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Abstract

In engineering applications like power systems and robotics, the systems consist of many
interconnected subsystems. In some situations, due to fault or maintenance issues, these
subsystems are disconnected and again connected (structurally perturbed) to carry out the
required job. Moreover, during operation, when a disturbance affects the plant and causes
variation in the process variables, namely, frequency of generators or angle of robot arms,
most probably the operator adjusts the controller parameters to overcome this disturbance.
In this situation, one can ask two practically important questions: “Is it possible to maintain
overall stability under structural perturbations (connective stability) or when the controllers
are detuned capriciously? How much of the performance loss of the system is due to these
scenarios?”

During the last three decades, many research efforts designed a controller for each
subsystem in a plant, this is called decentralized design. The controllers were synthesized
for stability under load fluctuations and for other objectives. However, due to complexity,
there are few clear and effective design techniques for connective stability and/or for
stability under arbitrary control loop detuning. Furthermore, every system possesses some
degree of nonlinearity and structured controller design for nonlinear systems is an active
area of investigation.

The approach of this thesis is to utilize mathematical tools, namely, structured singular
values, properties of norms, different optimization techniques, transformation methods, and
matrix operations to cast the design of controllers into a convex optimization framework
(in some cases, quasi-convex) which is readily solvable by available numerical software.
These algorithms are clear and computationally efficient. An additional goal is to develop

new conditions for reducing the performance loss of a decentralized control system. The



work here verifies the theoretical design algorithms developed in this thesis as applied to
Syncrude control problems. This plant is highly nonlinear and the controllers presently
working cannot overcome problems such as: a) due to arbitrary tuning of the controllers
and sudden load variations, the 900-pound header pressure undergoes oscillations which
the controllers are incapable to damp out quickly and b) controlling the load fluctuations

requires large quantities of natural gases, a major economic concern.



Acknowledgements

The work in this thesis was done during the last three and half years under the esteemed
supervision of Dr. Horacio J. Marquez and Dr. Tongwen Chen. [ am thankful to them for
their technical suggestions, assistance, cautiously reviewing manuscripts related to my PhD
work, and [ feel privileged working under their guidance.

It was a pleasure to work in the Advanced Control Laboratory where [ had the
opportunity to learn and share ideas with my colleagues Jingbo, Yu, Jing, Mostafa, Ali,
Reza, and Vahid and my seniors Amr, Danleil, Guofeng and Jiandong. [ would also like to
thank Dr. Vinay Kariwala of Nanyang Technological University, Singapore and Dr. Feng
Tao of Rutter Hinz Inc for valuable technical suggestions and comments on the chapter 4
of this thesis.

[ appreciate the research grant from Syncrude Canada Ltd. and Natural Sciences and
Engineering Research Council of Canada during the first three years and British Columbia
Transmission Corporation afterwards that was provided to me by Dr. Horacio J. Marquez
and Dr. Tongwen Chen as a research assistantship. The funding was instrumental in
providing me the opportunity to attend conferences, which led me to continually learn about
new technological developments and to meet renowned researchers in my field. I am also
gratified to the Instrument Society of America and the University of Alberta to support my

research.



Table of Contents

1 Introduction
1.1 Overview of Multi-Loop Control Systems . . . . . ... ... .......
1.2 Structure and Outline of the Thesis . . . . . . .. ... ... ... .....
1.2.1 ThesisOVerview . . . . . . . .. ...
1.2.2 PowerPlant Technology . . .. .. ... ... ... .. ......
1.2.3  Drum Level and Header Pressure Control . . . . . ... .. .. ..
124 DesignStrategy . . . . . . .. . ..

1.3 Contributions . . . . . ... e,

2 Robust Stabilization of Nonlinear Interconnected Systems
2.1 Introduction . . . . . .. ... ..
22 Background . . . . ...
2.3 Decentralized Observer-Based Controllers in the LMI Framework . . . . .
2.4 Dynamic Output Feedback Stabilization . . . . . . .. ... ... ... ..
2.5 @eneralization to Multiple Subsystems . . . . . ... ... ... ... ...
2.6 Applicaiontoan Utility Boiler . . . . . . . ... ... ... ... ... ..
26,1 PhysicalModel . . . .. ... Lo
2.6.2 Simplification of the Nonlinear Model to Standard Form . . . . . .
2.6.3 Computation of Quadratic Bounds for the Nonlinearities . . . . . .
2,64 SimulationResults . . .. ... ... oo 0oL
2.7 Observer-Based Controllers for Boiler Systems . . . . . ... ... . ...
2.7.1 Controller Design and SimulationResults . . . . . . . . ... ...
28 ChapterSummary . . . . . . . . .. e

3 A New Framework for Overlapping Control Design
3.1 Introduction . . . . .. ... ... ...

3.2 Instrumental Tools . . . . . . . . . .. . ...



3.3 A Solution to Overlapping Control Design . . . . .. .. ... ... .... 54

331 Design .. .. 55

3.3.2 Computational Method . . . . . ... ... oL 58

3.4 Two-Step Optimization Method for Overlapping Control Design . . . . . . 60
3.4.1 Dynamic Output Feedback Overlapping Control Design . . . . . . 61

3.5 Applications to a Two-Area Power System and an Industrial Utility Boiler . 65
351 Two-AreaPower System . . . . ... ... ... .. ... ..... 05

352 Industrial Utiity Botler . . . . . . .. ... ... . ... ... 69

3.6 ChapterSummary . . . . . . . . ... 76

4 Multiloop Control Synthesis Based on y Interaction Measure 80
4.1 Introduction . . . . . . . . ... 80

4.2 Definitions and Instrumental Tools . . . . . ... .. .. ... ... .... 82

43 Background . . .. ..o 83

4.4 A Solution to (Block) Diagonal Approximation and Controller Design . . . 85
44.1 (Block) Diagonal Approximation . . . . .. ............ 85

442 ControllerDesign . . . . . ... ... ... .. ... ..., 87

4.5 Performance Limitations due to RHP Zero Crossings . . . . . . . ... .. 89

46 SimulationResults . .. ... .. ... ... L. 91
461 UtlityBoilers .. ... ... ... ... ... 93

47 Chapter Summary . . . . . . . . ... 1)

5 Model Predictive Control Strategy 97
51 Introduction . . . . .. ... ... ... 97

5.2 Designof Control Strategy . . . . . . . . . . ... .. 99

53 SimulatonResults . .. ... ... ... ... L 103

54 ChapterSummary . . . . . .. ... 104

6 Conclusions and Recommendations 109
6.1 Conclusions . . . . . . ... .. 109

6.2 TutureWork . . . . . . . . L 110
Bibliography 112
A Proofs of Theorems 124

A.1 Proofof Theorem 2.1 . . . . . . . . . . . . . . 124



Proof of Matching Condition . . . . . . .. ... ... ... ... ..... 126

Proof of Theorem 2.2 . . . . . . . . . . . . e 127
Proof of Theorem 2.3 . . . . . . . . . . . . . . . ... 129
Proof of Theorem 3.1 . . . . . . . . .. . .. . .. . . . . .. ... 130

Proof of the Block Diagonal Approximation . . . . . . .. .. ... . ... 133



List of Tables

2.1 Eigenvalues of the closed-loop system. . . . . . .. .. ... ... ..... 25

2.2 Parameters of the nonlinear model at a saturation pressure of 7018.6 kPa. . 37

3.1 Jg,. values with static and first order dynamic overlapping controller. . . . 68



List of Figures

1.1
1.2
1.3
1.4
1.5
1.6

2.1
22
23
2.4
2.5
2.6
2.7
2.8
29
2.10
2.11
2.12
2.13
2.14
2.15
2.16
2.17
2.18
2.19
2.20

Type I and Type Il overlapping [122]. . . . . .. .. ... ... .. .... 5
Operation of power generating plant. . . . . . . ... .. ... ....... 7
Ideal Rankine thermodynamic cyele [117]. . . . . . . .. .. ... ... .. 8
A part of the interconnected system at Synerude. . . . ... . oL L. 9
Drum levelcontrol. . . . . . . .. .. . ... . 10
Header pressure control. . . . . . . .. ... oL 10
Admissibility region. . . . ... .. 26
Stabilizing effect of the decentralized controller. . . . . . .. ... . .. .. 26
Region of attraction. . . . . . . . ... ... ... ... 27
SyStem trajeclory. . . . . . . . . e e 30
State z; of thesystem. . . . . . .. . . ... ... 31
State zoof thesystem. . . . . . . . .. . ... .. 31
PZ map of the inearized model. . . . . . .. ... ... .. ... ... .. 40
Physical interpretation of the quadratic inequality. . . . .. . ... ... .. 40
Stabilizing effect of decentralized controllers. . . . . . ... ... ... .. 42
Stabilizing effect of the controllers. . . . . . . .. . .. ... ... ..... 42
Effect of load variation. . . . . . . ... ... . ... ... . ... 43
Volume of steam in the drum for three randomly chosen setof 7. . . . . . 43
Schematic of the boiler, governor and turbine unit. . . . . . . . . . . . ... 44
Responses due to change infuel flow. . . . ... ... ... ... ... .. 45
Responses due to change in control valve position. . . . . . . ... .. .. 45
Curve fitting. . . . . . . ... . 47
Computation of parameterajand az. . . . . ... .. ... ... 47
Stabilizing effect of decentralized controllers. . . . . . ... ... .. ... 49
Estimation error dynamics. . . . . . . . ... 50

Disturbance rejection. . . . . . . . . ... 50



3.1
3.2
3.3
34
3.5
3.6
3.7
3.8

3.9

3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19
3.20
3.21

4.1
4.2
43
44
45
4.6
47
48

5.1
5.2

Physical meaning of parametersrand 2. . . . . . . ... ... ... 59

Effectonfeasibility . . . .. .. ... .. ... .. 65
Feasibility set . . . . . . ... .. . . ... 65
Two area power system [119]. . . . .. ... .. ... ... .. ... ... 66
Overlapping scenario of the two area power system. . . . . . . . . .. .. 66
Frequency deviation of the first area with output feedback controllers. . . . 67
Frequency deviation of the second area with output feedback controllers. . . 67
Nyquist array with column Gershgorin circles of the first area: without

controller (first row), with static output feedback controller (second row),

with dynamic output feedback controller (thirdrow). . . . . .. ... ... 69
Control signals with static output feedback controllers. . . . . . . ... .. 70
Frequency deviation of the first area with state feedback controllers. . . . . 70
Frequency deviation of the second area with state feedback controllers. . . . 71
Modeling of the utility boiler and the header. . . . . . . . . . . ... .. .. 71
Validation of the steam flow. . . . . . . . .. ... ... ... .. ... 74
Validation of the firingrate. . . . . . . . . .. ... ... ... .. 74
Fitnessofthemodel. . . . . ... ... ... . ... .. .. ... ..., 75
Inputstotheprocess. . . . . . . . ... . ... ... 75
Performance of the overlapping controllers under high load conditions. . . . 77
Sudden load change inthe S0#header. . . . . .. ... ... .. ...... 77
Responses during load change in the SO# header. . . . . . . ... .. ... 78
Stabilizing effect of the overlapping controllers. . . . . . .. ... ... .. 78
Header pressure response during sudden load change. . . . . . . .. . . .. 79
A general closed loop system. . . . . . ... ... oL 84
Singular values of the error system. . . . . . . . . ... ... ... L. 92
Outputs of theplant. . . . . . .. .. ... .. . . o 93
Verification of condition in (4.2). In figure, Spe(jw) = é(jw). ....... 94
Controlled variables during load ¢hange. . . . . . . . . .. ... ... ... 95
Inputs during load change. . . . . . . . .. .. ... ... ... ... .. 95
System response during loop failure. . . . . . . . . . 9
Step change in steam temperature. . . . . ... ... L. 96

A part of the boilers, once through steam generators and header system [106]. 98

Schematic to achieve fuel economy. . . . . ... ... ... .. ... ... 99



5.3 Model predictive control strategy. . . . . . ... ..o o oL 101
5.4 Discrete time laguerre functions [115). . . . . .. .. . ... ... .. ... 103
5.5 Open loop model of UBs, headers and OTSGs. . . . . ... ... ... .. 105
5.6 Steamflowoutofthe COtypeboilers. . . . .. ... ... ... .. .... 105
57 Firingrateofthe COtypeboilers. . . . ... ... ... ... ... .... 106
5.8 Firingrate of theutility boilers. . . . . . . . ... .. . ... .. ... ... 106
5.9 Fuel flow rate for steam production in the utility boilers. . . . . ... . . . 107
5.10 Header pressure reéSponse. . . . . . . . .o e a e 107
5.11 Drum level of the utility boilers. . . . . ... ... ... ... ....... 108

5.12 Superheater steam temperature. . . . . . . ... ... 108



Nomenclature

The abbreviations, symbols and notations used in this thesis are included here. This is done

to maintain a uniformity for technical persons of two different disciplines: control systems

and power plant. Some of them are standard and can be found in [3, 50]. Matrices are

denoted by boldface upper case, vectors by boldface lower case, and all other variables are

in italics.

Greek Symbols

()

oy

Region of attraction
Distance to uncontrollability or unobservability
Degree of robustness

v Performance parameter

7 Set of laguerre coefficients

K Euclidian condition number of a matrix, transfer matrix

w Structured singular value

P Spectral radius

A Lagrange parameter

Amaz ~ Maximum eigenvalue

Wpmary Maximum undamped natural frequency

Qmin,  Minmimum decay rate

o Singular value

g Maximum singular value

Jed Minimum singular value

w frequency

A Uncertainty matrix
Abbreviations

iff if and only if

W.I.t with respect to

via through

vs Vversus

AM Auto manual

ARE Algebraic riccati equation

BBD Bordered block diagonal

BLT Biggest log-modulus tuning

BMI Bilmear matrix mequality



CCL Cone complementary linearization

CL Closed loop

DIC Decentralized integral controllability
DNA Direct nyquist array

FD Forced draught

FE Flow element

FRC Flow recorder controller

FT Flow transmitter

FY Flow relay

GRC Generating rate constraint
HPI Hydrocarbon processing industry
HP High pressure

ID Induced draught

IM Interaction measure

IMC Internal model control

IP Intermediate pressure

ITAE Integral time absolute error
KKT Karush-Kuhn-Tucker

LCV Level control valve

LHP Left half of the complex plane
LIC Level indicator controller
LMI Linear matrix inequality

LP Low pressure

LQR Linear quadratic regulator

LT Level transmitter

LTI Linear time invariant

LY Level relay

OTSG Once-through steam generator

MATLAB Matrix Laboratory
MIMO Multi input multi output

MPC Model predictive control

NI Niederlinski index

NP Non-polynomial time

PI Proportional integral

PID Proportional integral dertvative
PRC Pressure recorder controller
PT Pressure transmitter

PZ Pole zero

QP Quadratic programming

RGA Relative gain array

RHP Right half of the complex plane
ROC Rate optimal control

SISO Single input single output

SS State space

SYNSIM  Syncrude simulation package
TT Temperature transmitter

UB Utility boiler

YALMIP  Yet another LMI parser



Notations

()
I
()
Re(")

Iy
T

min(-)

= DO=

&3

THUQARFEOQE BT R S8

Norms

Derivative w.r.t time

p-norm of vectors, matrices or transfer functions
Transpose of a matrix

Real part

Determinant of a matrix or transfer matrix
Trace of a matrix

Diagonal part of a matrix

Minimization of a function

Set of real numbers

State weighting matrix

Control weighting matrix

Prediction horizon

Control horizon

Scaling factor

Imaginary number

Laplace parameter

Variables to be manipulated or control signals
Variables to be controlled or measurements
State matrix

Input matrix

Output matrix

Feedthrough matrix or scaling matrix
Observer gain matrix

Identity matrix

Controller or compensator

System transfer matrix from utoy

(Block) diagonal part of G(s)

Sensitivity function

Control sensitivity function

Complementary sensitivity function
Subspace of real rational transfer matrices with poles on the
left half of the s-plane

Space of real numbers with dimension m x n
Net number of clockwise encirclements of the point («, 0) by
the image of Nyquist D contour under F(s)
Terms that are induced by symmetry

Biasing station

End of proof

Ho norm: For a stable system G(s) [91]

1G(8)]loo = sup (G (jw))
w€R

Loo norm: It is similar to Hoe norm, but for an unstable system G(s) with no poles on



the imaginary axis.



Chapter 1

Introduction

1.1 Overview of Multi-Loop Control Systems

Interconnected systems appear in a number of fields such as power systems, chemical
processes, space structures, and robotics, to name a few. During the last few decades,
research in the field of large-scale interconnected systems has concentrated on decentralized
robust control strategies [31, 44, 46, 56, 70, 81, 82, 84, 85, 87, 120, 123, 125]. An
incentive to design decentralized control methods is that splitting the large scale systems
into low order subsystems and subsequent controller design for each subsystem lead to a
decrease in an overall computational effort. Although, it is not always possible to respect
this desideratum, other reasons for this preference include [5, 31, 32, 36, 42, 49, 82, 84, 85,
88,91}

o Modeling effort: In the case of multivariable design, a good process model of the
overall system is mandatory. The model must be maintained and renewed and the
corresponding optimization problem should be modified when alterations occur in
the process [88]. In a decentralized scheme, the designer needs to know only the
model of each subsystem and the controllers can be obtained and tuned easily with
some prior knowledge of process interactions (either by intuition or experiment). It
1s even possible to tune controllers online by selecting a few parameters, e.g., gain,
integral time constant, or reset rate, without destabilizing the overall system [88, 91].
Therefore, in some process industries centralized architectures are avoided in support

of simple structured (diagonal, block diagonal, BBD) conurollers [36, 42].

¢ In power systems, robotics, and space structures, very often interconnected systems
do not remain as a single entity in an working environment. In many cases (faults,

operational requirements), subsystems are disconnected and again connected to
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perform the required task [84]. Under such structural reconfigurations, what is
required is a control strategy that can guarantee connective stability (stability in the
presence of structural perturbations) of the overall system [82, 84], and/or attain a

desired performance in the face of uncertainty in interconnections [31, 49].

¢ In power systems, where subsystems are geographically separated from each other,
there are also frequent changes in power generation. This deregulated environment
leads to unforeseen malfunctions in the subsystems. Under these situations, it is
necessary to develop decentralized control strategies that keep processes operating
well under varying operating conditions and in the presence of different disturbances

5, 85].

o Failure tolerance capability and ease of understanding has led to acceptance of

decentralized control by operators in the industry.

The design of the aforementioned control system includes [89]: 1) selection of suitable
pairings and 2) design of (block) decentralized controllers. So far in process industries, the
RGA [15] and Rijnsdrop’s interaction measure [76] have been found to be practical means
of removing impracticable pairings (step 1). For the control design (step 2), past research

efforts boil down to the following four categories |7, 21, 50, 51, 57, 65, 68, 89, 112]

a) Simultaneous design. In this approach, the controller is assumed to be of a
predetermined structure (like state space form, PID, PI, etc.) with some parameters to
be designed. By using different optimization techniques, parameters are obtained by
minimizing the suitable norms (Hy, Hoo) of the CL system [50, 51]. A shortcoming
of this approach is its relative complexity and, in some cases, the non-convexity of

the resulting optimization problem [7, 50, 51].

b) Detuning method: In this technique, the controller for each subsystem is first designed
by ignoring interactions among different loops. Next, the controllers are detuned
with some knowledge of the interactions (obtained by prior experiments) until a
prespecified stability condition is satisfied [57]. In [65] a similar approach called
the BLT method was proposed where the controllers were first designed using the
Ziegler-Nichols method. This provides an appropriate starting point of the next
tuning step. Then, the controllers are detuned by regulating a variable that divides
the controller gain and multiplies the reset time. This parameter provides a tradeoff

between stability and performance, because increase in its value leads to sluggish
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response but brings more stability to the system. Due to the fact that it is easily
understandable, the method i1s widely accepted in industry, however, it is applicable

to open loop stable linear systems only [57].

¢) Sequential loop closing: In this case, each block of the controller is designed one after
the other. At first, the controller related to a fast loop (inner loop) is designed and the
loop is closed. Then, the controller corresponding to the next loop is designed based
on this closed loop system information [50, 51, 89]. Due to its simplicity, this method
is now being widely used in industry. However, when the lower level loops fail, the

failure tolerance of the remaining loops cannot be guaranteed [21, 57, 68, 89, 112].

d) Independent design: In this method, the control design is based on the (block)
diagonal clements of the system. The controller in each loop is designed by
stipulating the form of each CL transfer function, resulting in an IMC-PID type
controller [57]. If the interaction is less than a certain bound, this method can
maintain stability of the overall closed loop system. Since information about the
controllers in other loops is not used, the design is conservative but the nominal

stability of the remaining loops is guaranteed if any loop fails [35, 50, 51, 57, 89].

Shortcomings of decentralized control systems include closed loop performance
degradation due to interactions, and, in many cases, non-convexity of the optimization
problem at the design phase [79]. This thesis provides some insight into approaches a)
and d) above and tries to solve problems in these methods. Thus the work is mainly
focussed on the control design and it is assumed that suitable loop pairings between
measured variables and the corresponding manipulated variables have been already decided

in advance. However, in chapter 4 there is some discussion on the pairing problem.

1.2 Structure and Outline of the Thesis

This section presents the structure and outline of this thesis.

1.2.1 Thesis Overview

In chapter 2 the following class of nonlinear interconnected systems [70, 84, 85, 87, 120,
125]

X = Ax; + Biu, + Ghi(x), i =Cxy, i=1,2,3,...,N
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is considered, and decentralized observer-based controllers and dynamic output feedback
controllers based on measurements are designed. Here, x; € R™ are the states, u; € ™
are the inputs, y; € RF are the outputs, and h;(x) are interconnections. This problem
was recognized in 2001 by [84] and numerous efforts were made by [70, 95, 125] to
design decentralized observer-based control laws, however, an algorithm to design these
controllers remained to be created, because a non-convex optimization problem can only
give a local solution. In this chapter, a thorough literature survey is performed on the theory
and applications of this class of system and LMI tools are utilized to cast the design problem
into a convex optimization framework. This algorithm is computationally efficient, gives a
global minimum if'it exists, and maximizes the robustness of CL system against uncertain
nonlinear perturbations. Performance issues are also considered in chapter 2.

In chapter 3 the design of controllers in which some information is shared among
subsystems is considered. In the overlapping control law, the local controllers use shared
states to improve the stability and performance of the overall closed loop system. In this
chapter, motivations arose by following the work of [87, 122]. These authors did a thorough
survey of limitations related to past work and proposed a less restrictive static state feedback
control design in the LMI framework. The method was applied to a platoon of unmanned
vehicles where two different kinds of overlapping, namely, Type I and Type I (Fig. 1.1)
were taken into account. For Type I, the input matrix and the control law have the following

forms [122]:

Bll 0
K K 0
B=|Bu B [, K=| ' K” K } (1.1
0 ng 22 23

and in Type Il B2y = Baa = 0. However, in the Type II overlapping case, some parameters
in the optimization problem were selected on a trial and error basis to convert the nonlinear
optimization problem into LMIs. Moreover, for both Type I and Type II overlapping a
structured Lyapunov function was considered, which may cause infeasibility and decrease
in the degree of robustness. Inspired by these restrictions, a general algorithm that takes
into account a wide panorama of open NP-hard problems [12] in overlapping control such

as state feedback, static output feedback, and full order as well as reduced order dynamic
output feedback control designs is proposed. There is no need to select parameters by trial
and error or to use structured Lyapunov functions. The algorithm is applicable to other
structures of the controllers, namely, decentralized design or control design when state
information is shared by a number of subsystems and BBD structure [87]. The results

are generalized to N nonlinear interconnected systems.
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m ll
<

Figure 1.1: Type I and Type II overlapping [122].

To bring some disparity between different techniques used in this thesis, chapter 4
deals with a frequency domain design method. The method is based on an independent
design for linear systems where the controller in each loop is designed without using
information of other controllers. The challenge is to find a (block) diagonal approximated
system that possesses the same number of unstable poles as the plant. This problem was
considered in 1986 by [35] and many efforts were placed, however, utilization of this
technique is restricted to open loop stable systems. In this chapter, different properties
of norms, congruence transformations, and reciprocal variant of the projection lemma are
utilized to provide an easily understandable and programmable approach to this problem.
This contribution is important in the sense that the solution of this problem leads to a
generalization of all the past results of independent designs (based on p-IM [57, 63, 89], and
many others) to unstable systems. New results are also presented such as finding an upper
bound of the CL performance requirement due to decentralized architecture and derivation
of conditions under which closing one loop does not propel the zeros of other parts to cross
the imaginary axis.

Despite this flurry of theoretical developments, different applications are considered
to show that the theory is of practical interest. In chapter 2 a nonlinear interconnected
model of a boiler-turbine system {5, 6] is studied and the developed control framework is
successtully applied to this unit. In chapter 3 a two area power system is considered and
the development of a nonlinear model is described for a utility boiler-header system for
Syncrude Canada Ltd. Throughout the modeling phase, a nonlinear simulation package of
Syncrude called SYNSIM is used, which includes the nonlinearities in the plant. This

package was developed to simulate unpredictable perturbed situations and to analyze
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stability and performance. At present, SYNSIM is extensively used by engineers because
the match between plant measurements and predictions achieved by SYNSIM is good. The
developed model is successfully validated with the data from SYNSIM.

