that the process can be safely operated during fault rectification
and upon fault recovery nominal operation can be efficiently resumed. The selection
of the temporary operating point is made such that the polymer product during fault

rectification has quality close to the desired product quality.

5.4.2 Safe-parking framework

For the styrene polymerization reactor, consider a fault scenario described in Scction
5.4.1 where the monomer feed from one of the feed tanks is lost due to a fault in
the feed unit. The fault takes place at time 7/%¥* and is repaired at time 77°P%".
Maintaining @, =1 L/s and @ = 0.4 L/s (maximum possible value for monomer
feed flowrate) may drive the process state to a point from where it may not be
possible to resume the nominal operation upon fault-repair, or even if possible, may
yield significantly off-spec product (see the simulation section for a demonstration).
Furthermore, even if the output variables can be maintained close to specs during
fault repair, it is important to ensure resumption of nominal operation especially
in the context of a plant sctting where the outlet from the unit goes into another
processing unit, and rcsuming nominal operation of the entire state variables (not
just the quality variables) is neccssary to minimize disruptions downstream.

For the allowable ranges of inputs 0 < @, < 5 L/sand 0 < @ < 0.4 L/s, a set
of equilibrium points where the process can be stabilized during fault rectification

can be calculated and is denoted as the candidate safe-park set, X, := {z. € R" :
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flze) +g9(z)u=0,0<Qy, <5LJs, 0<Q <04 L/s}. The safe-park candidates
therefore represent the equilibrium points at which the unit can be stabilized, subject
to the failed actuator, and with the other ‘manipulated variables within the allowable
ranges.

Arbitrarily choosing a temporary operating point z; € X, (as with trying to run
the monomer feed at the maximum residual flow rate), may yield significantly off-spec
product during fault-rectification, motivating the need to implement the safe-parking
framework. The kéy requirements for the choice of a safe-park point is that, 1)
it should be possible to drive the process to the safe-park point from the nominal
equilibrium point, 2) it should be possible to operate the process at the temporary
operating point with the allowable values of manipulated variables in faulty scenario,
and 3) it should be possible to resume nominal operation after the fault is rectified.
These requirements can be satisfied by choosing an operating point such that 1) the
process state at the time of failure resides in the stability region of the safe-park
candidate (subject to depleted control action), so the process can be driven to the
candidate safe-park point and 2) the safe-park candidate resides within the stability
region of the nominal control configuration so the process can be returned to nominal
operation after fault repair.

These requirements are formalized in Theorem 5.1 below. To this end, consider
the fault scenario described earlier where the failure occurs in one of the monomer
feed units. The stability region under nominal operation, denoted by Q;}, has been
characterized for the model predictive controller of Eqs.5.26-5.31. Similarly, for a
candidate safe-park point z., we denote Q} as the stability region (computed a priori)

and v = u, and v = u,, are the controllers designed to stabilize the process at the
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nominal equilibrium point and the safe-park point, respectively.

Theorem 5.1. [Chapter 2] Consider the constrained system of Eq.5.23 under the
model predictive controller of Eqs.5.26-5.31 designed, for a given positive number ¢,

to achieve limsup ||z(t)|| < e. If z(0) € QF, z(T7***) € QF and QF C QF, then the

i—00

switching rule

( )
Un , 0<t< Tfault
U(t) — i Uz, Tfault <t< Trepair P (534)
U, , T'repair <t
( )

guarantees that z(t) € QOF Vit > 0 and limsup ||z(t)|| < e.
t—r00

Remark 5.2. Note that the assumption that the failed actuator reverts to the fail-
safc position allows enumerating the possible fault situations for any given set of
manipulated inputs a-~priori to determine the safe-park candidates off-line and then
pick the appropriate safe-park point online (the condition z; € Q! can be verified
off-line, however z(T/e*) € OF needs to be verified online, but only requires an
algebraic calculation). The assumption reflects the practice wherein actuators have
a built-in fail-safe position to which they revert upon failure. The fail-safe positions
arc typically determined to minimize the possibility of excursion to dangerous con-
ditions such as high temperatures and pressurcs (setting a coolant valve to fail to a
fully open position, while setting a steam valve to fail to a shut position). In the
unlikely event that the actuators experience a mechanical failure and are not able to
revert to a fail-safe position, one can work with simplified (albeit without guarantees)
estimates of the stability regions that can be generated much faster (and therefore

