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THESIS ABSTRACT

Name: Mohammed Masood Hussain.

Title: Global Stabilization of Decentralized Systems subject to Saturation.
Degree: MASTER OF SCIENCE.

Major Field: Systems Engineering.

Date of Degree:  December, 2011.

Practical systems are difficult to realize for advanced control techniques,
both analysis and design, due to issues like saturation and interconnections. This
thesis proposes techniques for designing controllers locally and then globally for
linear decentralized control systems subject to input saturation using static and
dynamic output feedback designs and H., control design.

The analytical work presented is the development of overlapping decentralized
control for both static and dynamic output feedback designs through LMI formu-
lation. Further more using the idea of homotopy method a Hy, control design for
the same system was developed. Both the schemes are developed on the frame-
work of Linear Matriz Inequalities(LMIs). A version of the inclusion principle
was used for expanding and contracting the systems for overlapping decentralized
control. An application of the proposed design scheme for static and dynamic
output feedback was done on the Nuclear Power Plant model comprising of four
subsystems. The proposed scheme showed promising results. For the H,, con-

troller design on linear interconnected systems subject to input saturation the

x1i



idea of homotopy was used and the application was done on a Multi-zone Space
Heating System comprised of three subsystems. The results for the H., were
compared to the developed decentralized LQR control design which were found to

be favorable and better on comparison.
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Chapter 1

INTRODUCTION

1.1 Overview

Saturation is present in many physical systems and it tends to degrade the per-
formance and may also destabilize the system. The research on decentralized
control of interconnected systems has been a topic in research since late 1980’s
and still is done till the present day. Previously the research focused mainly on
the stability of the interconnected system based on control design like state feed-
back, output feedback and later developed to linear quadratic regulator(LQR)

problem. The research on large scale interconnected systems was initiated by



Wang and Davison [5] and since then has been the subject of intense study. Most
recently the study on decentralized control has renewed interest because of its
fundamental role in the problem coordinating motion of multiple autonomous

agents which by itself has attracted significant attention.

Previously the study of stabilization using decentralized control was that of fixed
modes. Fixed modes are the poles of the system which cannot be shifted just by
using any decentralized feedback controllers. The same idea on fixed modes was
done by Wang and Davison [5] who also showed that decentralized stabilization
is possible if and only if the fixed modes are stable. Our perspective in this
thesis is when the interconnected systems are subject to input saturation. It
is known that every physically conceivable actuator has bounds on its output.
Valves can only be operated between fully open and fully closed states, pumps
and compressors have finite throughput capacity and tanks can only hold a
certain volume. Ignoring such saturation elements in any control system can be

detrimental to the stability and performance of the controlled system.

To overcome the problem of the interconnected systems when subject to input
saturation and their effects on the stability and performance of the system we
will, in this thesis, be designing a new decentralized control design for each local
controller in the subsystem of the interconnected system and using the idea of

inclusion principle and overlapping control globally stabilize the actual system.



1.2 Thesis Objective

The main objective of the thesis is to

e Design a decentralized controller for the interconnected system subject to
input saturation which will locally stabilize each subsystem and with the

idea of inclusion principle and overlapping design have global stability.

e Design of decentralized H,, controller using a method of homotopy to

improve the stability of the system.

1.3 Problem Statement

In this thesis, we consider an LTI interconnected system composed of a finite
number N of coupled subsystems and subject to input saturation is represented

by:

(t) = Ax(t) + Bsat(u(t)) + h(t, z(t)) (1.1)

y(t) = Ca(t) (1.2)

where z = [2}, ..., 2l;]' € R", n= Zjvzl n; is the overall system state, sat(u) =

[sat(u)i, ..., sat(u)l]" € R™, m = Z;V:1 m; is the saturated input of the overall
system and y = [y, ..., y&]" € R, p = Zj\;l p; is the measured output of the

overall system. The model matrices are A = diag{A11,.., Ann}, Aj; € R,



B = diag{By, .., By}, By € ®*™ and C = diag{C\,..,Cy}, C; € Rp*"3,
The function

hit, 2(t)) = [hy(t (1), ., hiy(t z(2))]'

is a vector function piecewise-continuous in its arguments, it represents the
coupling of the system. In the sequel, we assume that this function is uncertain
and the available information is that, in the domains of continuity G, it satisfies

the global quadratic inequality
hE(t, z()h(t, (1) < 2'(t)R'O ' Ra(t) (1.3)

where R = [R!, .., Ry]’, R; € R"7*™ are constant matrices such that h(t,0) = 0
and z = 0 is an equilibrium of system (1.1). With focus on the structural form

of system (1.1), the jth subsystem model can be described by

i;(t) = Ajx;(t) + Bysat(wy)(t) + hy(t, z)

yi(t) = Cja;(?) (1.4)

where x;(t) € R, u;(t) € RN™, y;(t) € R are the subsystem state,
input and measured output, respectively. The function h; € R" is a piecewise-
continuous vector function in its arguments and in line of (1.3) it satisfies the

quadratic inequality

it a(t)hy(ta(t) < 62 2'(t) R Ra(t) (1.5)



where ¢; > 0, j € {1,..,N} are bounding parameters such that o =
diag{¢;*I,,, .., o5 1, } where I,,, € R™*™ represents identity matrix. From

(1.3) and (1.5), it is always possible to find a matrix ® such that
Wit z()h(t, x(t) < 2'(t)R'® ' Ra(t) (1.6)

where R = diag{Ry,.., Ry}. The saturation function sat(u;) is for u € ™

defined as,
ujmaz uj 2 ujmaza
Sat(uj) = U Ujmin < Uy < Ujmaz (17)
Ujmin Uj < Ujmin

where wjmin and 4,4, are chosen to correspond to actual input limits either by
measurement or by estimation. Input saturation can also be applied as upper
and lower limits of input constraints as wjmin, and Ujmas, respectively. It is
also assumed that the pair (A

j»Bj) is a controllable pair and (Cj, A;;) is an

observable pair for all y € I :=1,2,..., N.