In Sections 1.2.2-1.2.3 some basic concepts of power plant operation and Syncrude
integrated energy systems (where the control problems were found) are presented. A reader
knowledgeable in power plant control and instrumentation may pass over these sections

without loss of continuity.

1.2.2 Power Plant Technology

Industrial boilers are highly interconnected; their main task is to generate steam for
producing electricity and exporting the electrical energy to the grid [61]. The generated
steam may also be supplied to utilities, other processes or a residential unit. A schematic
of a steam boiler system is shown in Fig. 1.2 (a simplified diagram is available in [61]).
The figure can be split into three parts: fire, water, and electrical. On the fire side, the heat
is produced by burning fossil fuels (coal, methane, ethane, etc.), from the exhaust of gas
turbines, or by haressing the heat from radioactive decay of nuclear fuels. On the water
side, feedwater passes through an economizer (which exchanges heat between incoming
feedwater and outgoing flue gas) and is supplied to the boiler drum. The feedwater then
proceeds to the mud drum through downcomers, and the mud drum dispenses the water
to risers (by natural or forced circulation). The heat supplied to the risers is used to
boil water. Saturated steam (300°C) is then separated from the water in the drum and
directed to superheaters and waterwall headers to achieve a superheated steam (500°C)
that flows to a header. An attemperator between superheaters sprays cold water to control
the temperature. On the electrical side, the superheated steam passes through turbines
to convert the heat energy into mechanical energy and then to electrical energy in the
generators. The condensed steam from the low pressure turbines flows to a condenser (DM-
makeup), low pressure heaters, deaerators (to remove air from water), high pressure heaters,
and a feed control station which distributes it to an economizer. The plant operation is
based on the well-known Rankine cycle, a thermodynamic cycle that involves chemical
engineering, physics, thermodynamics, and mechanical and electrical engineering. As
shown in Fig. 1.3, processes in the Rankine cycle can be broken down into the following

parts:

e 2-3- condensate is heated and water is pumped to the boiler drum at 140°C,
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Figure 1.2: Operation of power generating plant.

3-3’— feedwater is heated to a saturation temperature in the drum,

3’-4— feedwater converted to steam at a saturation temperature,

4-4’— steam is superheated in the primary and secondary superheaters,
4’-5— steam is expanded in the HP turbine,

5-5°— steam is heated in reheaters (situated between HP and IP turbines),
5’-1- steam is expanded in IP and LP turbines, and

1-2— LP exhaust steam is converted to condensate by cooling water.

The efficiency of the plant depends on the area of the temperature versus entropy diagram

in Fig. 1.3.

As shown in Fig. 1.4, a part of the interconnected system at the Syncrude plant consists

of UBs (UB 201-UB 203), CO-type boilers (C.0.1 and C.O.42), and OTSGs (OTSG1 and

OTSG2) developed by Innovative Technologies, Ontario. The plant has four divisions:

mining, extraction, upgrading, and utilities. Steam from different boilers is collected in the

900# (900 pounds or 6.306 MPa) header and is used in: 1) cokers for extracting bitumen

from oil sands, 2) other low pressure headers (600#, 150#, 50#) for extraction, upgrading

(conversion of bitumen heavy oil into lighter components like naphtha, diesel oil), building

heating, etc., and 3) turbines (G1, G2, G4 and G6) for generating electricity. The difference
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Figure 1.3: Ideal Rankine thermodynamic cycle [117].

between UB and CO-type boiler lies in the type of fuel used; UBs burn natural gases such as
methane and ethane and CO boilers exploit coker-off gases. OT SGs exchange heat (without
drums) between incoming feedwater and outgoing hot gases from G3 and G5. However,
the working principle of UBs and CO-type boilers is the same, as shown in Fig. 1.2. Due
to boiler characteristics (time constants, fuel used), utility boilers maintain the 900# header
pressure, CO boilers have self loops for the steam flow, and OTSGs maintain their own
steam temperatures. The let down stations reduce steam pressure and act as interfaces
between headers.

Recently, a new UE-1 system consisting of two CO boilers (CO3, CO4) was introduced
in the plant to take care of additional load demands. InFig. 1.4, G3 and G5 are gas turbines,
G1, G2, and G4 are back pressure steam turbines (sensitive to 50# back pressure), and G6
is a condensing turbine. The 50# steam is used for heating frozen water, in deaerators for
removing air from feedwater, in trim heaters for heating recycled water, in tumblers for
conversion into water, and for many other purpose. The system incorporates cokers (8-1
and 8-2) that are chemical reactors and utilize the 900# steam and hydrocarbons to produce

bitumen. They also supply hot gases for the CO boilers.

1.2.3 Drum Level and Header Pressure Control

Figs. 1.5-1.6 (asimplified form is available in [61]) show methods to control the drum water
level and the header pressure, respectively, in the plant. Drum water level is controlled by a

three-element feedforward strategy using measurements of level, steam flow, and feedwater
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Figure 1.4: A part of the interconnected system at Syncrude.

flow. This method reduces the well-known swelling and shrinking problem. Without these
loops, if the steam demand is suddenly increased, the pressure inside the drum will decrease
causing the water level to rise (steam bubbles inside the water expand). Therefore, LIC-1
commands the valve LCV-1 to close, which is an opposite action because now more water
is required due to an increase in load. With additional flow loops, the input to LIC-1 is
S =S+ ki(fs — f) — ka(fw — f'), where S is the set point for the water level, fs is
the actual steam flow, f is the normal steady state flow, f,, is the actual feedwater flow,
and f’ is the steady state value of the feedwater. Hence, during high load conditions when
additional steam is flowing out of the drum, the set point automatically increases, thereby
avoiding the swelling problem. The gains k1 and ks are conversion factors.

The 6.306 MPa header pressure control in Fig. 1.6 is based on the concept of a cross
limiting system. For safe operation of the boiler, the furnace should function in an air rich
condition. In a fuel affiuent furnace there is a possibility that carbon monoxide, nitric oxide,
and other explosive mixtures are formed, which is hazardous. This is overcome by a cross
limiting system. The master control signal (output of PRC-1) 1s divided into two signals:
fuel demand and air demand. A total air flow signal from the FD fan inlet (output of FT-1
and FT-2) is passed to a computing relay (k) to offer the required amount of fuel flow
(excess air is always considered). This signal is compared with the fuel demand signal in a
low selector relay (<), the output of which controls the fuel flow. Similarly, the output of
the measured fuel flow is supplied to another computing relay (k;) to provide the required
amount of air for combustion. This signal is compared with the air demand signal from
the master in a high selector relay (>), the output of which controls the air flow. In a

cross limiting system an air rich condition is always maintained. As shown in Fig. 1.6, the
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strategy 1s based on the notion of cascade control, where outputs of the selector relays act

as set points of the loops that control the fuel valves and the FD fan vanes.
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1.2.4 Design Strategy

In this work attention is focused on the control problem of the boilers and the header system

in the Syncrude plant. The drum water level and pressure control loops are themselves
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complex, but the addition of numerous other interacting loops in the turbines G1-G6,
deaerators, in load levelling stations (let down stations), in superheaters (in addition to
PID loops, bumer tilts are utilized), in tumblers, and in many other sources—increases the
complexity significantly. The decentralized PI controllers in the plant work well; however,
the 6.306 MPa header pressure shows oscillatory behavior under load fluctuations that the
controllers are incapable to damp out quickly. This happens due to nonlinearities and
interactions from other subsystems. To take into account this issue, overlapping controllers
are designed. Their performance under load fluctuations is then compared with the existing
PI controllers in the plant. A best possible design strategy is proposed, it reveals that when
the header pressure utilizes the extra measurement of the steam temperature, performance
of the overall system significantly improves.

Finally, in chapter 5 the focus is on economic issues in the Syncrude plant. Sudden
switching of the work towards the direction of MPC is due to several factors: a) the
letter in {34] praised MPC algorithms over decentralized designs and claimed atleast 300
applications of this method in the HPls, b) constraints on different process variables and
manipulated variables as well as their rate of change can be easily incorporated in MPC;
this is difficult in other methods, ¢) MPC algorithm development 1s possible even for a naive
designer, and d) this method utilizes the Riccati approach, KKT conditions, and Hildreth’s
QP procedure rather than LMIs that use an interior point algorithm; this diversifies solution
approaches used in this thesis. Shortcomings of the MPC method are that it requires a good
process model and that the method is slow. Unlike other methods where the control output
depends on the sensor measurements the controllers receive, MPC relies on the model for
its control action [88]. Nevertheless, the operation of the boilers is sluggish with large
settling times and constraints must be satisfied on the firing rate signal, fuel flow, air flow
and spray flow, to mention just a few. Therefore, the application of MPC fits well in this
context. In chapter 5§ an efficient technique is presented to manipulate the firing rate of
CO-type boilers (in addition to UBs) to control the header pressure. This set-up reduces
the consumption of natural gases in UBs, leading to fuel economy. Emphasis is placed on
modeling, programming, and writing S-functions to design the model predictive controller
that involves online optimization, computation of the optimal control trajectory at each
sampling instant, and implementation of the first sample while ignoring the rest (receding
horizon control).

Each chapter includes a comprehensive literature survey relevant to the problem at hand.

To improve the readability, most of the mathematical derivations have been moved to the
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appendix and ideas arc expressed verbally with numerical examples and figures.

1.3 Contributions

The contents of this thesis was presented in a number of international journals and

conferences, as listed below:

e Chapter 2. A significant part of this chapter was published in Control Engineering
Practice, 2007 [101], IEEE Transactions on Control Systems Technology, 2008
[103], American Control Conference, Minneapolis, 2006 [98] and American Control
Conference, New York, 2007 [100].

e Chapter 3. The contents of this chapter were published in TEEE Conference on
Decision and Control, New Orleans, 2007 [99] and accepted for publication in
Control Engineering Practice [102].

e Chapter 4. The contents of this chapter were published in American Control
Conference, Seattle, 2008 [104] and conditionally accepted (with minor revision)

to International Journal of Robust and Nonlinear Control [105].

e Chapter 5: The central idea of this chapter is presented at the 2008 ECEGSA

Graduate Research Symposium, Edmonton.



Chapter 2

Robust Stabilization of Nonlinear
Interconnected Systems

This chapter presents a design algorithm for the decentralized output feedback control
problem of large-scale interconnected systems. The subsystem consists of a LTI
part, which may be unstable and the additive nonlinear function is assumed to be
bounded by a quadratic inequality. Decentralized dynamic output feedback controllers
and decentralized observer-based state feedback controllers are designed, based on
LMIs. Sufficient conditions to achieve robust stabilization of the overall large-scale
system are provided. A remarkable property of the proposed scheme is that it
guarantees connective stability of the overall system, and requires no intersubsystem
communication. The controller design is applied to a natural circulation drum boiler,

and simulation results are presented to show the advantage of the design procedure.

2.1 Introduction

It is well known that the striking property of decentralized information structure, based
on state feedback control vanishes when the states of subsystems are not available locally.
Hence, there are many research attempts to design decentralized output feedback controllers
using just measurements [87], or to design decentralized observer-based control that
provides the estimated states for state feedback controller design [69, 82, 111]. However,
these results are based on the fact that, all observers share their states to make use of the
separation principle. The design is therefore unappealing, and can be prone to failure in
communication links, delays and requires inter-subsystem communications. Moreover,

as most of the ideas are devoted to linear systems, the controller may not assure good

13
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performance under varying operating conditions.

The last decade has witnessed new results in the design of observer based control
schemes for some specific class of nonlinear systems [2, 49, 70, 84, 125]. It is well
researched that as the separation principle may not be valid to nonlinear systems [53, 671,
the exponential stability of the observer that is designed separately from the controller does
not lead to closed loop stability. Considering the challenge of designing decentralized
observer-based controllers, [84] proposed a method of autonomous decentralized control
design that requires no inter-subsystem communications and promise connective stability
of the overall plant. The class of nonlinear systems is general, and the design exploits
the LMI tools [14, 28]. However, the algorithm requires that the number of inputs
of each subsystem must be equal to the number of the states (invertible input matrix),
which is very restrictive. To resolve this issue, [70] presented some sufficient conditions
of observer-based control design. The conditions used distance to uncontrollability
(unobservability) of (A, B)((C, A)) [24, 110], and the design is based on the positive
definite solutions to AREs, if they exist (this leads to computation of the observers and
controllers). Nevertheless, the controller design in [70] does not maximize the robustness
against uncertainty in interconnections, which is important in practical scenarios like power
systems and robotics. The method also requires trial and error selection of additional design
parameters for each subsystem, so it may not be user friendly to engineers. In [125],
a two-step design procedure was introduced to solve a non-convex optimization problem
for the nonlinear system in [70, 84]. Interestingly, it provides a way to maximize the
robustness; however, the optimization problem cannot give a global minimum because
of non-convexity. The work in [95] also developed full order as well as reduced order
decentralized observer-based control designs but the non-convexity of the optimization was
not overcome,

In this chapter a design algorithm for decentralized observer-based controllers is
proposed. It is shown that the restrictiveness of the design in [70, 84, 95, 125] can be
resolved by providing additional degrees of freedom in the observer, and the design of
decentralized observers and controllers boil down to solving a linear objective minimization
problem in the LMI framework (convex optimization). The algorithm provides sufficient
conditions for quadratic stability only; nevertheless, LMI-based design has advantages,
namely, simplicity, grace of design, and ability to capture a variety of control problems
[25, 80]. The method of this chapter also maximizes robustness against uncertain

perturbations in interconnections, identifies the matching conditions and the control law
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leads to connective stability.

An additional objective 1s to apply the LMI tools [14, 28] and the well known “change
of controller variables method” [20] to design a robust decentralized dynamic output
feedback control strategy (without any observer, and based on measurements only). The
motivation for this work arose from scanning the literature of turbine/governor control
[47, 48, 73, 85, 116], excitation control [16, 19, 37, 54, 118, 120], and both in power
system applications [17]. A detailed description can be found in [85, 120]. The work of
[73] utilized Lyapunov’s direct method to design linear decentralized control laws (state
feedback) that bring robustness against parameter changes, load fluctuations, and topology
changes in the system. In [48] the same method was used to stabilize a power system
nonlinear model against a range of disturbances (faults, line outages), which can occur
anywhere in a system. For turbine-governor control, the authors i [116] calculated the
decentralized state feedback gain of each generator by solving an ARE which takes into
account the bounds in the values of the generator parameters. An elegant LMI approach
for computing state feedback gains, which was simple to understand and applicable to a
wide range of problems, was introduced in [85]. Regarding the excitation control, most
of the current literature is based on the concept of feedback linearization [19, 37]. The
results in [19] were applied to a 38-bus reduced model, and in [37] controllers were
designed to cancel the nonlinearities and interactions between different subsystems. Based
on Lyapunov stability, [17] developed algorithms for excitation control and power system
stabilization. Finally in [118, 120], robust decentralized state feedback controllers were
designed using LMI tools to improve transient stability in the face of load variations, short
circuit faults, network topology changes, etc. Although an adaptive output feedback method
was introduced in [47], and static and dynamic output feedback control designs for a class
of nonlinear system were considered in [86, 121], it remained to design a decentralized
output feedback controller in a convex optimization framework that can achieve a global
minimum. This chapter deals with this problem.

An important difference of both algorithms from others are their capability to stabilize
a system when all states are not available for feedback, and to achieve a global minimum.
There is no assumption of matching conditions [59] in the perturbations or stability of the
LTI part of the nonlinear model [55].

To show that the solutions are practical, the controller designs are applied to a nonlinear
model of a power unit which describes the dynamics of the drum, risers, downcomers,

and the turbine-generator set. The model of [5] is extended to accommodate governor,
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turbine, and generator. Thus, interconnection terms between the steam generating unit and
the electricity generating unit are identified. Throughout the modeling phase, SYNSIM is
used. Experiments with SYNSIM reveal that the overall system is highly interacting and
nonlinear. In addition to this, linearization of the developed nonlinear model gives two
poles at the origin: one linked with water dynamics, and the other with generator dynamics.
Considering these issues, the overall system is divided into two subsystems: a) drum-boiler,
and b) governor, turbine, generator unit. Robust decentralized observer based controllers,
which can maintain stability in the presence of load fluctuations are then designed. The
performance of the controllers is tested for different initial conditions and load changes, and
simulation results show the usefulness of the approach. The design algorithm described in
this chapter can be applied to other practical systems like interconnected generators with
control on the steam valve [85] and a two-link robot manipulator [33], to mention two.
The rest of this chapter is structured as follows. Section 2.2 deals with some background
results where the control problem is motivated. In Section 2.3, decentralized observer based
controllers are designed: sufficient conditions are provided to engender a global minimum,
Dynamic output feedback control strategies are devised in Sections 2.4-2.5. The proposed
techniques are applied to a utility boiler and a power unit in Sections 2.6-2.7 with particular
attention to modeling and controller design. Finally, the chapter is summarized in Section

2.8

2.2 Background
Consider an interconnected system [70, 84, 85, 87, 120, 125]
x; = Aix;+ By + Gihi(x), vi=0Cix;, :=1,2,3,...,N R}

where x; € R™ are the states, u; € 8™ are the inputs and h;(x) are the interconnections.
A is the state matrix, B; is the input matrix, C; is the output matrix, and G; is a constant
matrix with dimensions n; X n;, n; X M4, p; X n;, and n; X n,, respectively. It is assumed
that (A;, B;) is stabilizable, (C;, A;) is detectable, and the uncertain nonlinear term h;(x)
is bounded by a quadratic inequality [70, 84, 85, 87, 120, 125]

hY (x)h;(x) < o?xTHT H;x, (2.2)

T . . . .
where x = [ x{ xg x%} ] , a; > 0 1s an interconnection parameter and H; 1s a

known constant matrix for the ¢’th subsystem.
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The overall system is given by
x(t) = Apx(t)+ Bpu(t) +h(x),
y(t) = Cpx(t), 2.3)

where Ap = diag (A4,...,Ay), Bp = diag (B4,...,By), Cp = diag (Cy,...,Cp)

and the nonlinear function h(x) is bounded by
N

h7(x)h(x) < x¥ (Z a?HiTHi) X. (2.4
i=1

Here, hT = [hT,... h%]. For this class of interconnected system, three approaches

were introduced in the past to guarantee closed loop stability:

1. Design static state feedback decentralized controllers by casting the design problem
as an optimization problem [85-87, 120]. For the overall system in (2.3) the

decentralized state feedback controllers can be expressed as
ut) = Kpx(t), @5)

where Kp = diag (Ky,...,Ky) is the controller static gain matrix and can be

obtained from the following optimization problem, provided it is feasible

N
min Z Yi
i=1

subjectto  Yp > O,

ApYp +YpAL +BpLp +LEBY Gp YpH] ... YpHY
* -1 0 0
* » ool 0 < 0.Q26)
* * * ... =Nl

Here, v; = % and Lp = KpYp. Under the assumption that (2.6) is feasible, the
controller 1s galculated from Kp = LDYE,l. This formulation is striking from an
application point of view, since the decision variables are computed directly in one
step and the optimization 1s maximizing «;. However, the algorithm is restrictive
because it is only applicable when all states are available for feedback. Furthermore,

in many cases, achieving a (block) diagonal Y 1 is a difficult task.

2. To overcome the problem associated with static state feedback controllers, [84]

proposed a new method of decentralized observer-based control design. For the
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system in (2.3) the decentralized observers and state feedback controllers can be

expressed as

U(t) = KD)A((t)1

X(t) = ApX(t)+Bpu(t)+ Lp(y(t) - Cpk(2)), @7

where Lp = diag (L, ...,Ly) is the observer gain matrix. The decision variables
can be obtained from the following optimization problem, provided it is feasible
N
__ min Z Yi
P1,P2,Mp ,Np,vi ;]

subject to P, > 0,P, >0,

ATP, +P1Ap + ME + Mp . =Mp P, ... HE
* Agpz +P2AD—C£Ng——NDCD P, 0
* * ~I ... ]
* * * ... —nl
<0,

where v; £ 1/a?, P,BpKp £ Mp and P,Lp £ Np. The gain matrices Kp
and Lp are calculated from Kp = B51151“1M pand Lp = 13§1N D, respectively.
Hence, this method requires invertibility of the input matrix B p, which is restrictive

and not practical.

3. The work in [70] criticized the above approach for its limitations and proposed a
method, where designing an observer-based state feedback controller for the 7’th
subsystem requires symmetric positive definite solutions to the following two AREs,

if they exist

!

ATP; + P;A; + 2P;(1 - By(BYB))'BIP; + +’I + o1 0, (2.8)

ATP,+PA; + PP+ Qu +7I-CTC; = 0. (29
Here, Q;; & K/BYB,K; and 72 £ 2511 202 A nae (HTH;).  The parameters

a; > 0,¢ > 0,7 > 0, and n; > O are user defined. The sufficient conditions,
such that the positive definite solutions to the AREs (2.8) and (2.9) exist are

§(Ai V22 T m)(BTB)TVPBTY > \2(42 + ), 2.10)

5(Ai,e?Ci) > \Amae(Qu) +7, (@11

where

(5(A¢,C¢) = min g I:
we R

Jwl — A,
C;
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represents the distance to unobservability of the pair (A;, C;) [1, 74]. If solutions

exist, then the controller and observer gain matrices are selected as
K; = —(BfB,)"'B/P;, L; =P 'CT/2.

Here, P; > 01s the symmetric positive definite solution of (2.8) and P; is the solution

of (2.9). This method, however, suffers from the following shortcomings:

¢ The designers have to choose the parameters ¢;, 7;, and 7; by trial and error
until (2.10) and (2.11) are satisfied. There is no clear relationship between
these parameters and the performance of overall closed loop system. How to

tune them to achieve an acceptable performance is still a question.
¢ The computation of §(A;, C;) depends on a bisection algorithm [1], which is
approximate and also varies with different state space realizations [70].

e The method does not maximize the interconnection parameter o;, which is

important in practical fields like power systems, robotics, and space structures.

In the following, these restrictions are removed by converting the design problem into a

convex optimization where the design parameters have clear physical meanings.

2.3 Decentralized Observer-Based Controllers in the LMI
Framework

Consider a nonlinear autonomous process of the form [83, 85, 87]
x(t) = Ax(t) + Bu(t) + Gh,(x), y(t) = Cx(1), (2.12)

where x(t) € R™ is the state of the system, u(t) € R™ is the input vector and y(t) € R?
is the output vector. The matrices A, B, C, and G are constant with dimensions n X n,
n x m, p x n, and n X n, respectively. The term h,(x) is an uncertain nonlinear function
satisfying h,(0) = 0. This means that the origin is the equilibrium point of the unforced
system. Assume that (A, B) is stabilizable, (C, A) is detectable and the uncertain term
h,(x) is bounded by an inequality [83, 85, 87]

hT(x)h,(x) < o*xTHTH,x, (2.13)

T

where H, is a known constant matrix and o > 0 is a scalar parameter which can be termed

as a degree of robustness. Maximization of « leads to an increased robustness of the closed
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loop system (with controller) against uncertain nonlinear perturbations. Now, consider the

following open loop dynamic observer
X(t) = AX(t) + Bu(t) + 0, y(t) = Cx(t). (2.14)

Here & € R" is the estimated state vector and G € R™ is an additional observer input. In

this approach, a dynamic linear feedback of the following form is used
Xoby = AopyXobw T Bolmc(x — %), 0= CopyXopy + Dova(X - 5\{),

where Xopy € R™. With a static state feedback controller u = KX, the closed loop system

takes the form

A +BK D, C Cobo 0
z(t) = 0 A-Du,C —Cuy |206)+ | G | W(z)
0 Bobvc Aobv 0
= Az(t) + G,w(z), 2.15)

where z(t) = [ %1(2) eTt) xL (1) ]T, the state estimation error € = (x — %), and the

oby
nonlinear function h,.(x) in terms of z is represented by w(z), which satisfies the following
quadratic bound
H’H, HIH, 0

wl(z)w(z) <o’z | HTH, HIH, 0 |z= %" (@)HTHz(t). (2.16)
0 0 0

Next, for the i°th subsystem in (2.1), the closed loop is given by

A; —|— B.K; Do, Ci Cobu; 0
z, = A; —Dopy,C; —Copy;, |z, + | Gi | Wi

Bob‘uici Aob'ui 0
= Az, +Gliwz, (2.17)
where z;, = [T ef XZ;)W ]T and Xy, are the states of observer for the i’th
subsystem. Defining zy = [)A(? e? xfbvl . X% e% XZ;,UN ]T, the overall

system can be written as

ZIN = ADZN‘FGDW(ZN), (2.18)

where Ap = diag(Ag,,. .., Aay), Gp = diag(Gy,,..., Gy ) and w = [wT, ..., wT|T
satisfying

wl(zn)w(zn) < (Z —HIH ) @.19)
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The elements of H;, corresponding to Xepy;, - - Xopwy are zero. In the following
theorem, sufficient conditions for the design of decentralized controllers that can guarantee

CL stability are provided.

Theorem 2.1 If the following optimization problem is feasible

N
min Z Yis
=1

3=

subject to HgD YpIlz, > 0,
nf, (ApYp +YpAL) L, 0f Gp O}, YpHL ... Of YpHE
* -I 0 .. 0
* * -mlI . 0 <0,
* * * . —yn1

where Yp is a block diagonal Lyapunov function and Ily;, = diag(Ily,,...,IIay)
is a transformation matrix, then the system in (2.18) is asymptotically stable for all
nonlinearities satisfying the quadratic constraint in (2.19) (Vzy in D, D is a disc close

to the origin).