computed online, upon fault-occurrence), to implement the safe-parking mechanism.
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Specifically, instead of stability regions estimated by constructing invariant sets Q%
within the set of initial conditions II* for which the Lyapunov-function can be made
to decay, one can use the set IIT (which is much easier to compute) to implement the
safe-park mechanism as is done in this work. Note also that while the statcment of
Theorem 2 considers faults in one of the actuators, generalizations to multiple faults
(simultancous or otherwise) are possible, albeit involving the expected increase in
off-line computational cost (due to the necessity of determining the safe-park points
for all combinations of the faults in the control actuators). Note also that while the
computational requirements grow with increase in the number of states and inputs,

the majority of the computations are off-line and require only algebraic computations.

Remark 5.3. The presence of constraints on the manipulated inputs limits the set
of initial conditions from where the process can be driven to a desired equilibrium
point. Control designs that allow an explicit characterization of their stability re-
gions, and their use in deciding the safe-park point is therefore critical in determining
the viability of a candidate safe-park point. Note the presence of a point in the sta-
bility region can be verified by evaluating the Lyapunov function value. Note also
that while the proposed safe-parking framework assumes apriori knowledge of the
fail-safe positions of the actuators, it does not require a priori knowledge of the fault
and recovery times, and only provides appropriate switching logic that is executed
when and if a fault takes place and is subsequently rectified. Note that while not
explicitly considered in this chapter, plant-model mismatch and disturbances can be
accounted for in the proposed framework. In particular, first a robust MPC must be
designed that provides an estimate of the stability region in the presence of uncer-

tainties and then the safe-parking algorithm should be implemented using the robust
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stability region estimates (sec Chapter 3 for further details). On the other hand, if
the measurements are available only asynchronously, there exists a limiting value of
measurement loss fraction within which the predictive controller continues to enforce
practical stability (see Mhaskar et al. [2007]), and if the sensor data-loss is found to
be within the acceptable limit, the predictive controller can be utilized to implement

the safe-parking framework.

Remark 5.4. Note that the choice of the control Lyapunov function has an effect
on the estimates of the stability region, and, in turn, on the implementation of the
proposed safe-parking framework. Referring to the choice of the control Lyapunov
function, it is important to note that a general procedure for the construction of CLFs
for nonlinear process systems of the form of Eq.5.27 is currently not available. Yet, for
several classes of nonlinear process systems that arise commonly in the modeling of
engineering applications, it is possible to usc suitable approximations (Dubljevic and
Kazantzis [2002]) or exploit system structure to construct CLFs. The key is for the
control design to be able to utilize the CLF to ensure a well defined stability region,
which enables the implementation of the proposed safe-parking framework. Note also
that implicit in the implementation of the proposed safe-parking mechanism is the
assumption of the presence of fault-detection and isolation filters. The proposed safe-
parking framcwork determines the necessary course of action after a fault has been
detected and isolated and can be readily integrated with any of the existing (e.g., El-
Farra and Ghantasala [2007], Ghantasala and El-Farra [2008], Mhaskar et al. [2008])

fault-detection and isolation structures.