Proof: Please see Appendix A.

It is interesting to note that [125] proposed an algorithm of decentralized output feedback
control design for the class of nonlinear system in (2.1). The method utilized the tools of
LMI and the control design was devised as the following optimization problem [125]

& . F. S
mln;%, subjectto Y >0, Py > 0 and [ . Fy } < 0. (2.20)

Here, F. contains terms which are affine in decentralized controller parameters (Kp)

and F, contains that of decentralized observer parameters (L.p). The matrix S represents

-BpKp 0 ... O
1 0o ... 0}’

where Bp = diag (By,...,By). Due to the presence of term —BpKp in (2.20), this

S =

optimization problem is non-convex. Therefore, to apply the LMI tools, [125] proposed the

following two step method:
1. Compute Kp by solving min vazl ~; subjectto Y > Oand F, < 0.

2. Using the Kp obtained from step 1, compute Lp by solving the following

optimization problem

N

min )~ 5; subject to Py >0, A >0, [ Afc 1«§ ] <0, 2.21)
) 0
=1
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where the parameter A = diag(8.14,..., BnIn, Bil1,. .., BnIn) was added to

make the optimization problem in the second step feasible.

This method has some merit as it provides a way to handle a nonlinear optimization
problem which the designer often encounter in many control problems. Moreover,
maximization of the interconnection bounds and the introduction of parameter A are

interesting. However, the approach of this thesis differs in the following way:

o The decentralized controller and observer design problem is formulated as a convex
optimization problem using different congruence transformations, simplifications,
new variable definitions (modified form of [20]) and the use of Schur’s complement
method. An important property of the linear objective minimization problem in

Theorem 2.1 1s that it yields a global minimum, if it exists.

o It should be noted that (2.20) and (2.21) are not theoretically equivalent. The

constraint in (2.20) is equivalent to

AYV2Z 0][F, S |[AY2 0] [ AF, A8 <0
0 I||SsT F 0 I [ STAY2 Ty '

A in (2.21) has been introduced in a special way (only at (1,1) position) to make
the optimization problem feasible. This is because, after substituting the designed
controller K p from step 1 in step 2 (to compute the observer parameters with A = I),

there is no guarantee of the feasibility of optimization problem. However,

AF, S
ST, <0
0 I1[AF, S ][0 I F, ST
{I OHST Fo]_l 0]<0©[s AFC}<O' (2.22)

Using Schur’s complement method {14], (2.22) is equivalent to Fy < 0, AF, < 0
and Fo—ST(AF.)™!S < 0. Therefore, by choosing 3’s large enough, the feasibility
of (2.22) can be assured. Although, this method works well in many cases, control
engineers still demands an explicit solution to this design problem. In Theorem 2.1,
the control design has been converted into a convex optimization problem which can
be directly solved using the LMI toolbox in one step. Hence, it should be useful to

both practitioners and theorists.

¢ Itis worthwhile to note that due to the dynamic observer, the number of LMI decision

variables are
N

3(n;+1)
Z g, X Wy, + 0y, X P+ ng X nli+mi+pi+-—2—' .
i=1
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In [125], the number of decision variables are only

N
Z[nix(ni+1)+niXPi+nixmi]-

i=1

This causes an increase in the computational effort.

Remark 2.1 Theorem 2.1 does not place any constraint on the closed loop eigenvalues.
This is required to fasten the observer dynamics, and to overcome very high feedback gain
K;, which the LMI formulation may produce. Therefore, after applying some congruence
transformations and simplifications on the pole placement objectives of [20], the following
constraints are added to bound the minimum decay rate c,;, (for speed of response),
minimum damping ratio { = cosé (for overshoot) and maximum undamped natural
frequency wymas (frequency of oscillations) for the control signal and the observation error

dynamics, respectively.

1168 (AcliYi + YiAEi) IT, + 20min, TIL Yilly, < 0,

~Wnmaz I Yilly,  TI5 Ay YT, < 0
* _wnmazirI%;YiH% ’

(D11)i (Dr2)s
[P Pk ] <o

Here,

(Pu)i = (sin0); (MG AL YiTly, + T Y,AL T, ),
(Dio)i = (cosd); (], Aq,Yilly, - L Y;ALIL, ),
Omin; = 4188 [2(Cmin)e; 2(Umin)or 2(Qmin)ol; »

Wnmaz; = diag [(Wnmaz)e, (Wnmaz)or (Wnmaz)ol; s
(sin@); = diag|[(sin®)., (sin8),, (sin®),);,

(cos@); = diag[(cos®)., (cos®),, (cos®),); .

Subscript ¢ refers to the controller and o refers to the observer.

Remark 2.2 Consider the system in (2.12) with G = B (the perturbation is entering the
system through the same input matrix). This condition is referred as matching condition
and it was proved that there always exist a stabilizing static state feedback controller in
spite of the size of the perturbations in h;(x) [83, 96]. It can be easily shown that the

designed observer-based controller identifies this condition and a stabilizing observer-based
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controller can always be calculated if this condition is satisfied. This is also true for the

interconnected system in (2.1). The proof is shown in Appendix A.

Remark 2.3 Decentralized dynamic observer based controllers offer additional degrees
of freedom in the design (compared to static ones). Moreover, the attractive feature of
connective stability makes it appealing from an application point of view. To illustrate this
point, consider the double pendulum example in [82-84]. It is composed of two inverted
penduli connected by a sliding spring, where the location of the spring reflects the extent of

coupling. The state space model for this interconnected system is represented by [83]

0 1 0 0 00 0
X1:|:1 0}X1+[1]u1+[*1 0 1 O}e(X)X,m:[l 0 ]xy,
. 0
ng{l
1

Here, x; = [ T

é}mﬁ—[?}ug#—{? o0 g}e(x)x,ygz[l 0 %2 (2.23)

I 2L ]T represents the angular position and the angular velocity of

the first pendulum and x is the state vector of the second pendulum. The normalized
interconnection variable e(x) : 5 — [0, 1] represents the amount of coupling and is useful
to explore connective stability [83, 84] of the penduli under the influence of some external
disturbances. The objective is to design decentralized control laws to keep the penduli
in vertical position, bring robust stability for e(x) € [0, 1], and maximize the degree of

robustness o and a9. It is clear that

1 0 -1 0
0 0 0 0
bl (x)h(x) < %7 10 1 o |% and
L 0 0 0 0|
C 1 0 -1 0] ‘
0 0 0 0
W (xhy(x) < X7 0 ] 4| (2.24)
| 0 0 0 0|

Since, (A;, B;) is stabilizable and (C;, A;) is detectable, the LMI formulation of
Theorem 2.1 can be used to design decentralized observer based controllers. By

appropriately selecting an admissibility region as (Fig. 2.1)

™

(amin)c = 05 (wnma“7)‘3:6'37 (9)02_1 (amin)0:2‘57
(wnmaz)o = 10, (g)o:

W~

™
-~ 25
o (2.25)

for both subsystems and solving the linear objective minimization problem in Theorem 2.1,
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the following design variables are obtained

~30.60 -9.23 0 0
o = oy =058, K:[ 0 0 —30.60 —9.23]’ (2.26)
461 —23.2 147 -4.12
R = Ri, = { ~23.2 175.7 } Xny=Xn, = [ —4.12 20.58 }

il

11.35 —-1.37
v, |

Yr, = { ~1.37 0.397

The parameters R1, (Ri,), Xr,(X,,), and Y, (Y,,) determines the positive definite
Lyapunov function H%FDYpl'IgD, which assures robust stability for |e(x)| < 0.581.
The admissibility region in (2.25) has been carefully selected to obtain a good transient
characteristic. The eigenvalues of Acll and Adz are tabulated in Table 2.1. The first two
eigenvalues are responsible for the controller dynamics, and the rest four for the observer
dynamics. Clearly, the eigenvalues lie in the region specified by (2.25). For different initial
conditions, Fig. 2.2 shows the dynamics of the states and the estimation errors, respectively,
which shows that the controller in (2.26) stabilizes the overall interconnected system.
However, the value of o’s in (2.26) reveals that robust stability can be only guaranteed
for e(x) € [0,0.581]. In [84], the model of this inverted penduli was also used and static
observer based controllers were designed with B; = I, where I; is the n; x n; identity
matrix, Therefore, the model was not realistic and the assumption that the number of control

inputs are equal to the dimension of state was restrictive.

Table 2.1: Eigenvalues of the closed-loop system.

46117288 —57+;824 —286
461 —7288 —57-;7324 -059

2.4 Dynamic Output Feedback Stabilization

Consider the nonlinear process in (2.12). If there exists a dynamic output feedback

controller of the form
X5 (t) = Apxp(t) + Bry(t), u(t) = Cpxa(t) + Diy(2), (2.27)

then the closed loop system can be represented as

28] - [V R[] ¢

v = [© 0][;(3)], (228)
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Figure 2.1: Admissibility region.
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Figure 2.2: Stabilizing effect of the decentralized controller.

where %(t) = [ x7(¢) xZ(t) ]*. The function h(X) satisfics

HIH, ©

h&hEx) < aziT(t)[ o o

} %) = 2xTHOHIHX,  (2.29)
where H{H;C = diag (H?HT, 0), and the closed loop system can be written as

X(t) = ARX(t)+ Gih(X), y(t) = CpX(t). (2.30)
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Here,

A, & SN B Gk-[o].

In case, the quadratic constraint in (2.29) cannot be satisfied globally, but only in region
X € ), where 2 = {X: z1 €R , |zo| < zo.} then Fig. 2.3 represents the region
of attraction [53, 67, 120] (for a two dimensional case and with a Lyapunov function
v(X) = 22 + z2). In general, m(ro) can be viewed as an ellipsoidal approximation of

the domain of attraction inside the set €2.

v(X) = £i+41}
y

(-1727‘ - 6)7
e>0

L2

1
1
1
1
1
I
[}
i
]
}
]
[}
1
i
1
1
1
I
|
1
]
]
]
]
1
[}
]
1
1
I
1
I
I
I

ND={%: 71 €N, |z2| < w2}

Figure 2.3: Region of attraction.

The following theorem provides sufficient conditions for the design of output feedback

controller that can guarantee CL stability.

Theorem 2.2 If the following optimization problem is feasible

min -y
X1,Y1,A1,B1,C1, D1y
. X; I
subject to [ T } > 0,
R AT R R
AX: +X1A7 + BC: + (BCy) A +AT +BD,C G XHY
* YA +BC+ATY, + cTBT v HT < 0,
* * -I 0
* * * —v1

then the system in (2.30) is asymptotically stable for all nonlinearities satisfying the

quadratic constraint in (2.29).

Proof: Please see Appendix A.
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Corollary 2.1 As v(X) is radially unbounded, if the quadratic constraint in (2.29) is valid
¥V X, then the CL system in (2.30) is globally asymptotically stable with the controller

designed using Theorem 2.2.

Remark 2.4 Tt is clear that if a controller is strictly proper then the closed loop system has
fast dynamics if the eigenvalues of Ay lies far to the LHP. Therefore, similar to Section 2.3,
constraints on the closed loop eigenvalues are imposed. Starting from the pole placement

constraints of [20], some variable transformations and mathematical calculations lead to

Fii+ Qomin) X1 Fra + (2amin)I < 0
* Faa + (2amin)Yl 1 !
"wnmale —wnma;z;]: Axl + Bél A + BIA):LC 1
_wnmazI _wnmazYl Al YlA + BlC
< 0,
* * —Wnmaz X1 —Wnmazl
* * —Whmazl —Wnmaz Y1 |
D11 Dra 0
* Dy ’
where
D — DA (sin@)F11 (sin®)Fi9
H 27 (sin0)FL (sin€)Fypy |7
D 2 cosd AX, +Bcl ‘“XIAT—(Bcl)T A+BIA)1C—A?
T A, — AT - CTHTRT YA +B,C - AT - CTBT |’

and Fiy, Fia, Faq are defined in the Appendix (Eqn. (A-17)). These constraints define a
specific region in the LHP [20]: a stability region Re(s) < @min, a disc of radius wpmay
and a sector 5(0,0, 6).

Remark 2.5 For static state feedback, the number of LMI decision variables are n X
(==L + m), while for the dynamic case this number increases ton x (2n + 14 p+m) +
m X p. In this sense, as far as stability is concerned, state feedback control offers low

computational cost, provided all states are measurable.

Remark 2.6 Dynamic controllers offer additional degrees of freedom compared to the
static case. If used appropriately, the additional freedom can lead to increased robustness

propertics. Consider the system [120]

1 = 3wy + 2170+ T3 +u,

iy = —x 425+ w. (2.31)
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It has unstable equilibrium points at the origin, and at [ 0.145 -0.382 ]T. As shown
in Fig. 2.4, the system also possess one stable equilibrium point at [ 6.853 —2.618 ]T.

The nonlinear term h,.(x) in (2.31) satisfies
bl (x)h,(x) = xT { @5 0 ] X. (2.32)
If a region is selected as [120]
2 = {x:z1€R, |ry <1}, (2.33)
then
hI(x)h,(x) <xTx, Vxe€ Q. (2.34)

Solving Theorem 2.2 without pole placement constraints (using H; =T) gives a = 2.5.
This reflects the fact that the CL system is locally stable for the following bound in

nonlinearity
bl (x)h,(x) < o?>xTHTH,x = 6.25xTx, Vx €. (2.35)

Therefore, the system is significantly robust against nonlinear perturbations in h,(x).
However, this 1s obtained at the cost of very fast controller dynamics, which is undesirable,
By choosing an admissible region [)(4.45,0.707, 6.3) of the closed loop eigenvalues, o
1s calculated to be 1.781 and the resulting eigenvalues are —4.455 + 74.4545, —4.455 —
74.4545, -5.9167 + 50.5413 and —5.9167 — 50.5413. For the same configuration, static
state feedback control [120] produces o = 1.6. This implies that the dynamic state feedback
control is capable of bearing more uncertainty in h, (x) than the static state feedback control
strategy. Figs. 2.5-2.6 show the dynamics of states for full state and output feedback
control designs. Hence, this framework can be applied to cases where all the states are not
measurable, and fast controller dynamics can be prevented by choosing a suitable region in
the left half of the complex plane.

Next, consider a larger region €2 defined by
2 = {x:z1€ER, |zz] <1.6}. (2.36)
Here, h, (x) satisfies
b (x)h.(x) < 256xTx, VxeQ,. (2.37)

With H, = 1.6 I, Theorem 2.2 yields ¢ = 1 and a« = 1.14 for static state and

dynamic state feedback control designs, respectively. Since the Lyapunov’s theorem is a
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Figure 2.4: System trajectory.

sufficient condition, one can achieve a larger region of attraction by changing this Ly apunov
function. The number of LMI decision variables for the static state feedback controller is
2% (% + 1) = 5. Forthe dynamic controller, this is increased to 2% (5 + 2+ 1)+1x2 = 18
for full state feedback and 2 x (5+1+1) + 1 x 1 = 15 for dynamic output feedback
(assuming that =, is measured). Dynamic controllers have computational complexity, but
they offer more physical insight because the transient behavior of the overall system is
affected considerably by a dynamic controller. Moreover, in real time implementation, the

dynamics of the controller filters the measurement noise.

2.5 Generalization to Multiple Subsystems

Following the discussions of the previous section, the closed loop system for the i’th

subsystem (as in (2.30)) can be written as
Xy, = ApXp, + G b, i=1,2,...,n (2.38)

- T .
where %¢, = [ X! x{. ], xy, represent controller states for the 4’th subsystem and

A A; +Bka~;C’i B;Cy, :| , Gki Y [ Gi ] . (2.39)

Aw=| " B, A, 0

The state space matrices Ay, By, Ci, and Dy, defines the controller for the

" o T .
i’th subsystem. With xy = [ x¥ x¥ xI' xI ... x% x%T , the quadratic
Y 1 k1 2 ko N kN
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Figure 2.5: State z; of the system.
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Figure 2.6: State z; of the system.
inequality of the ¢’th subsystem (as in (2.29)) is given by
h! (x)h;(x) < o?xTH H;x = o235 HT H,, %y, (2.40)

where the elements of H;, corresponding to Xg;, Xk, - .., Xky are zero. The overall

mterconnected system can be written as

%n = Ap&y+ Gph(kn), (2.41)

where AD,C = diag(A,, Ak,,...,Ary), Gp, = diag(Gy,,Gh,,-..,Gry) and h =
[hf nl ... B} ]T. The nonlinear function h(Xy) is bounded by a quadratic
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inequality
N N o
b (xyh(xy) < %% (Z agH;ﬂHik> %y = R (Z ?HﬁHik) KN-
i=1 =1 't
(2.42)

The following algorithm provides sufficient conditions for the design of decentralized

controllers that can guarantee CL stability.

Theorem 2.3 If the following optimization problem is feasible

N
min Z Yis
4=1

subject to nj YpIl,, > 0,
03 (Ap,Yp+YpA] ), NI Gp, 0] YpHT o7 YpHY,
* -1 0 0

* * -7l 0 < 0,

* * * - -yl

T /A T T

HZD(ADkYD+YDADk)H2D+2amiHDH2l)YDH2D < 0,
_wnmaziH%;YiH% Hg;Ak,'Yinzi < 0
* —wnmziHZTiYil'Ig,. | ’

;
Dn; Dy, 0
D <5

* 22i |

where
Aminp £ dlag (amz’nl y Xmidngs -
. Finki
Dy, = Do, £5sing; { E}_;i;
i
’Dlzi =

L] aminN)7

(Fi2)i }
(Fa2)i |’

COs 01(].-.[:QZ;1&]‘;1YZ].-.[2l ot H%;Y,AEHZ,‘),

then the interconnected system in (2.41) is asymptotically stable for all nonlinearities

satisfying the quadratic constraint in (2.42).

Proof: Please see Appendix A.

Remark 2.7 It is worthwhile to note that a trade-off

always subsist between the range of

the region of attraction (7(rg)) and the degree of robustness («;) of the CL system [120]. If

Q is large, then the LMI optimization yields a small value of «;. On the other hand, if €2 is

small then «; is large. Remark 2.6 clearly illustrates this effect.

Remark 2.8 In the proposed method, stability can be retained when the subsystems are

disconnected and again connected during maintenance and other operational jobs of the
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plant [82-84]. This is due to the fact that bounds on the constraint accommodates the
case when any of them have h;(x) = 0. Thus, the CL system in (2.41) is connectively
stable [82, 83], because h;(x) = 0 implics that the 3’th subsystem is disconnected, but
(2.42) is still satisfied and the controller designed based on Theorem 2.3 (or, Theorem 2.1)

guarantees overall closed loop stability.

Remark 2.9 Due to the requirement of a (block) diagonal Lyapunov function in
decentralized design, there may be problems of infeasibility and loss of robustness of
the closed loop system. Moreover, the interior point algorithm, which solves the linear
objective minimization problem in MATLAB cannot be used for more than 20 matrix

variables. Hence, it is necessary to write new codes if the order of the system is high.

Remark 2.10 Usually, controllers designed using Theorem 2.3 are for a normal load
operating condition. However, as «; is maximized, the same controller can be used for
an array of operating regions. If, in some cases, this leads to a poor performance then it is
better to compute different controllers for different operating regions and switch them using

bumpless transfer algorithms or gain scheduling methods.

2.6 Application to an Utility Boiler

To illustrate how the proposed LMI approach can be applied to a boiler system, this section
exploits a nonlinear dynamic model for natural circulation drum-boiler [5]. It will be shown

that the nonlinearity in the drum-boiler model can be bounded in the form of (2.13).

2.6.1 Physical Model

Since boilers are very common in literature, the past few decades have seen a number of
modeling and control efforts. Recently, a new scheme on advanced combustion control,
based on MPC strategy has been developed in [38]. The method deals with fire side of the
boiler and the effort was placed on boiler pressure control by simultaneously managing the
ratio of air and fuel flow. This approach leads to an increase in boiler efficiency and reduces
the emission of NOy that may cause global warming. There are other results available in
literaturc, which deals with a tool called bond graph modeling [13]. This is in fact one
way to symbolize model configurations and their control system instrumentation. They are
widely used for detecting faults and for recognizing redundancies in the hardware. There

are also black box models that work in a particular operating region [60]; nevertheless, there
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is always a demand of good nonlinear process model that is valid for an array of operating
conditions.

This chapter deals with designing a robust control strategy for the water side of the boiler.
In the following, the symbols ¢¢, Q and ¢, reflects the feed water, heat delivered to risers
and saturated steam, respectively. The boilers use ID fan and FD fan, where the function of
ID fan is to remove the flue gas and FD fan is used to supply excess air for fuel combustion.

Let V be the volume, p the specific density, « the specific internal energy, h the specific
enthalpy, ¢ the temperature, p the drum pressure, ¢ the mass flow rate, m, the total mass
of the tubes and drum, and C,, the specific heat of the metal. Morcover, subscripts s, w,
f, t, d, r, and m symbolize steam, water, feedwater, total steam, drum, riser and metal,
respectively [5].

The global mass and energy balances are given by [5]

d
ZilPsVet + puwVut] afr = s (2.43)

d
%[Pshsv.'st -+ pwthwt - p‘/t -+ mtcptm] = Q + qfhf - q.shSa (244)

where Vg and V,,; characterize the total steam volume and the total water volume,
respectively. Therefore, the total volume of the boiler drum, downcomers and nisers is
Vvl - Vst + th~

Riser Dynamics [5]: The global mass balance for the riser can be written as [5]

d
E[psder +puw(l — &)Vl = g4 — ¢, (2.45)

where gg4. is the downcomer flow rate, g, 1s flow rate out of the risers, V; represent the riser
volume and the total steam in the risers is denoted by the average volume fraction [5]
1 [or

& = — Fede =L wji-—P 4 <1+uar>])
ar Jo Pw — Ps (Pw — ps)or Ps

(2.46)
where «, is the steam mass fraction. Finally, the global energy balance for the risers is

given by [5]

d _ _
E{Pshsavv; + pwhw(l - av)Vr —er + mrcpts] = Q + (Idchw

—(arhe + hw)gr. (2.47)

Drum Dynamics [5]: The mass balance for the steam below the liquid level is governed by

(3]

d
5 (PsVaa) = artr — dsa — gea; (2.48)
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where V4 1s the volume of the steam under the liquid level, ¢ is the steam flow rate
passing through the liquid surface in the drum and g4 is the condensation flow, which can

be expressed as [5]

hy —h 1 dh dhy d

The term V4 represent the volume of water under the liquid level and the empirical

model of g4 1S given by [5]

dsd = %(Vsd - Vg(()i) + QrQde + arﬁ(qdc - qr)7 (249)

where VS% is the volume of the steam when there is no condensation in the drum, Ty is the

residence time of the steam, and the constant /3 1s user defined that is approximately 0.3.

2.6.2 Simplification of the Nonlinear Model to Standard Form

In this section, the conversion of the nonlinear model given by (2.43), (2.44), (2.45), (2.47),
and (2.48) to the form 1n (2.12) has been carried out. The state variables of the system are:
total water volume (Vi = z1), drum pressure (p = z1), steam-mass fraction in the riser
(o, = z3) and steam volume in the drum (V4 = z4). The control variables are: feedwater
flow rate (gy = u1), steam flow rate (¢s = u2), and heat supplied to the risers (Q = ug).

From (2.43), straightforward calculation shows that

d
E{[Ps(%“ﬁvl)+wal] = u —u,
dry 0p, | dxo
—p)—L Vi — g ks 222 _
(pw — ps) a F {( f 1131)(%2 i U1 — ug,
d.’L‘l d.’L‘Q * (2 50)
€11 7 + e12 P U — U, .

where €17 = py, — ps and €12 = :cl 2+ (Vi — :cl)—“’— Similarly, from (2.44)

d
= [pshs(Vi — 21) + pwhwz1 — 22V + miCptm] = uz + urhy — ushs,

dz 2] Ohg | dx
(Pwhw - paha)—dTl + l:(‘lt - xl)hséz—z + (V;: _ml)Psg;__:l th'
apw ahw d:l?z de 8tm d:l?g

hy 2Py, G| G2y, 0% Iim Ty
o lr "'8:::2 +Pw 81’2 dt t dt +ome paﬁvg dt
= u3z + ulhf — U2h57

d diEQ

eg]—— + ep—— = uz + ulhf — ’uzhs, (251)

dt dt
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where eg1 = puwhy — pshs and ez = 21 (hw%’;—z + m%%;) = Vi + mCpgm 4 (V-
(h 55—2 + ps 3h‘) Following along the same lines, multiplying (2.45) by (z3h. + hy,)
and subtracting (2.47) from (2.45)

dzxo dxs
et 633—3 = u3 — 3hq4c, (2.52)
where
B Ohy, Opy _
€32 = <Pw 85 — z3h, Bz, (1- ay)V, = Vr
0 Ohg ot
+ ((1 Z'B)hc 8p8 + Psa_mz> a'u‘/r + mTcpé_;z_’
Oéi,
ezs = ((1—23)ps +23pu)heVrg— (2.53)
3
Finally, the drum dynamics is governed by
dzs dzy Ps hf — hy
uatat - —_ 2.
a3 tes—, Td( 4—Tq)+ et (2.54)

where b, = hy — hy, €44 = ps, and es3 = 1.3 23(ps — pw)VT%%L Starting from the
nonlinear equations (2.50), (2.51), (2.52), and (2.54), linear algebra and simplifications
give

(e22 — e12hy)uy + (e12hs — €g2)ug — e19ug

Ly = ,
€11€92 — €12€21
b - (er1hy — eg1)ur + (ea1 — e1rhs)ug + enus
2 - )
e11€22 — €12€31
. hegacz3 eg1€32 — €11€32h5
r3 = - U1
€33 €11€22€33 —— €12€21€33
Jr(611632hs — egre3n)ug + (€11€22 — e12€91)u3
€11€22€33 — €12€21€33 ’
0
by = €43hcQdcT3  PsTa | PsTy €91 €32€43U9 _ €43u3
€33€44 Tiess €Ty (er1€22 —€12€21)€33€44  €33€44

(hf — hy)(e11€22 — €12€91 )ea3 — g1 €32€43h,
(e11€22 — €12€91 )Je3zeqsh,

+ (2.55)

Some parameters of this nonlinear model are obtained from steam table at a saturation
pressure of 7018.6 kPa, shown in Table 2.2. The term % is obtained by first plotting Ay
vs z3 (in MPa) and then approximating it by a quadratlc function, which on subsequent
differentiation yields the corresponding value. Similarly, other parameters are obtained.
In Table 2.2, the terms h, and h,, are in KJ/kg and ¢, is in °C; therefore, they should be
converted into J/kg and kelvin (K) while calculating e, €19, ..., es3. Other parameters of
the nonlinear model can be obtained from [S] and [77]. At steady state, u; = ug = 58 in pu,
w3 = 84inpu, £ = Vi = 57.5m3, 29 = p = 7018kPa, z3 = a, = 0.05,

z4 = Vi = 5 m3 and total volume of water and steam V; = 85 m?>.
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Table 2.2: Parameters of the nonlinear model at a saturation pressure of 7018.6 kPa.

Ohy Oh Jpw Jps Ots
ts hw hs Pw Ps a_m %;; 5% 5% 3_932
2859 12678 27723 7399 366 519 -133 -181 59 11.53

The terms ey, ey9, ..., €43 are functions of states z;, . .., 24, and properties of steam
and water, namely, specific enthalpy, specific density, etc. However, they are not functions
of uy, ug, and ug. This provides an advantage in bringing the nonlinear model to the form

in (2.12). The following Taylor series expansion is used

: of 1 [ 0% )
of 1 [8%f
! [E’ELO (o)t 5 {5{{2‘])( (w—uo)’ +..., (2.56)

where Xj represent the equilibrium values, xT = [z 2z 2T 2], and u? =

[ul wf wZ]. The expansion in (2.56) gives the input matrix B =

eaz”e12h ejghs—¢ e12
[211522~212221 ] Xo [611622i512821 ]xo [_ e11°22-€12°21 ]Xo
ellhf“ezl es1—ennh €11
[911222-212221])(0 [211822~212:21 ]xo [211222—612821])(0
€21€32 —€11€33R eyi1e3o0hg —eaqe; e11e90—€12€ 3
[1611622—8128215233J Xo [(211222~E12¢215€33 }Xo [3811‘522-812«5215&33 ]Xo
[(hf—hw)(611522—912821)&33—221832643hc] eq1eaneqs 243
(e11e22—e12e31)eazeqq b Xo [(211822—212921)833344 ]Xo {— 233€44]x0
which is calculated from [g—fl] x,- Moreover, as none of ey, €1, ..., eq3 are functions of
2 3 . . .
u1, ug, and ug, [g—ug}x = [%%}X = ... = 0. Similarly, the state matrix A in (2.12) can
0 0

be calculated from [g;(f-] X0 With Ax = (x — Xg), (2.56) can be expressed as

A% — [ﬁ} Ax + [ﬁ} Au
0x] x, ou] x,
——— N e’
A B
1 {azf} g 1 [azf] 3
+— | == AxX* + = |[=—= Ax® + ..,
2! | ox? Xo 31| ox3 Xo
h.-(Xx)
where
00 0 0
of CA- 00 0 0
b_x- Xo - B 00 _h;:c 0
Bqahcgdg Es
00 e33e4q T Tyean

After substituting the following parameters

e11 — 666, eyp = 0.078¢ —004, e = 830e -+ 006, ey — 4795,
ezn = 1616.34, es3 =3.7e 40010, e43 = —14.36¢ 4+ 003, e4q9 = 46.134,
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the state and input matrices are given by

0 0 0 0 0.001465 —0.000943 —3.71e — 10
A = o o 0 0 B - 26.68 —410 0.000272
- 0 0 -0.045 0 ? - —1.165¢—~6 1.791le—5 1.508e—11 ?
0 0 -22.23 -0.083 0.000555 0.00557 4.717e — 9

and G is an identity matrix. Starting from (2.46), some calculations show that

0,  puw [(1+$3)ps—pwzs]

= 2.57
63:3 2:08 (1 - 373),05 + PuwT3 ( )

Hence, from (2.55)

R 20594c%3
ess  Vepulps +x3(ps = pu)l
o { 2p594c3 } B { 205 dc
Vipulps + 23(ps — pu)l] x,  LVepulps + 23(ps — pu)

2 g c\Fs ™ Pw
PsZ39de(Ps — Puw) 2} Az
Vrpw [ps + 13(,03 - ,ow)] Xo

20594c(Ps = Puw) z3(ps — pw)
i [Vmw[ps +z3(ps — pu)]? {1 oo + za(ps — pu)] H Xo

x Az, (2.58)
Moreover, 'T::444 e —-% and
€43heqdeT3  _ GdoZ3 { 1.3(ps — pw)z3 J
€33€44 ps  L1ps +23(ps — puw)l

= | (o ] %o

[ Rl

+qdc$3 { 2'6(:08 - pw) }:l Alg
ps  lps +x3(ps — pw)l J | x,

l: 1-3(,03 - pw)q(ic
+
ps[(1 — z3)ps + T3p0)

{1+[ z3(ps—pw) . z3(ps = pu)? on

(1 - 7:3).03 + $3pw] [(1 - $3)Ps + $3pw]2
x Azi. (2.59)

The higher order terms can be neglected as the variation of the steam mass fraction from
normal operating point is 5% to 6%. In real time application, the drum level is measured,

where its deviation from the normal operating point is given by [5]

Ylevel = (de + ‘/sd)/Ad = l'w + ls' (260)
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Here, [, and [, denotes the effect caused by the water and the steam in the drum,

respectively. The water volume in the drum V,,4 is governed by [5]
de = th - ‘/dc - (1 - @v)‘/ry (261)

where V. is the downcomer volume. With some simplifications, the drum level can be

expressed as

Aml

" _ [ 1 0 1 {ﬂ_ ( 1423 ps~pwzg)} 1 ] Al:g
evel Agq Ag | 20s \(I-23)pstpura ) [ x, Ad Azxs
AIE4

The drum pressure in the boiler 1s measured by a differential pressure transmitter, and, in
some cases (for small boilers), the total volume of the water is measured. This is obtained

based on the water supplied by the boiler feed pump and from other measurements.

2.6.3 Computation of Quadratic Bounds for the Nonlinearities

The PZ map of the linearized system is shown in Fig. 2.7. It has two poles at the origin
and it contains a RHP zero at 0.021. These are sources of interaction, bandwidth limitation
and instability. It has been found that other nonlinear terms obtained by Taylor’s expansion
of (2.55) are very small compared to (2.58) and (2.59). Therefore, they are neglected while
computing the quadratic bounds for nonlinearities. As the steam mass fraction is always

less than 100 %, a region €2 is defined as
N = {x:z1,79,74 €R, |z3]| < 1}. (2.62)

Using (2.62), (2.58) and (2.59), it can be verified that the nonlinear function h,(x) is
bounded by

T x 1~3(ps — Pw)dde 333(Ps - pw)
By (e () < [Ps[(l — 23)ps + T3pu] {1 N (1 = z3)ps + z3pw)]

2 2 2
z3(ps - pw) }] 2
A
(1 —z3)ps + x3pu)? | | x, s

+ |: 2Psqdc(ps - pw)
Vi pw [Ps + 173(,03 - pw)P

23(Ps ~ Puw) H 2 AL
] - Te\s o F Azs. 2.63
~ { [ps + 23(ps — pu) Xo * ( )

Since, the bound in (2.63) is based on nominal operating conditions, the target of the

proposed control scheme is to maximize the parameter « such that

hT(x)h,(x) < o*xTHTH,x, (2.64)
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is satisfied for a range of operating points and load variations. The physical interpretation
of this inequality is shown in Fig. 2.8 for one dimensional case and for a nominal load

condition. The shaded region (—aH,x < h,(x) < aH,X) increases as « is maximized.

Pole-Zero Map

08
0.6 B

0.4 : p

: zero
02 / : / ]

imag Axis
(=)
T T
=
gl
&8
o]
1

- . . . . i , ' ‘ L
-01 -0.08 -0.06 -0.04 -0.02 [ 002 004 006 0.08 0.1
Real Axis

Figure 2.7: PZ map of the hnearized model.

h,.(x)
A

Figure 2.8: Physical interpretation of the quadratic inequality.
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2.6.4 Simulation Results

The controllers are designed by solving the linear objective minimization problem of
Theorem 2.2. The static state feedback controller is given by
~85.52  —10.48  —6545.83  —10.67
K= —5.46 -0.69 —451.73 ~0.71
155584 —31182.5 —44640510 —30267.5
with closed loop eigenvalues —2.7933, --0.1422, --0.0741, and —0.0450 and the dynamic

control law has the form

—167 5.594 1.361le — 005 ~17.13
A. = 74.07 —150.6 —0.0006258  —92.44
k= —0.0009433 —0.0002375 —104.4 0.001007 |2
—2.706 —27.74 0.0002953 -121.6
[ 1.364 —2.761e — 005 96.94 —~3.038
B, = —4.874 0.0001103 520.9 2.318
k= 0.0001085 2.54 0.002707 1.358¢ — 005 |°
1.298 7.644e — 006 517.7 1.308
[ —875000 —356600  23.24 1092000
C, = ~56940  —23210 —1.064 71060 ]
143600 109500 —0.1619 —4704000
r —63120 —0.6657 —6151000 —39720
D, = —~4107  0.3118  —400300 —2585:|
—313  —0.0364 1001000 479.9

The original system has two poles at the origin, related to water dynamics and pressure
dynamics. For output feedback, the admissibility region is assumed to be D (@i =
0.01, ¢ = 0.707, Wpmae = 30) and the stabilizing effect of three different types of
controllers: static state feedback, dynamic state feedback and dynamic output feedback are
shown in Figs. 2.9-2.10. Fig. 2.11 shows the disturbance rejection capability of the output
feedback controller. Due to sudden decrease in load, the pressure in the drum rises, which
increases the volume of water due to condensation. The steam quality . also increases
due to strong interactions between different state variables, and the volume of the steam
V,q decreases due to the condensation of the steam. The time scale reveals the effect of
RHP zero which limits the closed loop bandwidth. The controller also lessens the effect
of sudden increase in load. Pole placement constraints help to reduce the initial peaking
caused by load vanations.

It should be noted that the control design does not consider uncertainties in the A matrix,
namely, (A + AA), and the nominal controller is obtained with residence time of steam in
the drum 7, = 12 sec. Therefore, additional set of simulations to study the robustness of
the controller are performed with 10 < T, < 15. The responses are shown in Fig. 2.12,
which are caused by sudden load variations.

As shown by examples, this LMI-based design along with pole placement constraints

to avoid fast controller dynamics is useful in many cases. However, it should be stressed
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that to achieve a good performance, the choice of an appropriate iy, stability region,
Re(s) < Qnin, a disc of radius wyimas, and the conic sector $(0,0, 6) has to be done
carefully and several attempts are needed if the exact region of the closed loop eigenvalues

are not known a priori.
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Figure 2.9: Stabilizing effect of decentralized controllers.
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Figure 2.10: Stabilizing effect of the controllers.
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Figure 2.11: Effect of load variation.
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Figure 2.12: Volume of steam in the drum for three randomly chosen set of Tj.

2.7 Observer-Based Controllers for Boiler Systems
In this section, the nonlinear model of [S] is extended to include the dynamics of the
governor, turbine, and the generator unit. Some simplifications of (2.55) lead to

(e22 — e1ahy)uy + (e12hs — e22)ua — e12u3/hm

7

] =
€11€22 — €12€31
(enn hf — e )ur + (ea1 — e11hs)ug + e11uz/hm

b

Ty =
€11€22 — €12€21
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by = _ hegaczs ea1e3z — e11€32hy
€33 e11€22€33 — €12€21€33
(e11€32hs — €21€32)u2 + (e11€22 — €12€91)u3/hm
+ €11€22€33 — €12€21€33 ’
b = €43ReqdcZ3  pss PsTy €21€32€43U2 _ eq3ug/ hm‘
€33€44 Tyeas eaTy  (er1e22 — e12€01)e33€44 €33€44
(2.65)

In the following, a governor, turbine, and a generator is connected to the boiler drum

(Fig. 2.13) to move the pole coupled with the pressure dynamics to the LHP.

T2

’ P,
Turbine Generator

Drum Boiter

A

Figure 2.13; Schematic of the boiler, governor and turbine unit.

By utilizing ideas from [5, 6], some experiments are done that is required for modeling.
In the experiment, the feedwater flow, fuel flow and control valve position (X) are the
inputs, and the drum level, drum pressure, steam flow, and active power (P,,) are the
outputs. It has been found that the response of the drum pressure is similar when
perturbations are introduced in fuel flow and control valve opening. However, P, reacts
very fast when a change is introduced in the control valve setting. Furthermore, the drum
pressure decreases with the increase in valve opening. Nevertheless, these variations are not
consistent with the corresponding change in inputs. The characteristics are shown in Figs.
2.14-2.15. Many other experiments also reveal that the system is highly interacting and
nonlinear. Under the assumptions [6] that the content (by mass) of the drum is constant,

and the energy distribution in iron, water and steam does not vary significantly during
transients, the stored energy of water and steam can be expressed in terms of drum pressure
as ¥ = azq9 + b. Hence, % = add% = P; — Pp,, where P, is the input power (in terms of
feedwater and fuel flow) and P, is the output power of the boiler-turbine unit.

As the output power P, is a function of control valve position and the pressure at the
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turbine, 1t can be written as [6]

Pro=rusAh + 7o, (2.66)
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Figure 2.14: Responses due to change in fuel flow.
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Figure 2.15: Responses due to change in control valve position.

Here, Ak is the enthalpy drop across the turbine, and 75 is added to consider losses in

the flow. Moreover, as the input power is a function of feedwater flow and fuel flow rate,
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P; is given by P; = ajus — agu;. From the curve of steam flow ug versus drum pressure
xq, ug = 0.0904 x 1073 Xz, — 538.9242 is obtained, where x5 is in Pascal (Fig. 2.16).
In power generating systems, significant part of power (70%) is generated by the IP and
LP turbines. Therefore, the enthalpy drop in the pressure range of 1 MPa to 4 MPa (Fig.
2.16) is taken into account, which gives Ah ~ 103.99zé/ 8 Combining all, (2.66) reduces
to Py, = oy (X:vg/s - a5), and

écfi—? = -C%Et—z = (rou3z — QzU] — Q] (ng/s - a5) , 2.67)

&4

where a; = %, ay = %, a3 = . Fig. 2.17 shows the dynamics of drum pressure,

when small perturbations are done on steam valve opening and feedwater flow. Keeping

uy and wus constant, a change Azy of dd% at time ¢; caused by a change AX of X

is given by Azg(t1) = ——almg/g(tl)AX(tl). From the figure, oy = 2.876 x 1076 is
calculated. To compute g, small perturbations are done on the feedwater flow (Fig. 2.17)
and ag = 26.75 Pa/kg 1s achieved. Similar arguments give ag = 1019, and a5 = —9.16.
After calculating the parameters and substituting ug (in terms of z5 and X), (2.65) and
(2.67) clearly reveals that the pole has moved to the left half of the complex plane.

Similar to Section 2.6.2, a Taylor series expansion of (2.65) is done to bring it in the

standard form. Defining a region:
Q={x:z,24 €R, |23] £ 1, 29 < 7.1 MPa, |X| £ 0.5},
and denoting xg as the operating point, the quadratic bound on the nonlinearity is given by

h{ (x)hy (x)

IA

{ 1.3(ps — Puw)ac {1 z3(ps — Pu)
psl(1 — z3)pa + z3pu) [(1 = 23)ps + 23pu)

z2(ps — puw)? }]2 Azt [ 20594c(ps — puw)

[(1 —z3)ps + 23pu]? [ 5, Vepulps — w3pul?

2
X {1 SR I H Az} + 1.4641AX2, Vz € Q.
[ps - 1153,0111] X0

The physical model of the govemor, turbine and generator is governed by

wy  Kp

S, = wy Wy= — 7+ o P = 0.3(Pmy, + Py ) +0.4Pm, ],
pr pr
0.35P,, — —Pn, +3.12X23%, P, — ——P77"—f + PT7"",
: _ Py | Py - Wy 0
Py =~ ¥ gp TBX =X gt Bt

where P, , P, and Pp,, are mechanical power outputs of the HP turbine, IP turbine, and

the LP turbine, respectively. The parameter I is the regulation constant, 7z and 7, are time
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constants, Kp is the power system gain, w is the control input, §; is the power angle, w, is

the angular sp
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Control valve setting
o
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eed and B, is the total mechanical power output.
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Figure 2.17. Computation of parameter o and cs.

3000

[t is important to note that X = 0 corresponds to 50% valve opening. Hence, -0.5 reveals

a fully closed valve and +0.5 a fully opened valve. The utility boilers usually work in three
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different load conditions (low load, normal load, high load), and the drum pressure always
remain less than 7.1 MPa. Therefore, although the nonlinear model of the steam generating
and the electricity generating unit contains quadratic nonlinearities (a:g/ 8 x5, etc.), it is
possible to bound the nonlinear functions as in (2.2) after some linear algebra. Moreover,
even if the quadratic bounds are computed locally (limits of X, z3 and z3), in reality, the
physical limits of these state variables lie in this range and the presented method can work

well under different load conditions.

2.7.1 Controller Design and Simulation Results

After completing the modeling part, the plant is decomposed into two subsystems: a) boiler,
and b) governor, turbine, generator unit. They are interconnected as in Fig. 2.13. The
linearized system possess two poles at the origin: linked with water dynamics and generator
dynamics. Moreover, the electrical unit has eigenvalues at 0.9359+8.0259:. The stabilizing
decentralized controllers are designed by solving the linear objective minimization problem

of Theorem 2.1. They are given by

Kiurbine = [ —0.2671 —04325 —1.0595 —1.7186 -1.0506 —4.4705 |,

K. . —110.48 0.000253 —7391.506 —152.91
boiler ~3.136 —0.0121 —194.039 —4.0141 |

The stabilizing effect of controllers are shown in Fig. 2.18. It can be seen that the
dynamics of electricity generating unit is much faster than the drum-boiler dynamics. The
term ‘0’ on the y-axis represent steady state values (X° = 0.5, P2 = 48MW, etc.). Fig.
2.19 shows the dynamics of estimation errors, where (e;)poiers (€2)boiter and (€3)boiter
are £ — Iy, o — 29, and z4 — &4, respectively. The other estimation errors are for the
turbine-generator unit (6, wy and Fp,).

Similar to Fig. 2.11, Fig. 2.20 shows the disturbance rejection potential of the boiler
controller caused by load fluctuations in the system. Due to sudden decrease in load, the
steam valve opening reduces and the pressure in the drum rises. This increases the volume

of water due to condensation, which is caused by a decrease in the volume of the steam.

2.8 Chapter Summary

An algorithm for decentralized observer-based control design, which guarantees robust
stabilization of the overall interconnected system is proposed. The approach alleviates
the necessity of having invertible input matrix B; [84], choice of parameters by trial

and error [70], or any two step approach [125]. The design makes use of LMI tools
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that can incorporate matching conditions, separate regions of controller and observer
cigenvalues and bounds on the interconnections. The presented LMI conditions maximizes
the interconnection parameter, thereby increasing the robustness of CL system against
uncertain perturbations. In addition to this contribution, decentralized dynamic output
feedback controllers are designed.

The developed theoretical frameworks are then applied to a power unit. The model of
[5] 1s extended to incorporate the dynamics of governor, turbine, and generator. Simulation

results show the benefits of the proposed technique.
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Figure 2.18: Stabilizing effect of decentralized controllers.
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Figure 2.20: Disturbance rejection.



Chapter 3

A New Framework for Overlapping
Control Design

This chapter presents a new practical framework for output feedback control design with
overlapping structure. In comparison to the earlier work, the presented scheme removes
some restrictions in the control design algorithm by utilizing congruence transformations,
simplifications, and the reciprocal variant of the projection lemma. This results in a less
conservative solution than previous design methods because the choice of some design
parameters by trial and error is eliminated. Moreover, in some cases the structural
constraint of having a diagonal Lyapunov function in LMIs is removed. The method
is extended to capture a more general scenario of output feedback control design for
nonlinear interconnected systems, and the approach is applied to an industrial utility
boiler and to a multi-area power system. Simulation experiments using SYNSIM reveal
that the design strategy overcomes control problems in the present plant and maintains
stability in the presence of sudden load variations. Furthermore, the performance of the

overlapping controllers is found to be better than existing PI controllers in the plant.

3.1 Introduction

It is well known that if some information is shared between subsystems, the concept of
overlapping control arises [82, 87, 122]. Local controllers use these extra states to improve
the stability and performance of the overall closed loop system. Practical scenarios where
this kind of situation arises include platooning vehicles, power systems, web handling
systems, and traffic light control systems [11, 87, 92, 94, 122]. However, in many cases,

finding an explicit solution to overlapping control design is still a problem.

51
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In the past, expansion and inclusion principles were generally used for designing
overlapping control laws [45, 82, 93]. In the expansion principle, systems are stretched
out such that they seem to be decoupled. The control design can then be viewed as a
decentralized control problem in the expanded region. Using the inclusion principle, the
control laws are then converted into the original form for the application purpose. One
important problem, which may crop up while using this approach is that the method is
not appropriate if some subsystem (Ag4) is unstable [122], because the eigenvalues of this
subsystem reflects fixed modes of the expansion space and restrict the practical appeal of
this algorithm. In [87, 122], an approach in the direction of reducing this weakness was
shown. Their method solves static state feedback problems for both Type I and Type II
overlapping (Fig. 1.1), where the input matrix and the control law have the form in (1.1).
The method blends LMIs [14] and expansion principle to overcome the aforementioned
problem, which is elegant and meritorious. However, in the Type II overlapping case,
the selection of some parameters in the optimization problem remains an open question.
The parameters are generally selected on a trial and error basis to convert the nonlinear
optimization problem into LMIs. Moreover, for both Type I and Type II overlapping, the
algorithm requires a Lyapunov function with some special structural constraint and, in some
cases, a diagonal version of Lyapunov functions. This may cause infeasibility and reduction
in robustness [123}; hence, it may not be user friendly to control engineers.

In this chapter two different techniques to solve the foregoing problems are proposed.
Different congruence transformations, some simplifications, change of controller variables
[20], and the reciprocal variant of the projection lemma [4] are used to obtain less
conservative solutions. This is possible because the use of diagonal Lyapunov functions
and choice of parameters by trial and error are not required in this approach. The method
is extended to capture a general scenario of output feedback control design and the results
are generalized to include large-scale nonlinear interconnected systems. Some interesting
observations of the algorithm, which are a source of attraction to both theorists and

practitioners, are as follows:

1. Method I: A general algorithm which deals with both Type I and Type II overlapping
has been developed for linear as well as nonlinear systems. The method can handle
static state feedback, static output feedback, full order, and reduced order dynamic
output feedback control designs. There is no need to select parameters by trial
and error or to use structured Lyapunov functions. The overlapping control design

problem is converted into an optimization problem that involves LMIs and only one
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equality constraint of the form: Q == MTM. This constraint is then relaxed as:

{‘3 NiT] > 0, 3.1
and an iterative algorithm is used to compute controller parameters. The objective
function value strictly decreases in each step, proving the convergence of this
algorithm. It should be noted that Q = MTM reflects the boundary of the convex
sets in (3.1). As the optimization involves only one equality constraint, few iterations
are required for the control design. Moreover, in every step LMIs (feasibility
problem, eigenvalue problem) are solved and there is no requirement for an initial
guess. Generalization of the results to N nonlinear interconnected systems is
straightforward. The algorithm can also deal with many other structures of the
controllers, namely, decentralized design, or control design when information are
shared by a number of subsystems and bordered block diagonal (BBD) structure [87].
This makes the results general and increases the applicability of the algorithm to a

number of practical systems.

. Method II: The control design problem for Type II overlapping is converted

into a sequential two-part optimization problem using different congruence
transformations, simplifications, and change of controller variables. A two step
method, similar to that employed by [125], is used for computing controller
parameters. The advantage of this approach is that no iteration is required and
the control law can be obtained in two steps. However, this method requires
block diagonal Lyapunov functions and cannot handle static output feedback control

designs (additional non-convex rank constraints are needed).