Remark 5.5. Often, a large sct of cquilibrium points may qualify as safe-park points

and satisfy the requirements in Theorem 5.1. In such a scenario, a safe-park point that

166



Ph.D. Thesis - Rahul Gandhi McMaster - Chemical Engincering

is optimal from an economic sense should be chosen as a safe-park point. In Chapter 2,
a framework to incorporate the cost (a) for transitioning from the nominal equilibrium
point to a safe-park point, (b) for operating the process at a safe-park point and (c)
of transitioning from a safe-park point to the nominal equilibrium point after fault is
rectified was presented. For the styrene polymerization reactor, when more than one
candidate safe-park point is available, the safe-park point which produces polystyrene
with the end product qualities closest to the desired product quality is chosen as the

safe-park point.

5.4.3 Safe-parking of styrene polymerization reactor

Consider the fault described in Section 5.4.1, where the monomer feed from one of
the feed tanks is lost due to a fault in the feed unit. In this faulty scenario, the
nominal equilibrium point is no longer an equilibrium point and the process can not
be operated at the nominal equilibrium point and needs to be operated at some other
operating point. In the absence of the safe-parking framework, one possibility is that
even after being informed of the fault, the controller trics to maintain operation at the
nominal operating point with available control action. Since the nominal equilibrium
point is no longer an equilibrium point in the faulty scenario, the states go to another
cquilibrium point (as shown by the dashed lines in Fig. 5.5). The corresponding
input profile is shown (see dashed lines) in Fig. 5.6. As a result, the product during
fault-repair has a number average molecular weight (M,) of 27073 gm/mol and
polydispersity of 4.05 which are significantly away from the desired values and is
essentially a waste product.

We next demonstrate the scenario when the safe-parking framework of Section
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Table 5.4: Candidate safc-park points

| No [ M (mol/L) [ T (K) | Qw (L/s) | Q (I/s) | My (gm/mol) | Poly-dispersity ]

1 6.668 367.5 0.56 0.34 26226 2.615
2 6.407 368.9 0.56 0.32 29340 2.441
3 7.010 364.6 0.51 0.35 22036 2.981
4 6.198 373.5 0.85 0.38 31732 2.247
) 5.971 373.8 0.74 0.34 34323 2.183
6 5.709 376.1 0.82 0.34 37202 2.088
7 5.398 376.8 0.70 0.30 40541 2.026
8 4.986 381.0 0.85 0.31 44627 1.934
9 4.520 384.8 0.89 0.30 48909 1.872
10 3.689 391.4 0.80 0.27 55469 1.810

Table 5.5: Valucs of state variable corresponding to nominal equilibrium point, safe-
park point and the equilibrium point where process settles in absence of safe-parking

framework
State/property | Units Nominal safe-park Controller tries to
Equilibrium | point (xf) to maintain
point (N) nominal operation
M mol /L 7.13 7.01 8.49
D mol/L | 1.21 x 1073 | 1.13 x 1073 1.46 x 10~*
NOg mol/L | 3.35 x 1073 | 3.66 x 1073 8.33 x 103
M mol/L | 1.39 x 10712 | 1.14 x 102 5.40 x 10714
R mol/L | 3.82 x 10711 | 2.84 x 10~1! 2.70 x 10711
D mol/L | 1.40 x 10712 | 1.15 x 10~*2 5.43 x 1014
Noy mol/L | 3.36 x 1077 | 2.39 x 10~ 3.63 x 10~7
MON, mol/L | 6.66 x 1077 | 6.06 x 10~ 1.95 x 1078
Y, 1.12x 1078 | 9.48 x 1078 1.50 x 107°
Zo 5.35 x 1073 | 5.04 x 1073 3.67 x 1074
T K 369.50 364.57 331.73
T; K 323.90 326.74 314.02
Q L/s 0.52 0.35 -
Qw L/s 1.00 0.51 -
Mn mol /L 20585 22036 27073
Polydispersity 2.81 2.98 4.05

168




Ph.D. Thesis - Rahul Gandhi

McMaster - Chemical Engineering

o

8.5

M (mol/L)

380
370

360

2350 “

340
330
320

330

50 100
Time (hr)

(a)

50
Time (hr)

(b)