To show that the approach is practical, two engineering problems are considered. In

the first case, an overlapping load frequency control law for a two-area power system (a

benchmark example) is designed. The areas are the subsystems and the tie lines are the

overlapping divisions. It is shown that the scenario corresponds to a Type II overlapping

case and the designed controller overcomes the frequency deviations in the presence of

changing load conditions. The stability is studied in the presence of GRC and the results are

compared with results from the decentralized design. In the second case the control problem

of the Syncrude Canada integrated energy facility is considered. To bring overall stability

under load variations, a nonlinear mterconnected model of utility boilers and the 6.306 MPa

header is first identified. The pressure equation is obtained by data fitting and the drum
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water level is obtained on the basis of physical laws. Inputs to the model are feedwater flow
rate, firing rate (to control air and fuel flow), and attemperator spray flow rate; the outputs
are drum level, header pressure, and steam temperature. Different overlapping controllers
are designed and their performance under load variations are compared with the existing PI
controllers in SYNSIM. The controllers are linear, so they can be easily implemented.

The rest of this chapter is ordered as follows. Some instrumental tools are introduced in
Section 3.2. A solution to Type I and Type II overlapping control is given in Section 3.3,
which involves the use of a Lyapunov function without any structural constraint. Different
cases are considered under which the extension to output feedback control design and to
overlapping control laws for nonlinear interconnected systems are noteworthy. In Section
3.4, a sequential two-part optimization procedure to solve control problems in Type II
framework is introduced. Section 3.5 deals with the application of the proposed design
strategy to two-area power system and to an industrial utility boiler. Finally, Section 3.6

presents the summary of this chapter.

3.2 Instrumental Tools

Throughout this chapter, the following instrumental tool is used.

Lemma 3.1 Reciprocal Projection Lemma [4]: Let X denote any given positive-definite

matrix. The following conditions are equivalent:

1. ¥4+ S+8T <0.

2. The LMI problem

T+X-(W+WT) sT L wT

% -X <0

1s feasible w.r.t W.

Here, S is a square matrix of size compatible with ¥ (a symmetric matrix), which
appears in the control design algorithm. The matrices ¥ and S can contain elements that
are affine/nonaffine in the controller parameters. The slack variable W gives an additional
degree of freedom in a variety of problems. In Section 3.3, it will be shown that this

additional variable plays an important role in the design of overlapping controller.

3.3 A Solution to Overlapping Control Design

In the following, an algorithm to design overlapping controllers for the Type I and Type II

case 1s developed.
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3.3.1 Design
Consider a nonlinear process of the form {120, 122]
X(t) = Ax(t) + Bu(t) + h,(x), y(t) = Cx(t), (32

where x(t) € R" is the state, u(t) € R™ is the control input, y(t) € R? is the output,
C = diag (C, Cy, C3) and

A Ap Ag B O
A= Ay Ay Ay |, B=| By By |,
Az Az Ax 0 Bas

with Bg; = By = O for Type Il and C = I for full state feedback. The uncertain nonlinear
function h,(x) is bounded by [120, 122]

b (x)h,(x) < o*>xTHIH,x.
Consider a static output feedback overlapping controller of form u = Ky (K mn (1.1)),
and a dynamic output feedback overlapping control law
).(kl = Aklxk1 + Bkllclxl + Bk1202x27 u = Ck1xk:1 + Dknclxl + Dk1202x27
)'(kz = Akzxk2 + Bk21 CQXQ + Bkzz Cng, Ug = Ckzxkz —}—Dkﬂ CQXQ + Dk“ C3X3. (33)
In both cases, the closed loop system is given by
%o = (Ao + BKsC)xa + he(xa) = Apxy + hy(xa), 3.4

where, for static case: Ag = A, B =B, K, = K, C = C, xg = x and h,(x4) = h,(x)

is bounded by
bl (x)h,(xy) < ?x5HITH, % = o*x H Hjx . (3.5
However, for the case of dynamic output feedback  with
xh=[x xf x¥ xf x{ ],
A A, A3 00 0 0 B;; O
. Ay Ayp Ay 0 0 0 0 By By
Ap = Az; Az Az 0 04+ 0 0 0 Bsa
0 0 0 00 I 0 O 0
0 0 0O 0 0 0TI O 0
0 0 o I o
Ay, 0 By, By, O
0 0 0 01
0 Ay, 0 By, By,
C; 0 0 00O
Ci,, 0 Dp, Dy, O
0 C 0 00
0 Ck2 0 Dk21 Dk22 0 0 Cs 0 0

= Ay +BK,C, (3.6)
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HTH, 0 ©
and hl(xy)h,(xy) < o®x} 0 0 0 |xy=ac*JHIHxy. (3.7)
0 0 0

In the following theorem, sufficient conditions are provided to design overlapping control
laws for the nonlinear system in (3.4) that can guarantee CL stability. It is assumed that
(A, B) is stabilizable, (C, A) is detectable and the system has no unstable fixed modes for
the control structure in (1.1).

Theorem 3.1 If there exists a controller K4 such that the following optimization is feasible

min 7y

subjectto Xp > O, 3.8)
-Q AT+ (_JTKdTBT +MT Xp HlT Xp—-MT
* -1 0 0 0
* * -1 O 0 < 0, 3.9
* * LA | 0
* * * * . |

Q = M™M,

then the system in (3.4) is asymptotically stable for nonlinearities satisfying the quadratic

constraint in (3.5) or (3.7).

Proof: Please see Appendix A.
Corroborated by many simulations, it has been found that by replacing X with rI (where
r > 0 is a tuning parameter) instead of I gives faster convergence speed. This is because,

the inequality in (A-27) is then equivalent to

-X <0,
1
I+ ;YH,THIY +rI-(W+ W) <0, (3.10)

I+ %YHZTHlY +rI - (W+WT) 4 %(YAE +WTYApY +W) <0. (3.11)

It is clear that (3.10) is negative definitc and %(YAE +WT)(ApY + W) is positive
definite (or positive semi-definite). Therefore, in most cases, (3.11) can be easily satisfied
by increasing r, since it decreases the positive contribution of [% (YA% + WT)YApY +
W)} (Fig. 3.1), and this decrease is much more pronounced compared to the decrease of
negative definiteness in I + %YHITHIY +rI— (W + WT). This makes the optimization
problem feasible and leads to faster convergence speed. The equality constraint can also be
reduced to the form: Q = (Xp + M)T(Xp + M), which is useful in some applications
due to extra degree of freedom provided by Xp.
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A linear system is a special case of (3.2) with h,(x) = 0, hence, the optimization
problem becomes
-Q AT +CTKIBT + MT Xp-MT
Xp>0, Q=M'M, | « -1 0 <0.
* * -I
In Theorem 3.1, the positive definite matrix Xp (which has no structural constraint) is
decoupled from the controller K. This is an important advantage, because other structures
of K, (decentralized design, control design when X4 in Fig. 1.1 is reachable from u; or
u; only, ete.) can be assigned. Moreover, it is possible to design reduced order dynamic
controllers, because different orders of Ay, and Ay, in (3.6) can be imposed.
In some cases, Theorem 3.1 yields a controller with fast dynamics. Therefore, additional

pole placement constraints (similar to [20}) should be added.
Remark 3.1 Consider an interconnected system of the form
X = Ax + Bu + h;:(x), ¥y = Cx, (3.12)

where hjn (X) = [ BT(®) bi(x) hiEX) ]”. The functions h;(x) (for i = 1, 2, 3) contain
the nonlinearities in subsystems and in the interconnections. They are assumed to be

bounded by a quadratic inequality [85]
h7 (x)h;(x) < ?xTHTH;x, i=1,2,3 (3.13)

where «;’s are the interconnection parameters. Here, with static output feedback control

law

3 3
W) < T (z HH) x = T (z HH)

i=1 i=1

and with dynamic output feedback control law

H7H; 0 0
h!(x)h;(xa) < a?x] 0 0 0 |xy
0 00
HIH;
] 4

For large-scale interconnected systems, where the nonlinearities in the #’th subsystem

satisfy the constraint in (2.2) the following optimization problem should be solved for the
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controller parameters

min y1+v2+...+ YN
subjectto  Xp >0,

[ -Q A7+CTKIB"+MT Xp HT ... Hf Xp-MT]
* . | 0 o ... 0 0
* * -1 o ... 0 0
* * * —-mI ... O 0 <0,
* * * * *  —ynI 0
| * * * * * * -I i
Q=M"M.

Hence, the generalization of the result here is very straightforward. Since, (3.13) is a

special case of (2.2), the optimization follows along the same lines.

Remark 3.2 For solving the optimization problem using the available numerical software,

a key idea is to relax the equality constraint as

[ (3 N;T } >0, (3.14)

and then apply a CCL algorithm [27] for computing the controller parameters. The
following algorithm shows a modified version of the CCL method.

3.3.2 Computational Method
As the equality constraint Q = M7” M lies in the boundary of the convex set in (3.14), let
H, £ {Xp,Kq, Q,M; (3.8), (3.9) and (3.14) are satisfied, where H, is a convex set} .
Algorithm OC (overlapping control).
1. Find the feasible set (X%, K9, Q0 MP) € H,. Let k := 0.
2. Solve the following convex optimization problem:
min trace [Q — (M*MTM - MTM’“]
subject to (3.8), (3.9) and (3.14).

3. Substitute the values of (X p, Ky, M) in (A-28). If the condition is satisfied then
output the feasible solutions (Xp, K4, Q, M). EXIT.
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4. Setk =k +1, (XK, Kk, QF, MF) = (Xp, Ky, Q,M), and go to step 2.

Remark 3.3 It is important to note that the optimization problem in the k’th step, J*¥* =
min J* = min [tr (Q* + Q — (M*)TM — MTMF)], subject to (3.8), (3.9), (3.14) and the
step 2 in algorithm OC are equivalent. This is because QF is a constant matrix; therefore,
both of them output the same solution. Using ideas from literatures (Theorem 3.2 of [108];
[107]), it can be casily derived that J* > 0 and the sequence {J'*,J2",...} strictly
decreases in each step, thereby revealing the convergence of this algorithm. Moreover,
another way to solve the algorithm OC is to expand the set to include the equality constraint
by substituting —Q with —Q+ 21 (z > 0, say), and to stop the iterative algorithm to output
the feasible solution if [Q® — (M*)TMP*] < 2I. This is due to the fact that the equality
constraint lies in the boundary of (3.14), whereas the LMI solver works in a fashion to
achieve a solution in the interior of this set (strict inequalities). Consequently, the parameter
z 1s introduced to expand the set such that the periphery appears inside and (3.8) as well as

(3.9) are satisfied (Fig. 3.1) under these situations [108].

R

Infeasible
TL> T2 > T3

Feasible

Figure 3.1: Physical meaning of parameters r and 2.

Remark 3.4 It is apparent that the conditions in Theorem 3.1 are not convex owing to a
matrix equality Q = M7M. In this regard, one question may be fascinating to many
control engineers: how to achieve convex conditions? To answer this question, if the
condition (3.9) in Theorem 3.1 is substituted by

-M+MT)+1 AT+ CTKIBT +MT Xp HY Xp-M7

* -1 0 0 0
* * -1 0 0 <0,
* * x* =1 0
* * * * -1

on the basis that (M — I)T (M —1I) > 0 (which yields —-M™TM < —(M + M7T) 4- 1), then

the controller design conditions can be treated as convex.
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Remark 3.5 It is interesting to note that in power systems the state information is shared
by a number of subsystems. Under this situation, the algorithms presented in this paper can
be easily used, because the optimization problem involves A p which is affine in controller
parameters Ap = Ag + BK,C. Therefore, different structures for K4 and B can be
assigned (different control laws and different overlapping). For a three area power system,
K has the structure

K;; Kis 0 Ky 0 0

K; = 0 Ky Ky 0 Koy 0
0 0 0 K34 K35 K36

Example 3.1 Consider the system in [122]
1 4 0 10
x=|1 2 2|x+[0 0]u
0 -2 3 01
Here, the open loop system has eigenvalues at A = —0.166, 3.08 £ 51.58, and

the goal is to stabilize the system with an overlapping control law. In [122], system
expansion and LMIs (with some parameters selected by trial and error) was used to obtain
K= [ *%06 :;22?, _101'6 ] Using the algorithm OC, the stabilizing static controller in
(1.1) and the dynamic controller in (3.6) are given by

K [ —5.65 —5.99 0
static | 0 179 -7.34 )
[ ~9.4929 0 0.0069 —0.1184 0
K o 0 —0.4873 0 —0.1756  0.0676
dynamic = 1 0 —9.9991 -7.3232 0
.0 1 0 ~4.8233 —10.8633

The number of iterations is 5 for the static controller and 7 for the dynamic controller.
The optimum value of the objective function is J* = 7.8435¢-005 for static control, and the

Q and M matrices are given by

27.09 835 —4.05 5.1865 1.8787 —0.4225
Q= 835 2013 1670 |, M= 0.1339 1.52566 0.2728 |,
~4.05 16.70 20.69 ~0.4208 3.7788 4.5218

which satisfy Q = MTM.

3.4 Two-Step Optimization Method for Overlapping Control
Design

The advantage of this approach is that no iteration is required and the overlapping control

law for Type II can be obtained in two steps only.
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The idea behind this approach 1s straightforward. For linear as well as nonlinear systems,

if the asymptotic stability condition is given by

| Fu Fuiz
F_[ ) ]__22] <0, (3.15)

where Fa7 and F1; are affine in controller parameters and the bilinear terms appear in Fi9,

then
1. Solve the feasibility problem F»o < 0 to calculate some of the controller parameters.

2. Define & = diag(& 1, &1, ...) > 0. Substitute the variables from step 1 and solve the
optimization [125]

Fii Fio

min & +& +..., subjectto FE:[ x EF ]<0,
22

where £ can be considered as a tuning variable to guarantee a feasible solution in the second
step. In the following, a dynamic output feedback overlapping control design problem
for a nonlinear interconnected system is converted into the form of (3.15), using different
transformations, simplifications, and new variable definitions. It helps to utilize the two-

step approach.

3.4.1 Dynamic Output Feedback Overlapping Control Design

Consider the nonlinear interconnected system in (3.12), where a dynamic output feedback
overlapping controller has to be designed. With the control law in (3.3), the closed loop

system 1is given by

:kl A1 +B1iDg,, C1 B1iCy,  Aqp + B Dy, Cor 0
*21 :).ccl — By,, C1 A, BkwrC?T 0
s Aoir 0 Agor + B3orDy,, Cr BiagrChk,
by | 0 0 By, C, Av, ]
Ap
I 0 O
000 hy (x)
xXg+ |0 I O ho(x) |. (3.16)
0 0 I || hy(x)
0 0 0

N e ! hine (X)

Q
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Here,
A, = [Ap A, By, = Bi, 0], Cy =diag(Cy,0),
Dy,, = [ Dk, Dui,y, |» Cr =diag(Cz,Cs), Dy, = [ D, 0 ],
Bi = [Biy By | An = { A am ] Ba = [ B ]
Ag, = [ 22 } 3.17)

After using a quadratic Lyapunov function, different congruence transformations, and
change of controller variables method [20], the asymptotic stability conditions for the closed

loop system are given by the following optimization problem:

min v + 72+ 73

subject to diag({’il YI },[’iz YI }) > 0,
1 2

Fu Fp Gy O Ti, T3, T3,
* Fgg 0 GQ T%l T%l T?‘Sl
0 0

* . | 0
< 0,
* * —v1 0 0
* * * —v1 0
* * * * —y31
where
Fii Fp T I I
= R, +RT, G, = Gy =
|: * 1_;\22 1 1 1 Y]. 3 2 Y2 )
Xihn, 0 Xihp,, O
1
[ Tll } . hl}ll 0 hlZn 0
2 - )
T?, Xohfy, 0 Xohp, 0
hip,, 0 ‘hyy O
ApX: +BuCr A +BDICr Ay Xp +BraDy ,CorXe Agagr 4 B1iDyy, Car
R, = A, YiA11 4+ BiC1 YiA1nrXs + BeCorXas  YiAuar + Bie, Car (3 18)
1 Az1r Xy Azlr AgzrXz + BagrCy Agzr + BazrDCr ! .
Y2A21,Xy YaAzir 2 YgAga, + BaC,

The terms hy;,, hyo,,, hyy,, are the elements of the matrix Hfl Similar expressions

exist for TS, T2 | T} and T% in terms of elements in HZ and HY , respectively:
21 21 3 3 21 3 P y

Xihy, 0 Xihige, O Xihng 0 Xjhigy O
T4, _ hiy, 0 hy, O T}, - hyq, 0 his, O
T3, Xoh?y,, 0 Xohg, 0 || T3 Xohl,,, 0 Xghggy, O
{27"2 0 hogr, 0 h’{%a 0 haor, 0
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In (3.18),

A, = Y1AuX; +B1CiX; 4+ Y B Gy MT + NiA, MT,
Ay = Y3A2,X;+ ByC, Xy + YoB3, Cp,M3 + NoA,, M3,
B; = Y;ByDy, +NiBy,, By = Y2B3y, Dy, + NoBy,,,
C1 = D, CiX1+CyM{, C2 = Dy, G, Xs + Ci, M3,
Bi, = Y1BiDg,, +NiBg,, Dy =Dy, Dy, =Dy, D2 =Dy,
(3.19)
According to the two-step method, the following steps should be used for computing the
controller parameters.

Step 1. Maximize the interconnection bounds oy,...,a3 (af = %) by solving the

following optimization problem

min v + vz + 3
X, I ]

subject to Y, > 0,
Fp [0 Gy | T} T3 T5 ]
* -1 0 0
Fog = * * —’le 0 0 < 0.
* * * —wl 0
* * * * =yl |

This gives X2, Yo, Az, 1§2, @2 and Dy. Now, compute N9, M3 square and invertible
from NoMZ = U38S.VI = svd(I — Y2X3), which yields Ny = UgSé/2 and M, =

Vs Sé/ 2 Next, the controller parameters are calculated from

Cr, = (Cy—Dy, C.Xp)(ME)™, By, = N3 (Bs — YoBay, Dy, ),

2

Ay, = N;Y(A;—Y3A0,X; — ByC, Xy — Y3Ba, Cp,, M3 ) (M5 )1,

A

Dg,, = Da.

Step 2: Define the tuning parameter £ = diag (diag (£;1, &31), €41, €11, &1, €31). Using

X3, Y and other parameters from step 1, solve

min £+ 8+ &+ &

. X, I Fi Fia
subject to [ I ] >0, £>0, [ v EFr ] <0,
where 15 = [ Fiz [ Gi 0] T4, T3, T}, |. This gives Xy, Y1, A, By,

Cl, D, Eku and Dkn. Hence, other parameters of the controller in (3.19) can be

computed in the same way as in step 1 using N;M7? = svd(I — Y, X;).
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Remark 3.6 In this section, the problem formulation falls within the framework of BMIs.
There are many algorithms available in the literature to solve BMI problems. The work
in [39] is now widely accepted because of the software tool PENBMI (available at
www.penopt.com). This software can deal with matrices, and (exterior) penalty, (interior)
barrier, and augmented Lagrangian methods are blended to come up with a solution to
BMIs. The technique starts with an initial guess, iterates based on the penalty function, and
converges when a local optimum value is obtained. Some results utilize a nonlinear spectral
semidefinite programming method to solve BMIs [109]. This approach is also a kind of
augmented Lagrangian method and the BMIs are approximated by several unconstrained
optimization problems. It requires an initial guess of the decision variables, and the penalty
and Lagrangian multipliers are updated in each iteration. Both of these routines can deal
with a number of examples in feedback control theory and application. Nevertheless, due
to the complexity of the algorithm, when dealing with matrix variables it very difficult to
trace out the reason for infeasibility, if it arises.

The authors in [30] utilize the “Method of Centers” for solving BMI problems; this
method assures convergence to a local minimum. Other work [29] provides a branch
and bound global optimization algorithm that can achieve a global minimum within some
tolerance bounds. Both methods are interesting but it is difficult to apply them to systems
with more than two scalar variables. It is not clear whether they can deal with matrices.

The work in [40, 41] utilizes the fact that BMIs become LMIs if one of the decision
parameters is kept fixed. Therefore, the authors used an approximation method called LMI
relaxations (LMIRs). The technique starts with an initial guess, solve the LMIs (LMIR 1-
LMIR 4) in each step, and iterates until the desired objective is attained. There are, however,
more than two steps involved in these algorithms. The sequential two-step optimization
procedure presented in this chapter is distinguished from other results by the following

properties:

o The main advantage of this algorithm is its simplicity. The transformations and other
steps in the derivations are easy to follow and the final asymptotic stability conditions

are easily programmable using the LMI toolbox in MATLAB. It should be useful to

practitioners.

o LMIs are solved in only two sequential steps; there is no requirement for an initial

guess. The method can easily deal with matrices of arbitrary size.

o The parameter £ that appears in the second step acts as a tuning variable and
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guarantees feasibility of the optimization problem, because F1; — Fya(£Fa22) L FL
can always be made negative definite by selecting £ large enough. This gives us some
insight into the feasibility of the optimization as shown in Figs. 3.2-3.3. Other BMI

algorithms do not favor visualization and many iterations are involved.

Infeasible f \
& >86>8 |
14
Figure 3.2: Effect on feasibility Figure 3.3: Feasibility set

One shortcoming of this approach is that the order of the dynamic controller (k) should
be no less than the order of the corresponding subsystem (n). For designing reduced order
controllers with orders k; < n; and k; < mg, additional non-convex constraints [80]:
rank(I — Y X;) = k; and rank(I — Y9X3) = kg must be satisfied.

3.5 Applications to a Two-Area Power System and an Industrial
Utility Boiler

The algorithms developed in Sections 3.3-3.4 are applied to a power system and utility

boilers.

3.5.1 Two-Area Power System

In the two-area power system shown in Fig. 3.4, the numerical values of the parameters are
obtained from [119]. The controllers are designed to share the overlapping state (A P;.) to
improve the performance of the overall CL system. They minimize the frequency deviations
Af inarea 1 as well as A fo in area 2 under the influence of the load disturbances Pp; and
Ppo.

The overall system is of ninth order and the output measurements (frequency deviations)
as well as the system input matrix B are given by:
T

*OOTQI
oo o0

0

T 0000 0
=[an AR]Y, B
y=1an Ar] 0000 Ty, 0"

which reveals Type II overlapping (Fig. 3.5).
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Figure 3.4: Two area power system [119].
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Figure 3.5: Overlapping scenario of the two area power system.

InFigs. 3.6-3.7, the frequency deviations in the two areas due to the disturbance of A Pp;
= 0.01 pu in area 1 are shown (by dotted lines, without controller). This and the Nyquist
array with the column Gershgorin circles (Fig. 3.8, first row) on g1; show that the system is
highly interacting. Gershgorin circles for the first subsystem (g1; and gi2) only are drawn
because the transfer functions of both subsystems are the same. The responses in Figs.

3.6-3.7 also show that local controllers should be designed to minimize the oscillations.
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Figure 3.7: Frequency deviation of the second area with output feedback controllers.

By using the algorithm OC for a linear system 1n Section 3.3, output feedback (static and

dynamic) decentralized and overlapping controllers are designed. They have the following
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forms:
' —0.4638 0 —~0.4098 0.2778 0
i 0 —0.4638 |’ 0 —0.2778 -0.4098 |’
—5.1443 0 1.9535 —2.8866 0
0 —5.1443 0 2.8866 1.9535
1 0 —~0.7943  0.3099 0
] 0 1 0 -0.3099 —-0.7943

From Figs. 3.6-3.7, it can be seen that the controllers are capable of attenuating
most of the oscillations. The performance of the first order dynamic controller is better
than the static overlapping control law, which in turn shows a better response than static

decentralized control. For performance assessment, an [TAE criteria 1s used [119]:

20
Tpre = /(; £Af1(8)]dt.

Table 3.1 shows the values of J¢,., for different controllers, which verifies that a dynamic
overlapping controller is better. The control signals in Fig. 3.9 give some idea of economic
issues. Itis clear that it takes more effort to control the system and there are more transients
with a static output feedback decentralized controller than with an overlapping controller.
Hence, the overlapping control law may lead to less wear and tear of the control valve and

requires less steam, which in turn reduces fuel consumption.

Table 3.1: Jy,. values with static and first order dynamic overlapping controller.

no control  static decentralized static overlapping dynamic overlapping
28.3728 6.2166 4.3148 3.0808

The second row of Fig. 3.8 shows the Gershgorin circles of the closed loop system with
a static output feedback decentralized controller. It is noticeable that some circles enclose
the origin only at low frequencies, whereas at medium and high frequencies the system is
diagonal dominant. With the first order dynamic output feedback decentralized controller
in the third row of Fig. 3.8, the radii of circles at medium frequencies are very small
compared to those in the second row. Hence, this controller is capable of minimizing the
effects of interactions between different loops and has better performance. To overcome the
oscillations completely, state feedback controllers for which all the local states are available
for measurement are then designed. Responses with the static state feedback overlapping
contfoller, decentralized controller, and the controller designed based on the two-step
approach are shown in Figs. 3.10-3.11. The controllers are now capable of attenuating the

oscillations completely. The response with the decentralized controller has some transients,
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Figure 3.8: Nyquist array with column Gershgorin circles of the first area: without
controller (first row), with static output feedback controller (second row), with dynamic
output feedback controller (third row).

but with the overlapping controller the response is very smooth. It should be noted that using
the two-step approach, the frequency deviations have less undershoot, but the response is

slow. Extension of these results to multi-area power systems is straightforward.

3.5.2 Industrial Utility Boiler

Here, the work is concentrated on redesigning the control system of the utility boilers,
whose job is to regulate the 900# header pressure and to maintain the drum water level
and the steam temperature at their set points (1 m and 500°C, respectively). To this end,
a nonlinear model of the utility boiler and the 900# header is first developed. Inputs to
this system are feedwater flow rate, firing rate (output of which is then fanned out into fuel

demand and air demand), and attemperator spray flow rate; the outputs are drum water level,
header pressure, and steam temperature.

As shown in Fig. 3.12, application of Bernoulli’s law gives:

2 2 _ 2 2
zy = ks \/ Ydrum ~ Yheader = 30 V Ydrum — Yheader (3.20)

where 4 1s the steam flow rate (in kg/sec), and ypeader and Ydrwm are header and drum
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Figure 3.10: Frequency deviation of the first area with state feedback controllers.

pressures (in kPa), respectively. The master control block in Fig. 3.12 contains a complex
logic (high/low select, rate limit, PI loops), therefore, at first, a linear model at normal
operating point (using the MATL AB identification toolbox) was developed from the firing

rate (u2) to the fuel flow (x5), which is governed by:

25 = xg + 0.1758uy, g = —0.001833z5 — 0.1731zs — 0.0177us.
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Figure 3.11: Frequency deviation of the second area with state feedback controllers.
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Figure 3.12: Modeling of the utility boiler and the header.

The air flow usually bears a constant relationship with the fuel flow, i.e., air flow=18.8zs,
hence, it 1s not separately identified. Similarly, the differential equation for the steam flow

rate (z9) 1s given by:

z3 +0.009151u; + 0.02988z5 + 0.2239%u3,

il

)

z3

—0.001864x — 0.153323 — 0.001987u; + 0.03634x5 — 0.03288u3,

where u; represents the feedwater flow rate and w3 is the attemperator spray flow rate (in
kg/sec). The intermediate variables z3 and zg affect the dynamics of the steam flow rate

and the fuel flow rate, respectively. To model the drum water level, the physical relations
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developed in [8~10, 71] were used:

Uy — Zo Uy — T2

T TVr T T 15514117
S (kves + rur] + z
G = TygTTOIT TR
1
Yievel = ‘A“[UHJVTI7+k1ar+que]~
d

Here, z7 is the fluid density (mixture of steam and water in the system) and V7 is the total
volume of the drum, the downcomers and the risers (=155.1411 m®). The constant K is a
measure of the change in mass of steam generated in the boiler per unit mass lost from the
steam space, ¢y is the energy flow rate (which depends linearly on the fuel flow z5 and can
be obtained from measured data), A, is drum area, v,, is the specific volume of water, T} is

. . . . . hw—h
the increase in water volume per unit increase in evaporation rate, ky = r— and r = ~2—"L

3 Rrg
Here, hy, is the latent heat of evaporation, hy is the enthalpy of saturatef(; water, and hjz 18
the enthalpy of feedwater. After some calculations and substituting values from the steam
table at a saturation pressure, the value of g is obtained. The expression for the quality of
the steam («,) in the system, based on volume, is determined by curve fitting with the data
from SYNSIM (which gives a relation in terms of zg, x5, u1). Finally, after substituting the
construction parameters and steam table data and making some adjustments, the model for

the drum water level (deviation about mean) is given by:
Ayiever = 0.01028z7 + 0.0044963z2 + 0.03515425 — 5.71107u,,, — 7.2741,

where an additional feedthrough term w,; = 107%u; is added to obtain a good match
between the model and the process data.

Following the models of the pressure equation in {8—10] and incorporating some heuristic
knowledge of boiler behavior (to accommodate the data from SYNSIM), the effect of the

fuel flow rate (z5) and the feedwater flow rate () on the drum pressure is formulated as:
&) = =131 + (roxs + 75)cy + 1325 — rauy, (321

where ¢, is referred to as an imaginary control valve position from drum to header

drum

<cu =4/1 - y—'%gw . It should be noted that (3.21) does not consider the effects of
attemperator spray flow rate (us) on drum pressure. Therefore, an identification test was
carried out that gives 4 = —0.08z4 4 0.0006w3. It is clear that yg,,, = z1 + z4 and the
steam flow out of the boiler drum is related to the drum pressure by zg = 30¢,Ygrum (from

(3.20)), which yields: ¢, = mﬁz@- The parameters r; to r5 are obtained through a curve
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fit to the data from SYNSIM and some specifications of the plant. Finally, the nonlinear

differential equation for the drum pressure is governed by:

104
i = —0.0157z1 + [1.866 {7”} i 0.00157} 5 — 0.0000395u;
(21 + z4)
0-4
—3.545 { 107 2 } 4 0.099333,
I Ty
4 = -0.0824 + 0.0006us, Yirum = T1 + 24. (3.22)

To obtain the parameters 71 to 75, symbolic linearization or nonlinear regression
techniques can also be used. From (3.20) and (3.22), the 900# header pressure can be

expressed as:

Yheader = \/xf + 22 + 2z 74 — ;Tg()

The overall nonlinear model and the fourth order linear model for steam temperature
dynamics have shown good fit with the data from SYNSIM. This is shown in Figs. 3.13-
3.16 and the fitness in other operating regions is also good. The model for the steam

temperature dynamics is governed by:

ds = o9 — 0.002324u; + 0.5772z5 + 2.194us, G9 = 210 + 0.002323u, —
0.08838z5 — 1.850ug, 10 = 717 — 0.001799u; + 0.06898z5
+1.436us,

iy = —(2.35)10 %zg — 0.000531z9 — 0.034621 — 0.8159z1; + 0.001391u;

—0.05352z5 — 1.108u3, Yoeteam = 8.

Linearization of the overall model at the normal operating point has one pole at the origin
(linked with water dynamics) and one RHP zero at 0.0619, which reveals nonminimum
phase characteristics. Next, based on the algorithm of Section 3.3, the following stabilizing

overlapping controllers were designed:

—11.985—12.92 5.31884-3.154 0
sF1.139 a1 1.12%
Ky = 5 3018576 ~118.45-1300
= mhE oIl
Ju o o T
“71.908
~11.970-13.05 o o
Kpartial = o 61.080474.81  —113.55-130.3
= Tzt 23 .
partia o o o 3537 2% 506
e

In the first case (full overlapping), the feedwater controller uses the extra measurement
of header pressure (in addition to drum level) and the firing rate controller utilizes the extra
measurement of steam temperature (in addition to header pressure) to control the header

pressure. In the second case (partial overlapping), only the firing rate controller shares the
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Measured Output and Simulated Model Output
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Figure 3.13: Validation of the steam flow.
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Iigure 3.14; Validation of the firing rate.

measurement of steam temperature. The simulations were done under several perturbed
conditions and the designed controllers were implemented in SYNSIM. These simulations
took into account interactions from other subsystems, namely, CO boilers, OTSGs, tie lines,

and turbine-generator units G1-G6 (Fig. 1.4). Fig. 3.17 shows the stabilizing effect of the
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overlapping controllers revealing good regulation under high load conditions. Figs. 3.18-
3.19 show responses caused by a load change in the 50# (50 pound) header and Figs. 3.20-
3.21 show responses of different process variables due to a load change of 30 kpph on the
900# header. In both cases, plots of total steam flow rate, 900# steam temperature, and SO#

header pressure show non-oscillatory behavior. Responses with overlapping controllers are
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better than those of the existing PI controllers and there is also suppression in amplitude.
The improvement in the 50# header steam pressure shown in Fig. 3.20 could lead to an
enhancement in power production, because the 50# header pressure is the back pressure
of the turbines (G1, G2, and G4). There are slight deviations in drum level (1%) and
header pressure (0.09% for partial overlapping) from steady state values due to lack of
integrators in the overlapping controllers. However, response of the partial overlapping
controller is within range (very less offset) and is acceptable in the present plant. Moreover,
this limitation is compensated by improvement in the 900# header steam pressure, which
shows no oscillations, the main concern in practice. Fig. 3.17 reveals the robustness of
controllers, since they are designed at normal load conditions and are operated under high
load conditions.

It is clear that the partial overlapping controller Ky,,4i,1, Where only the firing rate
controller is using the extra measurement of steam temperature, provides a better result
than the full overlapping controller and the decentralized PI controllers of the plant. Since
this controller is linear and of only third order, it is simple to implement. Intuitively, the
performance of Ky, should be better than K p,.4i01; however, it is sometime difficult to
trace out the exact reason due to high nonlinearities and couplings in the simulation package
(SYNSIM) where the controller is implemented. The result suggests that it is not proper
to use the measurement of header pressure to control the drum level as it may lead to a

negative impact in the response of different process variables.

3.6 Chapter Summary

Two different approaches to solving the overlapping control design problem are introduced.
In the first case, an iterative algorithm is used to obtain the controller parameters. This
method is applicable to a vast array of overlapping control problems including static state
feedback, static output feedback, full order, and reduced order dynamic output feedback
control designs. The method eliminates the necessity to choose parameters by trial and
error and removes the structural constraint on the Lyapunov function. In the second case,
a two-step approach is employed that requires no iteration. However, the first approach is
found to be superior to the second in several aspects.

Simulation results in SYNSIM show that the performance of the designed controllers
1s good under different load conditions. Moreover, when only the firing rate controller
(which controls header pressure) is utilizing the extra measurement of steam temperature,

the performance of the closed loop system is better (no header oscillations, minimum
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offset) than in the case of full overlapping. The presented algorithm can also capture other

overlapping cases in addition to Type I and Type IL
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Figure 3.17: Performance of the overlapping controllers under high load conditions.
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Chapter 4

Multiloop Control Synthesis Based
on /. Interaction Measure

This chapter presents a new practical framework for multiloop controller design in which
controllers are designed independently, i.e., a controller in one loop is designed without
using mmformation of other controllers. The method is based on the (block) diagonal
approximation of a system. The focus of this work is on unstable’ plants and the
approximated systems are obtained by minimizing an upper bound of a scaled £, norm
for the error systems. This extends the validity of the p-interaction measure to a more
general scenario. Numerical simulations are performed and the method is applied to an

industrial boiler simulation package to show the advantage of the proposed approach.

4.1 Introduction

In this chapter, the work is focussed on control by independent designs. Though simpler
than other design techniques, one practically important question may always attract the
attention of many engineers: “How much is the performance loss of the overall CL system
caused by disregarding the off-diagonal system blocks, and what should be the upper
bound on the interactions such that overall closed loop stability can be maintained?” To
answer these questions, a number of interaction measures are available in the literature,
which points out different conditions under which the stability of (block) diagonal parts
lead to stability of the overall closed loop system. They also help in tuning controllers,
predicting closed-loop stability and quantifying the performance loss due to the use of
different structures in controllers (decentralized, block decentralized, BBD) [36].

Among the different interaction measures available so far, namely, Rijnsdrop’s

80
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interaction measure [76], RGA [15], p-interaction measure (u-IM) [35, 36] and DNA [78],
the p-IM 1s noteworthy. This is because, it offers a dynamic measure of interactions, and
is also applicable to high order systems. Due to its applicability to block pairings and
other elegant properties, it has attracted the attention of many researchers in the field of
decentralized control [35, 51, 52, 57, 63, 64, 89]. Based on p-IM, the method proposed
by [35] utilizes an independent design approach. Sufficient conditions are provided under
which the controllers can maintain nominal stability of the overall closed loop system. This
approach, however, suffers from the shortcoming that it requires that the system and its
diagonal version to possess the same number of RHP poles. Since this criterion is not
general, and in most of the cases cannot be satisfied, it restricts the approach to only open
loop stable systems.

In spite of these restrictions, [89] generalized the results of [35] by providing sufficient
conditions to guarantee robust performance of the overall CL system. Pairing rules for
unstable plants, based on p-IM are then introduced in [43] and their relationship with
RGA and NI are explicated. In [57], phase stability conditions are presented which
claimed to remove some conservativeness associated with the p-IM (since it constrains
only the magnitude of each SISO loop). An independent robust decentralized control
design approach for unstable as well as non-square systems was carried out in [64] and
[63], respectively. Several examples in chemical industry where this method can be of
practical use are highlighted, e.g., in exothermic reactions there is a need of control strategy
for retaining operation at unstable steady state [64]. Many other ideas also came into picture
and subsequently improved, some were really interesting and innovative, but finding a
(block) diagonal approximated system that possesses the same number of unstable poles
as the system itself still remains an open question. In [50-52], a step towards solving this
approximation problem for unstable systems was carried out. The method is interesting
because it extended the validity of 1~IM to unstable systems and the outcome of numerical
example given in the paper is also good. However, the algorithm bears some complexity
and includes approximations, iterations in the frequency-wise approximation step as well
as in the parametric identification step, which have no guarantee of convergence. This
open problem, which remains almost unsolved during the last twenty years, constitutes the
motivation of development in this chapter.

In this chapter, Smith-McMillan decompositions, properties of norms, congruence
transformations and reciprocal variant of the projection lemma are utilized to provide

an easily understandable and programmable approach of obtaining (block) diagonal
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approximated systems. By using a constant scaling matrix (D,), the design algorithm
1s converted into an optimization problem, which can be directly solved by the available
numerical software. There is no trial and error or approximations involved and, in some
cases, the optimization problem involves LMIs and only one semidefinite constraint. This
quasi-convex optimization can be readily solved using YALMIP [62], which is a parser,
namely, the interface between different solvers (including LMILab) and MATLAB. An
upper bound on the performance due to the decentralized architecture is derived and special
attention 1s paid on the effect of non-minimum phase transmission zeros. It is well known
that in multiloop control systems, because of the interactions between different loops,
closing one loop propels the transmission zeros of other loops to move across the imaginary
axis [15, 22]. This is possible even if the subsystems are minimum phase, and it reflects the
restrictions imposed on the CL performance due to decentralized controllers [22]. They are
responsible for sensitivity peak as well as bandwidth limitation of the resulting closed loop
system. To overcome this problem, some conditions are developed, such that these zero
crossings can be prevented.

The foregoing method is applied to a numerical example and to a simulated industrial
utility boiler. Different cases are considered under which the failure tolerance of the
remaining loops when a lower level loop fails is of interest (this is an important property
of control by independent designs). Simulations in SYNSIM under different perturbed
conditions reveal the advantage of the proposed scheme.

The rest of this chapter is aranged as follows. Section 4.3 deals with some background
results and open problems in the independent control design approach. In Section 4.4, an
algorithm for obtaining a (block) diagonal approximated system is first developed. This
is followed by an independent design method for each controller based on a skewed-u
condition. Some discussions on the CL performance is done and, in Section 4.5, a sufficient
condition 1s derived under which the zero crossings can be prevented. Section 4.6 provides
a numerical example and the design strategy is applied to a stcam generating unit. Finally,

Section 4.7 summarizes this chapter.

4.2 Definitions and Instrumental Tools

1. Structured singular value (i) [23, 50, 91]: Let A = {diag(A,;)} represents complex

matrices with a given structure, where some of the elements are repeated or may be
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real. The structured singular value of a matrix M is defined by

1
pa(M) = min{F(A) : det(I - MA) =0}’

If there does not exist a structured A, then pua (M) = 0. If some of the A;’s are fixed
and the interest is on finding one particular A; which can make det(I — MA) = 0,
then this value is represented as 1/u®, where p® is called skewed-p. Hence, it can be

viewed as a simplification of pa (M).
2. For matrices M € R™*"™ and N € R™*™, det(I + MN) = det(I -+ NM).

3. For a partitioned matrix M, with Mg, square and nonsingular [91]

Mu My, 3 ) .
det ({ My Mo ]) = det(Mzz).det(Mu M12M22 M21)~

4. For stable transfer matrices G (s) and Ga(s) [91]

1G1(s) + Ga(s)lleo < 1G1L(8)lleo + [[G2(s)l|co-

4.3 Background

Consider an open loop system G(s), which is expressed as G(s) = (I + E(s))G(s) (Fig.
4.1). Here, G(s) denotes the (block) diagonal parts of G(s), and it is assumed that the
number of RHP poles of G(s) and G(s) are the same [35]. The term E(s) = (G(s) —
G(5))G~1(s) represents the relative error and let the (block) diagonal controller K(s) is
designed to stabilize the transfer matrix FI(s), where FI(s) = GK(s)(I + GK(s))™!.
The following lemma reflects the condition under which the aforementioned designed

K (s) also stabilize the unstable system G(s).

Lemma 4.1 [35]: Assume that H(s) is stable. With this assumption, the closed loop
system H(s) = GK(s)(I + GK(s))™! is stable iff the following condition hold

N(0,det(I + EH(s))) = 0.

Here, N(k, F(s)) is the net number of clockwise encirclements of the point (k,0) by the
image of Nyquist D contour under F(s) [36, 50].

Based on this lemma, the following p-IM condition was derived.
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Figure 4.1: A general closed loop system.

Theorem 4.1 [35]: With the assumption of Lemma 4.1, H(s) is stable if
|hi(jw)| < 1w~ (E(jw)), Ve @

where () is the structured singular value wir.t the structure of H(s) [23], and h;(s) is the
closed loop transfer matrix of each individual loop. For a triangular plant, this is a necessary

and sufficient condition for stability.

Although the result is influential, the requirement that G(s) and G(s) possess the same
number of RHP poles restrict its validity to only stable plants. The initiative to solve this
problem was taken by [S0-52], in which the u-IM condition was expressed in terms of

control sensitivity function.

Proposition 4.1 [50, 51]: Denote G(s) as G(s) = G(s) + Gj(s), where it is assumed
that the number of RHP poles of G(s) and G(s) are the same. Then, the stabilizing
decentralized controller K(s) of G(s) can also stabilize G(s) if

7(KS(jw)) < (G (jw)), Vw R 42)

where S(s) = (I + GK(s))™! is the sensitivity function and Gy(s) = G(s) — G(s)
represents the interactions.
Since Gy(s) is independent of K(s), the design proceeds to finding G(s) that has the

same number of unstable poles as G(s), such that y(Gy(s)) is minimized. Then, the

controller was designed by using the relation in (4.2).
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4.4 A Solution to (Block) Diagonal Approximation and
Controller Design

In this section, an algorithm is developed, which finds (block) diagonal approximation G (s)
by minimizing an upper bound of the following scaled L£.-norm '
min 5[D,(G(jw) - G(jw))D; 1], Yw e R (4.3)
G(jw)

where D, is a constant scaling matrix.

4.4.1 (Block) Diagonal Approximation

Clearly, as G(s) contains both stable and unstable poles, achieving an optimal solution to
this problem is a very difficult task. However, an acceptable solution can be obtained by

proceeding in the following way:

1. Separate the stable and antistable part of G(s) by

G(s) = Gi(s) + Ga(s) = L7H(s)[G™],R7'(s) +
L_l(s) [Gsm]as R-I(S)7

where G*™(s) is the Smith-McMillan form [91] of G(s), and L(s) and R(s) are
unimodular matrices. [G®™], and [G®™] , contain stable and unstable poles of G(s),
respectively. Note that Smith McMillan decomposition is just one way to separate the
stable and anti-stable part of G(s). One can use other methods, for example, sdecomp
command in MATL AB decomposes a system matrix as the sum of stable and unstable
systems. It utilizes Schur’s decomposition and orthogonal-triangular decomposition

for this operation. Another useful function is stabsep.

2. Now, GT(=s), Gi(s) € RMeo, and G(s) can be parameterized as G(s) =
G1(s) + Go(s), which gives

ID:[G(s) = G()ID; e < (D7 [G1(s) = G1(s)]D; o)
+(I(D7 YT G (~5) = G (=5)ID] lloo),
4.4

since ||D,[G2(s) ~ Ga(s)ID; e = [D7NT(GT(—5) — GE(=5)]D] lloo

T

(Nehari extension problem [91]).
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3. Solve the following optimization problem for decision variables v, Xp, Ky, M, H

and Q:
min vy
subject to Xp > 0, 4.5)
[-Q AT+MT o0 Cf, ViXp MT]
* -1 By 0 0 0
* * —-~vH DTEh 0 0
e, 4.
* * * —vH 0 0 <0, (46)
* * * * —~I 0
|~ * * * * -I |
—H Doy ] o [Q XptMT @)
x —yH : I = o
where
A O 0 0][A;s B 0 I S =
Ag = [0 O]+[I OHCZ DZHO O]ZA"*BKUZC’
B 0 0][A; B 0 _
s - [3]0]8 8][4 B3] mmmn
A; B 0 1 - ~
Cq = [C 0]+[0 —Il{cj DZHO 0]=co+Ddec,

A; B 0 = B
D, = D+][o0 _I][CZ Di}[ ]:D+D12KdD21:

cl, = CIH, D},=DIH, H=D!D,.

Here, (A,B,C,D) is a minimal state space realization of G;(s) and
(Ay4, Ba, C4, D) is the state space realization of Gy (s). This optimization problem,
which minimizes the scaled Ho norm of the error system should also be solved to
obtain structured GJ (—s) from G (—s) (except that H is now H = DI D.,....
where D,, = (D7 1)T).

Tinv

Proof: Please sece Appendix A.

Compared to (A-30), A, and B, are now completely decoupled from the Lyapunov
matrix P. Hence, the terms are now affine in the design parameters (A4, By, Cy, Dy)
and can be easily computed. However, in (4.6) and (4.7) there is one bilinear term yH.
Therefore, by fixing ~ to a small value or by selecting D, equal to identity matrix (which
works in many practical problems), the conditions are LMIs with only one semidefinite
constraint (A-38). Since Q = (Xp + M)T(Xp + M) represents the boundary of convex
sets in (A-38), the solution of the optimization problem in (4.5), (4.6) and (4.7) using the
parser YALMIP or the CCL approach [27] always yields Q = (Xp + M)T(Xp + M).



4.4 A Solution to (Block) Diagonal Approximation and Controller Design 87

Remark 4.1 It should be noted that the triangular inequality in (4.4) has introduced some
conservativeness in the design algorithm. The total number of decision variables in the
(block) diagonal approximation algorithm isn X (2n+ 1) +n X (2n+ 1)+ 2n X 2n+ p %
n+ (n+p) x(n+m)=nx(9n+m+p+2)+ 2p x m, where n is the order, m is the

number of inputs and p is the number of outputs of G(s).

4.4.2 Controller Design

Here, an algorithm of designing K(s) is presented, which satisfies the p-IM condition
35, 36].
The closed loop system H(s) is stable (all loops are closed) if

g (—I—I:I(jw)) <1, YweR. (4.8)
cy
where at each frequency cp solves
| 0 (Glw) = Gw)G(w) | _
“A[ eyl 0 = 1. 4.9

Here, u is computed w.rt the structure A = diag(H(jw), H(jw)). It should be noted
that (4.8) and (4.9) can be easily derived by using the u-IM condition and properties of
singular values in [89, 91} (see Theorem 1 of [89]). The advantage is that it is casy
to program. One can calculate ¢y from (4.9) and design the controller for each loop
independently using (4.8). The only shortcoming is that ¢y provides equal partiality to
all loops, however, if some roll offs in Ei(s) is not required then they can be overcome by
incorporating some weighting matrix W (s) whose structure coincides with the structure of
H(s).

Remark 4.2 It is interesting to note that condition (4.9) is equivalent to

det (Iﬁ{ 0 (G(J'W)—é(ojw))é‘l(jw)} [Al AOQ D =0,

CHI 0

which can be written as det[l — (G(jw) — G(jw))GLAq(jw) X cgA(jw)] =
0. Therefore, if the interactions are large at low frequencies, namely, u[(G(jw) —
G (jw))G~'(jw)], then cx has to be small to satisfy this condition. This can lead to a
poor performance, because H(jw) in (4.8) has to be small to satisfy the nominal stability
condition. Using the inequality [91]

Nu N
HMdiag (Al,Az)[ Ny Nou } = max(pa, (N11), pa,(Naz)], (4.10)

it can be interpreted that it is possible to satisfy the condition in (4.9) at all frequencies by

appropriate choice of cgr > 0.
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The following proposition reveals that the condition in (4.1) (which is equivalent to (4.2))
leads to mimimization of an upper bound of the CL performance. Similar condition in terms

of control sensitivity function was also derived in [50, 51].