100

Figure 5.5: (a) Monomer concentration (M) (b) Reactor Temperature (7'), and the
(c) Jacket Temperature (7}) for living chain styrene polymerization reactor. Fault
occurs at 5 min and is rectified at 75 min. Dashed lines (- -) show the state profile
when the controller tries to maintain nominal operation despite fault in one of the
monomer streams and the solid lines (—) show the state profile for the case when the
safe-parking framework is implemented.
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Figure 5.6: (a) Inlet monomer flowrate (@), and (b) Jacket cooling water flowrate
(Qu) for the living chain styrene polymerization reactor. Fault occurs at 5 min and is
rectified at 75 min. Dashed lines (- -) show the input profile when the controller tries
to maintain nominal operation despite fault in inlet concentration stream and the
solid lines (—) show the input profile for the case when the safe-parking framework
is implemented.
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5.4 is utilized to select the operating point during fault rectification. Some of the
candidatc safe-park points, deemed acceptable from a steady state stand point and
a stability region standpoint (verified via presence in the easy to compute ITT set
instead of the Q% set, albeit relying on successive feasibility of the control law) are
shown in Table 5.4. From the set of candidate safe-park points, a safe-park point
which produces styrenc with quality closest to the desired values is chosen as a safe-
park point. In particular, as z,53 has polymer quality closest to the desired value,
it is chosen as the safe-park point for operating the reactor during fault rectification.
The values of the process states corresponding to the safe-park point z.s3 are given
in Table 5.5. As shown by the solid lines in Fig. 5.5, the process is stabilized at
the safe-park point z,; during fault rectification and nominal operation is resumed
after the fault is rectified. The corresponding input profile is shown by dashed lines
in Fig. 5.6. The product during the operation at the safe-park point has a number
average molecular weight (M,,) of 21,349 gm/mol and polydispersity of 2.72; both
of these propertics arc very close to the desired product qualities. In summary, a
fault that precludes continued process operation at the nominal equilibrium point
is handled via a safe-parking framework that enables both stable process operation
and acceptable product quality during fault rectification, and smooth resumption of

nominal operation upon fault rectification.

5.5 Conclusions

In this chapter, we focused on fault tolerant control of living nitroxide-mediated rad-
ical polymerization of styrene in a CSTR. First, a model predictive controller was

designed and implemented to operate the reactor at an optimal, unstable operating
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point. Next, faults were considered that do not allow continuation of nominal opera-
tion. A safe-parking framework was designed and shown (via closed-loop simulations)
achieve a product during fault rectification that complies with required product spec-

ifications, and enable smooth resumption of nominal operation.
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Chapter 6

Conclusions and Future Work

6.1 Conclusions

This work considered the problem of control of nonlinear process systems subject to
input constraints and faults in the control actuators. A safe-parking framework was
developed for handling faults that preclude the possibility of continued operating at
the nominal equilibrium point. First, Lyapunov-based model predictive controllers,
that allow for an explicit characterization of the stability region subject to constraints
on the manipulated input, were designed. The stability region was utilized in sclecting
‘safe-park’ points from the safe-park candidates (equilibrium points subject to failed
actuators). Specifically, a candidate parking point was termed a safe-park point if
1) the process state at the time of failure resides in the stability region of the safe-
park candidate (subject to depleted control action), and 2) the safe-park candidate
resides within the stability region of the nominal control configuration. Performance
considerations, such as ease of transition from and to the safe-park point and cost

of running the process at the safe-park point, were then quantified and utilized in
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choosing the optimal safe-park point. The proposed framework was illustrated using
a chemical reactor cxample and its robustness with respect to parametric uncertainty
and disturbanccs was demonstrated via a styrene polymerization process.