Proposition 4.2 Under the assumption that G(s) and G(s) have the same number of RHP
poles and (4.1) holds

o k(DW) H(GE ()
g(H(jw - ,VweR
(HOD < T8 o) - w@ge) €

where k(D(w)) is the Euclidean cendition number, D(w) is the frequency dependent

scaling matrix, and E(jw) = (G(jw) — G(jw))G 1 (jw) is the relative error.
Proof: It is clear that

I+ GK(S))K_l(S)é_I(S) = I+ éK(s))K“l(s)é_l(s) + (G(s) — é(s))

xG(s) = SH)K(s)G(s) + E(s),

where S(s) = (I+GK(s))™! is the sensitivity function of the approximated system G(s).
Pre- and post- multiplying by D(w) and D~!(w), respectively and using the properties of
the singular values [50, 91]

¢ (DW)STK'G (WD (W) > o(DEH™ (w)D™(W)) -

7 (D(W)E(jw)D ™ (w)), 4.1
where S(s) = (I + GK(s))™! is the sensitivity function of the overall closed loop system
and H™1(jw) = §"1K"1G ! (jw). Now,

Dw)ST'K'G I (jw)D M w) = DW)ST'K'G GG (w)D T (W)
= DH'(jw)(I +E(jw))D™" (w),
where H(s) is the closed loop transfer matrix and
[D()H ™ (jw)I + E(jw))D ™} (w)] F(D(w))gH 1 Gw)I + E(jw)) D™ (w)]
7(D(w))e(H™ (jw))o (I + E(jw))
xF(D™Hw))
= #(DW))a(l + E(jw))a(H ' (jw)). (4.12)

Q
IN

IN

Here, s(D(w)) = o(D(w))a(D~!(w)) is the Euclidean condition number. Since,
D(w)H '(w)D }(w) = H !(jw), and suppose that D(w) is selected to minimize
7 (D(w)E(jw)D ™! (jw)), then from (4.11) and (4.12)

K(D(w))g(I + E(jw))e(H™ (jw)) > o(H ™ (jw)) — u(E),
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NP £(D(w))7(I + E(jw))
which gives, 7(H(jw)) < (T (jw)) — HEG))

Hence, stabilization of the closed loop system satisfying (4.8) and (4.9) leads to
minimization of an upper bound (loose) of the CL performance. The inequality also reflects

the robustness of the system against output multiplicative uncertainty.

4.5 Performance Limitations due to RHP Zero Crossings

In the following, a method of multiloop controller design is presented, which can prevent
the movement of the zeros of open loop subsystems across the imaginary axis (When some
other loops are closed). The main concern is to find an upper bound for the interactions,
such that zero crossings can be prevented. For sake of brevity, a stable open loop system is

considered.

Theorem 4.2 Assume that G(s) is divided into two blocks and the subsystems Gi1(s)
and Gigz(s) are minimum phase. When the first loop is closed with a (block) decentralized
controller Ki(s), such that H;(s) = G Ki(s)(I + G11K;(s))™! is stable, then the

transmission zeros of the other subsystem will not cross the imaginary axis, if

5(H;(jw)) < p7! [G12Gg) G Gyl (jw)], Yw € R

Proof: Consider the following system
y1 = Gui(s)ur + Gia(s)ug, y2 = Gar(s)u; + Gaa(s)ug

When a negative feedback u; = —K;(s)y; is introduced around the first subsystem
G (s), then the other subsystem Gy (s) is represented by Gz (s) = Gao(s)— Gay (s)(I+

G11K1(S))_1K1G12(s) = GQQ(S) [I — GQ Ggl( )(I =+ G11K1(S))_1K1G12(8)] .
Now,
det(Gaa(s)) = det(Gao(s))det [I — G5lGa G Gy (8)Ki (s)
X(I+ GuKi(s)) ' Gia(s))]

= det G’QQ det I G22 GQlGll H1G12( )]

~ det(Gaa(s)) det [1 - F1G12Gy Ga G\ (s)|
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Therefore, if the overall system is stable, then the zeros of the second
subsystem will not cross the imaginary axis if and only if the nyquist plot of
det [1~ ﬂlc;lgc;;;c;glc;;f(jw)] , Yw € R does not encircle the origin. Using
the spectral radius stability condition [91], the zero crossing can be prevented if
p[I:I1G12G521G21Gf11(jw)] < 1,Yw € R. Since, Hi(jw) has a structure and
pH1G12G} GGl (jw)] < p[H1G12G5 GG (jw)], Yw € R, the sufficient

condition is given by
F(H;(jw)) < p [G12G) G Gy (jw)] , Yw € R. (4.13)
This derivation utilizes the fact that ua (AB) < ua(A)a(B) and y is computed w.r.t
the structure of H; (jw).

Remark 4.3 For a 2 x 2 system with scalar loops, Theorem 4.2 boils down to &(h, (jw)) <

p 2(E(jw)), Yw € R. In general, for controllers designed independently

g(Hi(jw)) < min(p H(E(w)),u™" [G12G3 Gu G (jw)]), (4.14)
and 5(Ho(jw)) < p Y (E(w)),Vw € R (4.15)

guarantee overall closed loop stability and also prevent the movement of transmission
zeros in Gyy(s) across the imaginary axis, when the first loop is closed. This has an
important impact on the CL system performance. For scalar loops, (4.14) can be represented
by o(h1(jw)) < min [ (E(jw)), s 2(E(jw))], Yw. If interactions are large, then
designing controller based on (4.14) and (4.15) leads to performance loss in the low
frequency region of the first channel. This is because, o(H; (jw)) has to be reduced at
low frequencies (4! [G12G g G21 G} (jw)] < p Y (E(jw)) < 1). For systems with

integral action in all channels, the upper bound of the interaction is given by
max (u(E(0), 1 [G12G3; GG H(0)]) < 1, (4.16)

since H1(0) = H3(0) = I. This result also gives some idea of pairing, because the
loops should atleast be paired in such a way that u(E(0)) < 1 is satisfied for closed loop
stability. Since this condition deG;ldS on the steady state gain information, it can be easily
verified by some experiments. Moreover, it is also a sufficient condition for decentralized
integral controllability (closed loop stability can be maintained when the loops are detuned

arbitrarily) [124]. For loops that have no integral action, the designer should keep in mind
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that 5(T) ~ 1 at low frequencies, > 1 in the bandwidth region and < 1 at high frequencies.
Therefore, pairings should be such that u(E(jw)) < 1 is satisfied in the low frequency
region (based on the u-IM condition).

Remark 4.4 For stable plants, the u-IM condition guarantees stability under controller
failures (implying actuator saturation). For a 3 x 3 system with E = (G — é)é‘l, when

the first controller & fails, the stability of the remaining system is judged by
100 gu 12 913 0 0 O 10

det 010 —+ g21 G22 023 0 k O = det |:< 01 )-i—
0 01 g3t g3 933 0 0 k3

(gzz gzs)(k2 O)J

g32 933 0 k3 /|’

Now, from (4.10),

0 g1z gi13
u GG 0 G
WE)=p| o 0 G5 zmax Opl| o = max [0, u(E1)].
g31 gs2
g1l g22 0 .

Therefore, the p-IM condition for the remaining loops is still satisfied, since p(E;) <
©(E). When the second loop fails, the condition p(E) = p (DED™1) can be utilized to

prove stability, where the scaling matrix is given by

1 00
D=]0 01
010
4,6 Simulation Results
Consider the following system [51]
1 0 0o o0 1 05 05
0 2 0 0 05 1 05
0 0 3 0 05 05 1
G(s)=|_0 0 0 -4 1 04 04
T 01 01 1 0 0 0
0l 1 01 06 0 0 0
01 01 1 06 0 0 0

The system has unstable poles at 1, 2 and 3. Application of the (block) diagonal

approximation algorithm gives

0.79235—6.009 0 0
= $*=T179s=37.82 | 1355—0.05103
G(s) = 0 57—1.4025—27.43 0
0 0 0.79115+0.9201
2—0.82165—24.77

which has poles at 10.71, —3.53, 5.98, —4.58, 5.40 and —4.58, i.c., the same number

of unstable poles as the original system G(s). The singular values of the error system
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Figure 4.2: Singular values of the error system.

G (jw) — Gy (jw), where Gpq(jw) = G(jw) are shown in Fig. 4.2. The optimum - is 1.3.

Next, consider the controller design. Since, E(s) = (G(s) — G( ))G~1(s) is improper,
the algorithm in (4.8) and (4.9) is slightly modified to (—15 ) <1, Vw € R where
at each frequency cy solves
[ 0 (GGw) -Glw) | _
“A{ eyl 0 =1
Here, R(jw) = K(jw)I + GK(jw))™! is the control sensitivity function and g is
computed w.rt the structure A = diag(H(jw), f{(jw)). Application of this algorithm

gives ¢y = 0.8026 and the decentralized controller

@.17)

K(s) — diag (12326 +435 3494 4 160.1 20785 + 95 24
§) =\ Ty 7264 s_4881 ' s—1.046

The stabilizing effect of this controller for simultaneous reference step inputs of
amplitude 1 (at ¢ = 1 sec) and unit step disturbances occurring at ¢ = 3 is shown in
Fig. 43.

Hence, the design procedure here is very straightforward. When the unstable poles in the

LMI optimization are kept fixed, the approximated system is given by

~ . 1.067s + 0.9654 0.9054s + 2.366 0.9953s + 2.508
G(s) = diag

§2 +2.531s — 3.531° 2 + 2.583s — 9.167 52 4 1.583s — 13.75
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Figure 4.3: Outputs of the plant.

with v = 0.9. Application of the design algorithm to this system gives cg = 1.1233 and

the stabilizing controller

K(s) — digg (4505 + 1575 63015 + 2889 8.2830 + 37.06
§) =B\ T 07735 © s+ 2876 ' s+234

4.6.1 Utility Boilers

Here, the nonlinear model of the utility boilers (UB 201-203) and the 6.306 MPa header
(developed in chapter 3) is used. The linearized model has one pole at the origin and
one RHP zero at 0.0619. The block diagonal approximation gives v = 0.28 and for
implementation the controller is then discretized with a sampling period of 6 seconds. It

has the following form:

K(z) = diag[K11(2), K22(2), K33(2)], (4.18)
where
Ki(s) — 60.6423 — 41.412% — 91.752 + 72.96
i = 23 — 1.8752% 1 0.87862 ’
Ko(z) = 0.000323823 — 0.000951422 + 0.0009314 — 0.0003039
2 - 23 — 2.9722 + 2.941z — 0.9708 ’
—0.025552% — 0.006817z2% — 0.014412 + 2.1 x 104
Kgg(z) = .

23 —0.008143z2 +4- 0.0011352
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With this controller, the condition in (4.2) can be satisfied at all frequencies (Fig. 4.4)
and RHP zero crossings can be prevented (conditions (4.14) and (4.15) are satisfied). Figs
4.5-4.8 shows the response of the system under perturbed conditions. Fig. 4.5 represents
the measurements during a sudden load change of 100 kpph in the 6.306 MPa steam header.
Fig. 4.6 shows the inputs that are required to overcome the load variations.

The interesting feature of Fig. 4.7 is that when the plant is controlled by a multivariable
controller and if the firing rate master controller fails, then the overall system becomes
unstable. However, the decentralized controller in (4.18) is capable of maintaining the
stability. This is an important property of control by independent designs. Fig. 4.8 shows
the system response for a step change in steam temperature from high to normal load
condition. Hence, the controller can also track the reference input change and works well

in different load conditions.

4.7 Chapter Summary

This chapter develops an algorithm to apply the concept of p-IM to unstable systems. It is
shown that the (block) diagonal approximation can be obtained by solving a quasi-convex
optimization problem. In addition to this, other results of decentralized control design are
presented, which includes: a) derivation of an upper bound of the performance, and b)
sufficient conditions to prevent zero crossings across the imaginary axis. The results are

validated with SYNSIM.
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Figure 4.4 Verification of condition in (4.2). In figure, Spg(jw) = é(jw).
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Chapter 5

Model Predictive Control Strategy

This chapter utilizes the MPC design, based on discrete time laguerre functions to
achieve fuel economy for the the Syncrude Canada Ltd. integrated energy facility.
The firing rate of CO boilers are controlled in addition to the firing rate of UBs
to meet the load demand. This method utilizes the fact that CO boilers exploit
the exhaust gas (coker-off gas) of cokers, therefore, if they respond in addition
to the UBs during load fluctuations then the fuel (natural gas) consumption in the
UBs will be reduced. The use of MPC technique is to incorporate the practical

limits of the conftrol signal and its rate of change; this is difficult in other methods.

5.1 Introduction

In chemical process industry, namely, HPIs, which includes refining, petrochemical and gas
processing plants, the last few decades have seen increasing research interest in the design
of MPC strategies [34]. Motivations include a) straightforward application to non-square
systems, and b) the control signal and its rate of change can be optimized at each sampling
instant, to mention just a few [34]. Another important aspect is simplicity in the design
phase, which 1s a source of attraction to a naive designer.

The traditional approach of the MPC strategy involves expressing the control signal using
forward shift operators and solving a quadratic optimization problem online. However, if
the dynamics of the process is complex involving large interactions, fast sampling rate,
instability, the control signal needs to be expressed by large number of forward shift
operators to obtain a satisfactory and reliable closed loop control [114]. This leads to

substantial online computation effort and ill conditioned solutions. To overcome this
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problem, [113, 114] presented an approach of MPC design using Laguerre functions. In
[114], the difference of the control trajectory was modeled using the discrete orthogonal
laguerre functions and it was shown that the decision variables in the online optimization
problem could be reduced by a significant number.

In this work, the aforementioned theory is applied to achieve fuel economy of the
Syncrude Canada Ltd. integrated energy facility. As mentioned earlier, due to different
time constants of the boilers, whenever there is a load change in the 900-pound header, the
utility boilers respond to this change and try to regulate the header pressure. On the other
hand, the CO type boilers and once through steam generators always produce steam at a
constant rate of 750 kpph and 190 kpph, respectively. They have their self loops to control
the steam flow rates of CO boilers and superheated steam temperature for the OTSGs (Fig.
5.1). This leads to consumption of the natural gas (used to generate steam in the utility
boilers) by a significant amount. To overcome this problem, the present work involves
designing a firing rate master controller of the CO type boilers that along with UBs can
react to the load fluctations leading to less fuel (non-renewable energy source) utilization in

the UBs.

steam flow

Firing rate Utitlty steam pressure
controtier Bollers steam temperature
185 kg/ sec
Firing rate steam flow
controller |— %  CO steam prossure 900#

Bollers steam temperaturo Header Header pressure

steam tlow

Feedwater steam pressure
——————# OTSGs

controller steam tomperature

490 °C

Figure 5.1: A part of the boilers, once through steam generators and header system [106].

In this chapter, a model predictive control law is designed where constraints on the
manipulated variable and its rate of change are imposed. Particular emphasis is placed
on maintaining overall closed loop stability and improving the performance of the present
plant. In SYNSIM, the MPC is implemented as a S-function block that involves online
optimization of the objective function and generation of the control trajectory at each
sampling instant. It is shown that the proposed design approach can achieve considerable

fuel economy.



5.2 Design of Control Strategy 99

The rest of this chapter is as follows. Section 5.2 deals with the design, which is followed
by results with SYNSIM in Section 5.3. Finally, Section 5.4 provides a brief summary of
this chapter.

5.2 Design of Control Strategy

Advanced control ideas lingered to be a source of attraction to different vendors of electrical
power plants. In Japan (1987), Kyushu Electric Power Company developed a LQR control
design for OTSGs. Other examples include [75]: a) ROC steam temperature control and
a plant master controller design using the ARMAX model by Honeywell, b) superheater
steam temperature controller using state variable feedback, decoupling controllers for once
through systems and digital technology for condenser throttling by Siemens and ¢) neural
network for reducing NOx emissions and fuzzy logic controller for drum level control. In
this sense, the adoption of advanced technology is just an exception rather than a statute
[75].

To achieve fuel economy, UBs and CO-type boilers are used to control the 900# header
pressure, shown in Fig. 5.2. The motivation of MPC strategy to solve the economy
problem arose due to constraints on the firing rate (0.25 < » < 1) and its rate of change
(—0.16/60 < Au < 0.16/60), which are difficult to accommodate in the design by other

techniques.

steam tlow ]
Firlng rate Utility stoam prossure |
controller Bollers steam temperaturs,
]

stoam flow
———» ¢cOo steam pressure 900#%

Bollers sloam temperature | Header | Headsr
pressurs

Firing rate
controller

steam flow

Fesdwater steam prossure
————m OTSGs
controller steam lempeoraturs

Figure 5.2: Schematic to achieve fuel economy.

In the following, emphasis is placed on optimizing the future incremental control
variable. This treatment can lead to inclusion of the integral action in the loop, which
in turn provides good tracking and disturbance rejection capabilities. The required steps for

this aim are [114, 115}
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1. Augment the model

vy Lek, e ][S7 ] [en ]

y(k+1) C.A, I, y(k) C.B,
x(k-+1) A x(k) B
x Au(k)

_ Axp (k)
Y(k;) = [OCIP][ y(k) }:

where x,, are the states of the plant with A,, B,, C, as state, input and
output matrices, respectively. The augmented system contains p eigenvalues on
the unit circle, in addition to the eigenvalues of the original system, given by
(A — 1P det(AI — A,,). It is detectable and stabilizable provided that the original
system is detectable and stabilizable and possess no transmission zeros on the unit

circle.

2. Define the following look ahead prediction

xp = [ KTk +1k) xT(ks+2k) ... xT(ki+ Nplks) 17,
Au, = [AuT(k) AuT(k+1) ... Aul(k+N,—1) ],
vo = [yT(ki+1lk) yT(ki+3k) ... yT(ki+Nlk) |7,

which yields the following prediction equations

X

If

= Fx(k;) +®Au,,
¥y, = Cx,=CFx(k;)+C®Au,,

where
A B 0 0 . 0
A? AB B 0 . 0
F—| A2 , b= A’B AB B . 0
AN AM-IB ANe2B AM3B ... ANeNe-lR

Here, N, and N, are the prediction horizon and the control horizon, respectively
(Fig. 53 [115]). For an unconstrained case with the objective function J =
(sp—Vp)TQ(s, —yp) + AUZRA u,, where s, contains the vectors of the set points
and Q, R are the weighting matrices, the optimal solution attained by minimizing J

is given by

Au, = —(B'CTQCE + R)"1®TCTQ(CFx(k;) — sp). 5.1
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Prediction horizon
P

response
control

Control horizon

Ve

A

Figure 5.3: Model predictive control strategy.

3. With the following additional constraints on the control signal and its rate of change:

Aup < Aupmaz, _Aup < "Aupmina

ll(ki) 1 I 0 O 0
u(k; + 1) I ITI o 0
Upmin < u(kz + 2) = I u(k, — 1) + I 1T 1 0
All(ki)
Au(kz + 1)
X Au(kz + 2) S Upmaz,

Au(ki + N, — 1)
which gives
——(Clll(k?i et l) + CgAllp) < —Upmin,
(Clu(ki - ]—) -+ CQAup) < Upmax,

the constrained optimization problem can be written as
min  [Aul($TCTQCP + R)Au, +2Aul@7CTQ
x(CFx(k;) — sp) + constant]

M1 j 15}
subject to M; | Ay, < | o
M3 n3

where the third constraint is reflecting the limits on the states. This is in the form of

min [J = $Aul EAu, + AulF], subject to MAu, < n. To solve this quadratic
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optimization, a number of techniques are available in the literature, namely, primal
methods, dual methods, penalty and barrier methods, lagrange methods as well as
specially tailored interior-point methods. It is solvable provided the number of active
constraints are less than the number of decision variables and the constraints are

linearly independent.

Using primal-dual methods, assuming feasibility (there exists an Au, such that
MAu, < n), the KKT conditions are comparable to
1

max min
{2

T T T
nax min Au,EAu; + Au,F + ' (MAu, — n)] .
Minimization of this function over Au, gives Au, = —E!(F +MT)\) that
contains the unconstrained solution —E~'F (similar to (5.1)). Substitution of this

value gives the following dual problem
1
max |—2ATHA - MK — ~FTE-'F| = min |SATH) +ATK
A>0 2 2 A>0 |2
1
+§FTE‘1F] ,

where H = ME"'MT and K = n + ME~!F. Since, the constraint is now much
straightforward (A > 0), it can be readily solved using the Hildreth’s QP procedure.

4. Ttisclear that by using the aforementioned method, it is sometime difficult to compute
the control signal due to the presence of an inversion in (5.1) that needs to be
calculated online. To overcome this problem, the control signal is modeled using
a series of orthogonal laguerre functions. For SISO case, it can be expressed as
Aulk; +m) = Zfil L;(m)e; = 1(m)Tn, shown in Fig. 5.4. The tuning parameters
are now scaling factor (a) and the number of laguerre terms (V). These functions

satisfy the following difference equation:

1k + 1) = Ad(k), (5.2)
where
k) = [ L) bk ... k],
a 0 o ... 0
B a 0 0
A = —af B a 0 ,
(—I)N".QCLN"Q,B (_I)N—.SaN—Sﬂ ,3 C'L

B = 1-—ad? l(O)T:\/(l——az)[l —a @ ... (—a)N].
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Corroborated by numerous simulations, it has been found that realization of a control
signal can be done much more easily and efficiently by proper choice of parameter a
and a small value of N rather than a large number of forward shift operators (large
control horizon N.). They are easy to understand by programmers and also deals

with MIMO systems. Based on this control law, the overall system can be written as

m—1
x(ki +mlki) = A™x(ki) + Y A™IBI(I) Ty
=0

27 (m)
Hence, minimization of the cost function J = Zﬁ”zl xT (ki +mlk;) Qx (ki +m|k;) +
Y Rpn leads to

Z«D m)Q®T(m) + Ry)~ Z(I) YQA™)x(k;). (5.3)

This solution is also in the form of = —E~'F, but the invertibility of (5.3) can be
computed online in a more efficient manner than in (5.1). For the constrained part,

the foregoing Hildreth’s QP procedure can be directly employed.

i

5—(711)»’ /1 —¢g2|ulm) | 1—az La{m) 1 —az | v(m)

Z—a

Z—a -0

0<a<1

Au(k; +m)

O

Figure 5.4: Discrete time laguerre functions [115].

5.3 Simulation Results

At first, system identification technique is used in the open loop system (Fig. 5.5) to obtain

a 8t order CO boiler model, which is given by the following SS matrices: A, =

0.001565 —0.01279 3.8x107% ~9.1x107% —15x10"% -—2x10"% 32x10"% 7.5x107%

0.01659 0.0003517 —0.04369 —0.01035 —0.02172 —0.02769 0.04743 0.1112

0.00224 0.04532 0.1913 —0,5485 —0.7207 —~1.25 1.794 3.994
4.1 x 10—4 —0.007854 0.5049 —~0.5644 —0.4656 —1.568 2.633 6.175
~0.001702 0.01162 —0.5883 0.2672 2.246 4.147 —5.657 —12.11
2.3 x 10~4 —0.01077 0.6157 —0.8413 —2.563 —~3.027 4.715 9.812
~0.002681 0.005376 —~0.3486 0.4431 1.453 1.597 —2.688 ~5.98

—1.8x 10”4 —5.3 x 1078 —0.001301 0.0008194 0.006315 0.0034%94 —0.02842 —0.3808
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—0.0001449
—0.01647
—1.18

B _ —3,232
n o 5.379 )
—3.078
1.99
0.1092
Cn = [ 3.4%x103 ~22x107% 54x10"7 -68x1:0"8 1x1078 —62x10"8 8ax10-?
~2.7 x 1078 ] (EX))

By selecting a = 0.7, N =50, N, =100, R = 0.3, Q = C/,C,, and online solving a
constrained quadratic optimization problem, the controller is implemented. Fig. 5.6 shows
the steam flow rate of CO-type boilers with MPC (top one) and the existing PI controllers of
the plant (bottom). Due to an increase in load, the additional demand is met by increasing
the firing rate of these boilers (Fig. 5.7). Fig. 5.8 shows the firing rate master signal
of the utility boilers, where the dotted one corresponds to the PI case. In concert with
Fig. 5.9, it clearly reveals that the proposed strategy can achieve significant reduction in
the consumption of the fuel flow (natural gas), i.e., fuel economy of 11.5% is achieved.
Figs. 5.10-5.12 shows the dynamics of different process variables with the MPC and the PI
controllers, respectively. The MPC strategy leads to an initial peaking of the 9004 header
pressure, but the oscillations die out faster than the existing PI controllers of the plant.
An initial decrease of the header pressure is due to an increase in the load change of 100
kpph in the header. Pressure rises afterwards because the firing rate of CO boilers and UBs
increases abruptly to meet the load demand. The responses of the drum level and the steam
temperature with the PI controllers appear to be better than the MPC (less undershoot and
overshoot), since two controllers are acting simultaneously leading to a very fast control

action.

Remark 5.1 For tuning, if interest lies in long N, value then choose a large value of q;
this will require smaller number of laguerre terms N. In some cases, it may not be possible
to satisty the constraint on u, and Ay, simultaneously. Therefore, one of them should be
restricted by a function block (similar situation arose with firing rate of CO boilers which

was constrained in SYNSIM by a function block).

5.4 Chapter Summary

This chapter introduces some basic concepts of MPC and finds an efficient technique that
can be applicable to an industrial system. The method is then applied to achieve fuel
economy by controlling the fining rate of CO-type boilers. Simulation results in SYNSIM

show that the requirement of the natural gas consumption in the present plant can be reduced
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by 11.5% using this method.
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Figure 5.5: Open loop model of UBs, headers and OTSGs.
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Figure 5.6: Steam flow out of the CO type boilers.
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Figure 5.9: Fuel flow rate for steam production in the utility boilers.
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Chapter 6

Conclusions and Recommendations

6.1 Conclusions

In this thesis, different algorithms are developed for decentralized as well as overlapping
control designs of linear as well as nonlinear interconnected systems. The major

contributions are:

1. Design of observer-based decentralized controllers and dynamic output feedback
control laws for N nonlinear interconnected systems are casted into a convex
optimization problem. With these results a global minimum can be achieved, if it

exists.

2. A general algorithm has been developed that provides a solution to a number of NP-
hard problems in overlapping control design. In every case, the results are generalized

to large scale systems.

3. A new approach of obtaining a (block) diagonal approximated system that possesses
the same number of unstable poles as the plant is presented. This helps to extend
the theory of p-interaction measure to unstable plants. The results of [89] that is
concerned with robust stability and robust performance of stable systems are now

capable of dealing with unstable systems.

4. The aforementioned theoretical algorithms are all applied to SYNSIM for
overcoming different control problems of the present plant. A detailed analysis
1s carried out to judge the performance of controllers under several perturbed
conditions: load fluctnations in different headers, tripping of boilers, and loop
failures. In addition to this, a thorough literature survey has been carried out to get

into a deep understanding of the drum-boiler modeling and a physical model for the

109
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UBs at Syncrude is then developed. Therefore, they should be a source of attraction

to both theorists and practitioners.

5. Efforts are laid on modeling and programming to develop a MPC strategy for

achieving fuel economy of Syncrude Canada Ltd.

6.2 Future Work

In the following, some future directions for extending and improving the results of this

thesis are provided.

1. Tt will be interesting to extend the results of chapters 2-3 to consider the following

class of nonlinear interconnected discrete time systems [97]
where the interconnections satisfy

hi (x(k))hy(x(k)) < ofx"H{ Hx.

Static state feedback decentralized control design for this class of system was
considered in [97], however, due to complexity, the design was restricted to
subsystems with only single input. Moreover, some restrictive constraints on the
structure of the Lyapunov matrix was imposed. In addition to rectifying this problem,
it would be certainly useful to develop decentralized output feedback and overlapping

control laws.

2. In chapter 4, a constant scaling matrix was employed that introduced some
conservativeness in the algorithm. Therefore, it is useful to solve the optimization
problem using a frequency dependent scaling matrix D(jw), which can give a better
solution due to extra degrees of freedom provided by D(jw). This is a NP-hard
problem, but following the ideas of chapter 4, there is a possibility to obtain some

numerical solution.

In many cases, when interactions in the plant are large, designing a decentralized
controller using the results of chapter 4 may be a problem. Therefore, one may
consider finding a (block) diagonal approximation of G(s) that possess same number
of RHP zeros as the system itself [72]. An analytical solution to this problem is still

an open area of research.
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In the present work, some conditions are derived under which when one loop is
closed then due to interactions the transmission zeros of other subsystems does not
cross the imaginary axis. Nevertheless, they are only restricted to stable plants
and generalization of the results to include more than two subsystems and their

applicability to unstable systems are still unclear.

It would also be remarkable to develop results on the achievable decentralized
performance using independent designs. This problem was not considered in the past
and using the results of chapter 4 there is an opportunity to derive some conditions,
possibly an upper bound. The outcome of [32] seems to offer a good initiative in this

direction.

3. This thesis deals with MPC design, concerning fuel economy. An interesting
approach would be to develop decentralized MPC law for the nonlinear
interconnected systems in (2.1). On the way to solve this problem, ideas from [66]
can be utilized. Moreover, while applying the MPC approach, it 1s useful to consider
environmental factors as well, namely, reducing the production of NO, SO;, etc.,
which leads to acid rain and global warming. They should be lessened by redesigning

the firing rate controllers of UBs.

In industry, the operators usually prefer PI, PID controllers because they are casy
to understand and tune. If some advanced technique is required then they demand
that it should not alter much the present control system working in the plant. To
take into account this issue, a scheme of conditioning only the reference signal could
be used. Similar to [26], the ideas of “sliding mode™ and “reference conditioning™
can to be combined to provide limits on the loop interactions that can be decided
by the designer in advance. This approach appears to be effective for reducing the
oscillations in the 900# header without redesigning the PI controllers of Syncrude
Canada Ltd.

4. In chapter 4, some minor discussion on pairings and DIC is introduced. When the
loops (with integral action) are paired in such a way that overall closed loop stability
can be maintained if any of them are detuned arbitrarily, then the system is said to be
DIC [58]. Hence, the concept of DIC is useful for eliminating impracticable pairings
and, in many cases, can be easily verified using the steady state gain information
of the plant. In the past, various necessary and sufficient conditions for checking

DIC was developed [18, 58, 90]. Nonetheless, finding a necessary and sufficient
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condition is still an open area of research. The result in [58] offer one such solution,
however, it requires computing a series of real structured singular values and is based
on pure integral controllers (%—1) Therefore, new methods should be investigated.
Furthermore, it would be interesting to derive DIC conditions in the presence of

model uncertainty. In particular, one can ask the following questions:
¢ When interactions in a plant are large, systems are not DIC. What is the worst
case interaction with a norm bounded uncertainty, 7{A (jw)) < 17

¢ For anominal plant G(s) that is DIC, what is the size of minimum perturbation

such that the system loses the DIC property?
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Appendix A

Proofs of Theorems

A.1 Proof of Theorem 2.1

Here, a control design algorithm for the autonomous system in (2.12) is first developed,
which is then generalized to multiple subsystems in (2.1). Consider a Lyapunov function
v = z! Pz [67], where P is a symmetric positive definite matrix (P > 0). The sufficient

conditions for asymptotic stability of the closed loop system in (2.15) are
P >0, z7ATPz + wGTPz + z"PAz + 2" PG,w < 0.

According to the S-procedure [14], when (2.16) is satisfied, the above condition is
equivalent to the existence of matrix P and a number 7 > 0 such that P > 0 and

ATP + PA +70?HTH PG,

arp 1| <o (A-1

Using the Schur’s complement this is equivalent to the existence of matrix Y > 0, and

AY +YAT G, YHT
GT -I o <0, (A-2)
HY 0 11

where Y = 7P~ ! and v = % This LMI cannot be used to find the observer-based

controller because it is not affine on observer parameters A i, Bow, Copy and D 3, which
are constant n x », n X p, » X n, and n X p matrices, respectively. Hence, a variable
transformation is necessary. Partition Y and Y~! as
R, O O R, 0 O
Y=| 0 X M,}, Y“lz{ 0 Y. N, |,
0o MT v, 0 NI U,
where Ry, Ro, X, and Y, are n X n and symmetric, M, and N, are n X n, and Y > O

impliess R; > 0, X, > 0, and Y, > 0. From Y'Y = I, it can be derived that

124
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YL[RT XT M, ]"=[110]"

, which leads to YT, = IT,, where,
R, 0 0 I 0 O
Hlé[o X, 1},112%{01 Y,

0 0 NT (B

Pre-and post-multiplying Y > 0 by IIZ and II, respectively and (A-2) by

diag (T1%, 1, 1) and diag (II,, I, T), respectively, the conditions are T1Z YII5 > 0 and
O7AYI, +OIYATH, nfG, O¥YH?
GTTI, -1 0 < 0. (A-4)
HYTI, 0 1

Some linear algebra shows that

R 0 O©
nfym, = [ 0 X, I | and
0o I Y.
AR; + BL,; o D.C
nIAYIn, = 0 AX,-C, A-D,Cc |,
0 A, Y,A +B,C

where L; £ KRy,

A'r £ YT (A - Dobvc) x’r + :NrBovaxr - Y?Covaz + NerbuMza
ﬁr = _YrDobv + NTBobv) C'r £ Dobvcxr + Covaza f)r = Dobu-
(A-5)
Moreover,
) ) Fu €. D,C 0
OYAYIL, + M YATIT, = T Fp P |, G, =| G |,
CcTDT FL Faus Y. G
R;HT
and I YHT = [Xer ],
HY

where

Fu & AR;+BL +RiAT+LTBT, Fp 2 AX, + X,AT - C, - €T,
Fin 2 A+AT-D,C, F32Y,A +B,C+ATY, + CTBT.

This makes the LMIs in (A-4) affine in controller and observer parameters. A linear
objective minimization problem (min «y) subject to the convex constraints in (A-4) can be
casily applied to compute them.

Since X, and Y, are symmetric matrices, N, and M, can be chosen square and non-

singular such that N,MZ = I — Y, X,. Using singular value decomposition, [ZAQT] =
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svd (I - Y,X,). This gives, N,MT = SAQT, N, = ZA?, M, = QA%. Hence, from
(A-5), the parameters K, A 4,, By, Cop and Dy, can be easily calculated:

Ag = N;7YA,-YTAX, + YTD,,CX, — N,Bo,CX, + YIC,p,MT)MT ™,
K = LlRl_ly Dobv = f)m Cobv = (Cr - Dobvcxr)(Mg‘)_la
Bobv = N:l(Br + YrDobv)-

This method does not require that the input matrix B to be invertible [84], or choice of
any parameters by trial and error [70]. Hence, the critical restriction is removed. One
can easily verify that when Ay, = Boyw = Cuy = O (static observer gain), then
A, = YT (A-DuwC)X,, B, = ~Y,Dop, €, = DppCX, and D, = D,
Therefore, the parameters become non affine. ‘

Now, the decentralized control design for the system in (2.1) is quite straightforward
with block diagonal Lyapunov function Yp = diag(Yy,..., Yy) and transformation
matrix I1p, = diag(Ily,...,II9,). Similar to (A-2), it is easy to verify that the
sufficient conditions of the closed loop system in (2.18) to be asymptotically stable under

the constraint in (2.19) are Yp > 0, and

ApYp+YpAl Gp YpH] ... YpH}
* -1 0 0
* * -»nl .. 0 < 0.
* * * ' :
* * * * =yl

Pre-and post-multiplying Yp > 0 by HgD and II,,, respectively, and the above
constraint by diag (I3 _,I,I) and diag (ITs,, I, I), respectively, the LMIs become affine

QD’

in controller and observer parameters.

A.2  Proof of Matching Condition

Assume that H, has full rank ( HTH, is positive definite) and (A, H, ) is detectable [83].
With G = B, some constraints in the LMI formulation of (A-4) are

v>0, R >0, X, >0, Y, >0,

. n T
AX, + X, AT — &, - 6T 4 BBY 4 2 HrXr (A-6)
R f T T HTH,
Y, A+B,C+(Y,A+B,C)* +Y,BB'Y,+ 1" <0, (A-D
Y

R;HTH,R, <

(A+BK)R; + Ry(A + BK)T + 5

0. (A-8)
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The feasibility of (A-6) can be easily proved using the approach in [83]. To prove
the feasibility of (A-7), consider the Riccati equation ATY,, + Y, A + Y..BBTY,, +
Qiﬁl—’;reﬂl = 0,wheree > 0and 0 < ¥ < +. Since (A, H,.) and (A, C) are detectable,
there always exist a unique Y, > O to the Riccati equation such that (A — BBTY,,)isa

stable matrix. Therefore, by choosing Y, = Y,,, and ]:3., =
for any v > 0 can be achieved. Here, e determines the convergence rate of observer. Finally,
to prove feasibility of (A-8), consider the Lyapunov equation AZR; +RjA.+ ET:Y& =0,
where A has all eigenvalues in the left half of s-plane. Since H?HT > 0, A 1s stable and
R AT + AR + &H—HIRL— < 0, the choice of R; = R;'and A + BK = A,

leads to the solution of LMI for any v > 0.

A.3 Proof of Theorem 2.2

With a Lyapunov function v(%) = % P%, the sufficient conditions for the stability in (2.30)

are

P > 0,
and RTATPx + hTGIPx + *'PA % + XTPGsh < 0. (A-9)

According to the S-procedure {14], when (2.29) is satisfied, condition (A-9) is equivalent
to the existence of matrix P and a number 7 > 0 such that P > 0 and

ATP + PA, + 7o®HIH, PG,

arp 1| <o (A-10)

Using Schur’s complement, (A-10) is equivalent to the existence of matrix Y satistying

Y >0, (A-11)

ALY +YAT G, YHY
GT -1 o <0, (A-12)

H,Y 0 91
where Y = 7P~ ! and v = 317 It is well known that o can be termed as degree of
robustness; therefore, -y is a measure of the degree of robustness. The LMIs in (A-11) and
(A-12) cannot be used to find the controller because it is not affine in controller parameters
A;, B;, C; and D;. Hence, the well-known “change of controller variables method” is

used. If A and Ay, are n x n and ng x ny, respectively, partition Y and Y1 as

_ Xy M 1| Y1 Ny
Y = [MT Vl},Y _[NlT Ul]’ (A-13)
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where X; and Y; are n X » and symmetric, M; and N are n X ng and Y > 0 implies

X; > 0,Y; > 0. From Y'Y = I, it can be derived that

<[] - [3)

which leads to Y~ 1I1; = II,, where,

moe [ X I] palYs No][X I7_[1 Y,
! M o] 2T |NT U | [MT o] |0 NT |

(A-14)
Pre- and post multiplying (A-11) by ITJ and IT,, respectively and (A-12) by
diag(I17,1,1) and diag(I15, I, I), respectively
mym, > o,
N7A, YL, + ] YATTT, ]G, NIYHT
GT11, -1 0 < 0. (A-15)
H,YII, 0 1
Now, straightforward calculation shows that
X, I
T _ 1
l-.[z YH2 = l: I .Yl ] s and
A AX; +BC; A +BD,C
nrA,yn, = t !
Ch { A, Y,A+B,C |’
where
A 2 YT'(A+BDC)X, +N;B.CX; + YITBC,M? + N;AMT,
B, £ Y,BD;+N;B;, C,2D,CX;+CM!, D, 2Dy (A-16)
Hence,
A A Fu F
HT 1I HTY TH — 11 12
2ALYII; + I3 YA I, FL Fa |’
where
Fui 2 AX;+XAT +BC + (BC)T, Fi3 2 A+ AT +BD;C,
Fa 2 YiA+B;C+ATY, + CTBT. (A-17)
Furthermore,

r _ [ 1 0 ¢l [ &
HzG’“_{YIT N, || o] 7| vig | ™
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TveT _ TaT _ | X1 M HT ] _ [ xyHT
nlYH —HlHk~[I . o |=| hr |-

This variable transformation makes the LMIsin (A-11) and (A-12) affine in the controller

parameters. Since X; and Y are symmetric matrices, IN; and M; can be chosen square

and non-singular such that NyM7T = I — Y;X;. Using the singular value decomposition
[ZA2T] = svd(I-Y,X)).
Therefore, N; and M can be calculated as
NMT = =A8T, N; = ZAZ, M; = $AL. (A-18)

This allows to calculate Ay, By, C and Dy, from (A-16)

D, = D,

Cr = (A1~]f)10X1) M,

Be = (N)7'(Bi-YiBD,),

Ar = (N)7' (A - Y1AX; - ViBC) - NiBCXy ) (MT) ™

A.4 Proof of Theorem 2.3

The mathematical treatment follows along the same lines as in Theorem 2.2. From (A-11)
and (A-12), it is easy to say that the sufficient conditions of the closed loop system in (2.41)
to be asymptotically stable under the quadratic constraint in (2.42) are

Yp > 0, (A-19

(Ap,Yp+YpAl ) Gp, YpHT ... YpHE
* -1 0 0
* * -nI ... 0 < 0. (A-20)
* * * .. —nI

Similar to Theorem 2.2, defining new variables as in (A-13) and (A-14),

s | Xy M 1a| Y N; AT Yy

i [M? vi]m YT IN o TS0 N

Ai 2 YE (Ai + BiD, Ci) Xy, + NiB, C: Xy, + YiBiCkiMzT
-I—NZA)&MT,

Bi - YliBkai + Ninw éi = DkiCixli + Ck,-MZT, f)i £ Dki,

(A-21)
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where X, and Y, are n; xn; and symmetric matrices, M; and N; are 72; X 12, and Y; > 0

implies X, > 0, Yy, > 0. Hence, for the overall system
YD = diag(Yl,Yg, e ,YN), HQD = diag(l‘Igl, 1—[22, ey HQN),

and straightforward calculation shows that

. I X]_1 I XIN I
dlag( I Yll),...,( 1 Y., )],
0 G G

T _ 1 N
II;,Gp, = d1ag_< Y., Gy ),...,( Y1, Gy )},

{ AXy, +BC: A+ BDC; }
A Y A +BC; |’

),
Faa1 )77

] YpIl,,

AL YL, =

A A . [( (F
5 (Ap,Yp+ YpAL )My, — diag (( u)l%

(
(Fi2)1 (
((]:II)N (Fi2)n ]
(Fia)y (Fa)v /)
where
(Fi)i 2 AXy, +X,AT +B,C + (B,6)7,
(Fi2);i & A;+AT +B,D,C;,

(Fa)i = Y A+ f}ici + A;~TY1,; + C;TB;T

For two interconnected subsystems, the structure of H{k will be

hll 0 hlg 0 X11h11 0 X11h12 0

0 0 0 0 . . hy O hy O
Y =

hi; 0 hyp 0|’ which gives Iy, YpHi, X,his 0 Xp,hye O

O 0 0 o0 hio 0 hoo 0

Pre- and post multiplying (A-19) by I'IgD and II3;,, respectively and (A-20) by
diag(HgD, I,I) and diag(IT,,, I,I), respectively and adding pole placement constraints,

the result follows.

A.5 Proof of Theorem 3.1

Consider a quadratic Lyapunov function v = x4 Px. The sufficient conditions for stability

of the closed loop system can be expressed as P > 0 (positive definite), and

. . T T . T3 I
o = x4Pxa +x43Pxg = x5ATPxy +hl(x4)Pxg + x5PApxy

+x5Ph,(x4) < 0.
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The above inequality can be written as

T T A%P -+ PAD P Xl )
[ x5 hl(xa) ] [ . o || no | < 0, (A-22)
and the nonlinear quadratic bound in (3.5) or (3.7) is equivalent to
2T
T T o’HiyH; 0 Xl )
[ Xal hT (xcl) ] |: 0 I hr(xcl) > 0. (A-23)

Combination of (A-22) and (A-23) according to the S-procedure gives P > 0 and

T T Agp +PAp + TaZHTHl P Xl .
[ %3 h(xa) ] [ " S| ey | <O @29

The parameter 7 allows the control engineers to combine several quadratic inequalities
into a single inequality. Since, —71 < 0, from (A-24), the conditions for stability are P > 0
and

ATP+PAp +7o®HIH, P
* —71

] <0. (A-25)

Pre- and post multiplying P > 0 by 7P~! and 7P, respectively and (A-25) by
diag (rP~!, ) and diag (P~!, I), respectively, the new relations are

TP Y (ATP + PAp + 7o*HIH))TP 1 71

—1 ~1
TPTH(P)TP " >0, [ . —

] <o.
Since, 7 is a positive scalar, defining Y = 7P ™!, the conditions are Y > 0 and

AT A 2 T
[YAD+ADY+aYHl HY I }<0. (A-26)

* -I
This LMI cannot be used to compute the controller parameters because it is not affine in

K. Therefore, using the Schur’s complement, (A-26) can be written as
A AT , 1 T
A.DY ‘l‘ YA.D ‘l‘ _YHl HlY ‘l‘ I < 0,
Y

where v = 31; It should be noted that the inequality is in the form of ¥ -+ S -+ ST < 0,
with ¥ = I+ %YHlTHlY. Therefore, application of the reciprocal projection lemma gives

N X (A-27)

I+ 1YH/HY + X~ (W+WT) YAL + W7 ] <0

where X can be any given positive definite matrix and W is a decision variable.
Hence, selecting X = I and pre- and post- multiplying by diag{('Y~!,I) and diag(Y 1, 1),

respectively

{ YUY LHTH Y NI W - WY AT Y-iwT ] <o
* ~I :
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This can be expanded as

* -1 0 ] S

x[Y1 o]<o.

LHIH + Y 1 I -W - WOyt AT L Y IWT Y!
yoH D _

Since, this inequality is in the form of ®1; — P9 @;21@{2 < 0, application of the Schur’s
complement method gives

* -1 0

HIH + Y (I-W-WIY-! AT 4 Y 'WT Y-!
<0
* * . |

Again, expanding

* - | 0
* * I

Y '(@I-W-whHy! AL+ Y 'wWT y-! ] [ HY ]
- (=D

and applying the Schur’s complement method

(Y ly -y ' M-MTY-! AL+ MT YU H]
* -1 0 0 _
* * -I o B
i * * * =9I
[ (Y -MT)(Y ' -M)-M™ AT+MT Y! Hf
* | 0 0 <0
* * -1 o0 ’
i * * * =l
where M = WY ~!. Finally, the above inequality can be written as
-M™ AL +MT Y! HS Y- - M7
* -I 0 0 0 -1
* * -1 0 B 0 (-1)
* * * -l 0
x[Y1-M 0 0 0] <0,
which gives
-M™ AL +MT Yy ! Hf Y '!'-MT
* -I 0 0 0
* * I o© 0 <0. (A-28)
* * * -1 0
* * * * -1

Substituting @ = M”M, Xp = Y~' and AL = AT CTKIB?, the result follows.
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A.6 Proof of the Block Diagonal Approximation

It is straightforward to show that finding a structured G(s) such that 5[D, (G (jw) —
G1(jw))D;] < # is equivalent to solving the following optimization problem (after

applying some transformations on the on the standard H result [917)
min «y

subjectto P > 0,

ATP+PA, PB. D! cTpT

cl r clr
* —~I (D;Y)TDDT < 0. (A-29)
* * —~I

Pre- and Post multiplying (A-29) by diag (I, DT, DT) and diag (I, D,, D,), respectively

AZ;P +PA,; PBgy CTLH
X _4H DIH | <0, (A-30)
* * -vH

P >0,

where H = DID,. It is clear that the optimization problem involves bilinear terms at
each position. Pre- and post multiplying (A-30) by diag (P~!,L,I) and diag (P~!,1,T),
respectively, the conditions are equivalent to

YAL +AY Ba YCIH
Y >0, and * -yH DIH | <0,

* * —~H

where Y = P! This can be expanded using the Schur’s complement method [14] as

T T

YAL + AaY + Z2af%eX B4 YC,HDa <o
T

N —yH 4 DiIDa ’

and further into

T YCTH
YAT + AuY 4 XoalCaY (Bcz 1 XaDa )
v v
T -1 T
x (71-1 - Pﬁ_l?ﬁ> (BZ; + M) <0, (A-31)
84 Y
DTHD
(—7H + ’—“) <. (A-32)
84

Now, it is well known that according to the reciprocal projection lemma [4], the following

conditions are equivalent
1. T+s+8T <o.

2. For any given positive-definite matrix X, the LMI problem

T+X-(W+wT) sT+wT

* -X <0

is feasible with respect to W, where W 1s a decision variable.
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Therefore, applying this lemma to the inequality in (A-31)

[f11+X—*(W+WT) YAZ}+£1(2+WT] <0, (A-33)
where
i YCTHD,, (vH _ DZ;HDd>‘1 DHC4Y  YC{HC,Y
g Y
+Bgy <7H - "——DZi:IDCQ_I B},
. ycz;jIDd <7H B 9@ ) gt

=
symmetric, in most of the cases, the parameters (By, Dg), v, H and X can be designed

: T -1
Since, X can be any given positive definite matrix and B <'yH - &E&L) BY is

such that
-1
X + By (yH - 2alP4) T ph =1 (A-34)

This selection is done to decouple the design variables from the positive definite matrix
Y. If, in some cases, this is not satisfied, then similar to [108], a large decision variable A

can always be selected such that positive definiteness of
-1
X = M- By (vH - 228P) " BT, (A-35)

is guaranteed.

Case I With the selection in (A-34), (A-33) is equivalent to

I+ 21— (W+wWT) YAL + 2o+ WT
-1
x ~T+ By (yH - DAHRa) gz | <O,
T DTHD -1 pT TH
where 2, = &@ <'YH — czI’;I cl) Dczl'iCdY + YCCZ’YCCIY, Z, =
T T -1
chl&lj—l?ﬂ <'yH - 29{2?1) BI. Pre- and post multiplying by diag (Y~!,I) and

diag (Y1, 1), respectively and expanding the above inequality

[ v-ly-1 4 cl E’YICd —Y-M-MTy-1 AZ! +MT :| |: CIHD, :|

,1
* -1 Ba

DTHD,\
x<—'yH+ 517 Cl> [DZL?C“‘ BZ‘I]<O,

where M = WY~ Using the Schur’s complement

T T
Y“l(Y—1 -M)- MTy-t 4 E;L_I"Yiﬂ AZZ +MT CElI;IDcz
* -1 Bcl < 0.
T
« + g4 DEHDa

>
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This inequality can be further expanded as

Yly oy IM-MTY! AT +MT 0 CTH
* -1 Ba |+| 0
* * —vH D7 H
x(vH)"![ HC,; 0 HD, | <0, (A-36)
which is equivalent to
2XpXp+MIM-Q AL+MT 0 CIH
* -1 Bu 0
. N H prH | < 0, (A-37)
* * * -vH

where Xp = Y~'and Q = (Xp + M)T(Xp + M). Finally, applying the Schur’s

complement method to the inequality m (A-37) and relaxing the equality constraint

-Q Al+M" o ci, v2xp MT

* -1 B 0 0 0
* * -vH D}, 0 0 | 0,
* * * -~vH 0 0
* * * * e | 0
* * * * * ~I
T
[ Q XptM ] >0, (A-38)

where Q = (Xp + M)T(Xp + M) corresponds to the boundary of the convex set in
T
(A-38). Moreover, the inequality (—')/H + Bdl;l—Dfi) < 01s equivalent to

-vyH DIH