Next, we extended the safe-parking framework to handle practical issues such as
model-plant mismatch, disturbances and unavailability of all process state measure-
ments. We proposed robust model predictive controller to handle process parameter
uncertainties, disturbances and measurement noise. Then we considered the problem
of availability of limited measurements. An output feedback Lyapunov-based model
predictive controller, utilizing an appropriately designed statc observer (to cstimate
the unmeasured states), was formulated and its stability region explicitly character-
ized. An algorithm was then presented that accounts for the unavailability of the
state measurements in the safe-parking framework. The proposed framework was
illustrated using a chemical reactor example and demonstrated on a styrene polymer-
ization process.

Next, a safe-parking framework for plant-wide fault-tolerant control was developed
to handle faults that preclude the possibility of continued operating at the nominal
equilibrium point. First a framework was developed to select the safe-park point
in faulty unit such that nominal operation in downstream unit can be continued
during fault rectification. Next we considered the scenario where no viable safe-park
point for the faulty unit exists such that its effect can be completely absorbed in the
subsequent unit. A methodology was developed that allows simultaneous safe-parking
of the consecutive units. The efficacy of the proposed framework was illustrated using

a process comprising two chemical reactors in serics.
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We then demonstrated the efficacy of proposed safe-parking framework on prac-
tical and bigger system. We implemented safe-parking framework for fault tolerant
control of living nitroxide-mediated radical polymerization of styrene in a CSTR.
First, a model predictive controller was designed and implemented to operate the
reactor at an optimal, unstable operating point. Next, faults were considered that do
not allow continuation of nominal operation. A safe-parking framework was designed
and shown (via closed-loop simulations) achieve a product during fault rectification
that complies with required product specifications, and enable smooth resumption of

nominal operation.

6.2 Recommendations for Future Work

Recommendations for future work are presented below.

1. The present work considered actuator faults and process equipments faults.
Another important class of failure is sensor failures leading to measurement
losses. The loss of sensor measurements can render some of process states
unobservable and if these unobservable states are unstable, to ensurc safety of
entire process, it becomes essential that observable process states (or some of
the observable process states) be driven to another operating point such that

the unstable unobservable process states becomes bounded or stable.

2. In the present work a grid search is used to estimate the stability region and
available equilibrium points in failure scenario. The computation requirement
for grid search technique increases exponentially with increase in the number

of process states. Further work is recommended for using optimization based
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approach to estimate the stability region. Here the objective is to find biggest
ellipsoid (level set of Lyapunov function) such that the Lyapunov function can
be made to decrease for all points inside the ellipsoid. This gives rise to mixed
integer nonlinear optimization problem (due to switched control law), which
are difficult to solve for global optimal solution. Also, optimization based ap-
proaches can be used to select optimal safe-park point. This requires solving
optimization problem to find the equilibrium point for the process in failure
scenario, such that choosing this equilibrium point as ‘safe-park’ point will
minimize the cost of operation during safe-parking procedure and also will sat-
isfy the stability requirements of ‘safe-park’ point. If both above problems can
be solved as separate optimization problems, next stage can be to combine
these two problems to one optimization problem that will, at once, 1) estimate

stability regions and 2) find optimal ‘safe-park point’.

3. As mentioned in Remark 4.6, the proposed safe-parking framework for plant-
wide fault tolerant control can be extended to deal with multi-unit processes
with recycle streams. In cases where the effect of the safe-parking of the faulty
unit can be absorbed in downstream units, this extension is straight forward as
presented in Chapter 4. On the other hand, if the disturbance caused by safe-
parking of faulty unit can’t be rcjected in the downstream units, it becomes
necessary to safe-park multiple units simultaneously. Due to presence of recycle
stream, the safe-park points for the units can’t be determined sequentially, but
the safc-park points for all the units must be selected in coordination. This
can be accomplished by using overall plant model to calculate the candidate

safe-park points for each unit that needs to be safe-parked and then verifying
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whether the candidate safe-park point satisfies safe-parking requirements or not.
Further work is recommended to explore details of safe-parking for systems with

recycled streams.
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