In this thesis we will design the controllers that achieves the objectives stated

in section(1.2) and also solve the above described problem.
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More recently, some systematic design procedures based on rigorous theoreti-
cal analysis have been proposed through various frameworks, see [1] for a nice
overview of application cases requiring a formal treatment of the saturation

constraints.

This chapter addresses the latest research topics and theoretical advances on
linear dynamical systems with saturation. The chapter is organized with the
following sections showing the problem statement and theorems as well as as-
sumptions used in all the literature addressed and Section III with concluding

remarks.

2.2 Input Saturation

In this section we will be considering the important case of systems subject to
Input/Actuator saturation. Other cases of systems subject to state saturation,
systems subject to output saturation and systems presenting nested saturation

will be dealt with in the sequel.



1.4 Thesis Organization

The thesis is organized as the chapter 2 showing the previous work done on
systems subject to saturation and also the type of control design on them. In
chapter 3 it shows the overlapping control design of interconnected systems
subject to saturation with the idea of inclusion principle. In chapter 4 a H
control design method will be used with an idea of homotopy method. In the

following section conclusions will be drawn and directions for future research.

Notations: The Euclidean norm |[.| is used for vectors in the n-dimensional
space R" and we denote by ||.|| the corresponding induced matrix norm in R".
We use W W= X, (W) and Ay (W) to denote the transpose, the inverse,
the minimum eigenvalue and the maximum eigenvalue of any square matrix W,
respectively. We use W < 0 (< 0) to denote a symmetric negative definite
(negative semidefinite) matrix W and I; to denote the n; x n; identity matrix.
Matrices, if their dimensions are not explicitly stated, are assumed to be com-
patible for algebraic operations. In symmetric block matrices or complex matrix
expressions, we use the symbol e to represent a term that is induced by symme-
try. Sometimes, the arguments of a function will be omitted when no confusion

can arise.



Chapter 2

LITERATURE SURVEY

2.1 Literature Review

The behavior of linear, time-invariant (LTI) systems subject to actuator satura-
tion has been extensively studied for several decades. It is known that saturation
usually degrades the performance of a system and leads to instability. Over the
last years systems subject to saturation has attracted a lot of researchers and a
considerable amount of work has been done. Most of the study has been done
on systems subject to actuator saturation, which involves problems as global,

semi-global stabilization and local stabilization, anti-windup compensation, null



controllable regions, to mention a few.

More recently, some systematic design procedures based on rigorous theoreti-
cal analysis have been proposed through various frameworks, see [1] for a nice
overview of application cases requiring a formal treatment of the saturation
constraints. Most of the research efforts geared toward constructive linear or
nonlinear control for saturated plants can be divided into two main strands. In
the first one, called anti-windup design, a pre-designed controller is given, so that
its closed-loop with the plant without input saturation is well behaved (at least
asymptotically stable but possibly inducing desirable unconstrained closed-loop
performance). The analysis and synthesis of controllers for dynamic systems
subject to actuator saturation have been attracting increasingly more attention,
see [2, 3, 4] and the references therein. There are mainly two approaches to
dealing with actuator saturation. One approach is to take control constraints
into account at the outset of control design. A low-and-high gain method was

presented in [4] to design linear semi globally stabilizing controllers.

It becomes increasingly apparent that saturation is an open topic of research
in control systems and many researchers have done lot of work in this field of

study. Available results can be broadly classified into

e Systems with actuator saturation, see [6, 8, 10, 11, 12, 17, 21, 39, 40, 43|

and their references,

e Systems with input saturation, see [7, 16, 18, 26, 30, 32, 35, 36, 41, 42]



and their references,
e Systems with output saturation, see [13, 14, 15] and their references,

e Systems subject to state saturation, see [23, 27] and their references

Researchers also considered the study on large scale systems subject to multi
layer nested saturations [18, 33, 37]. When saturation occurs global stability is
an issue and it can never be ensured and usually semi-global stability [14, 15]

was done, also the study on estimating the large domain of attraction was done

in [2, 37, 39).

In some studies the set invariance and LMI based optimization was done [7, 10]
and feedback designs for stabilizing the system using various feedback designs
6, 12, 16, 17, 18, 25, 28, 30, 32, 35, 36, 37, 41, 42] and various designs were
developed too. The Anti-windup designs were done for the case of actuator
saturation on systems [7, 8, 10] also resulting in a lot of interest in this part of

the study.

A dynamic output feedback approach is developed in [6] for the controller design
using the cone complementary linearization procedure. The paper dealt with
the estimation of domain of attraction and then a method is described for the
controller design of a LTI system in the presence of actuator saturation. The
feasibility problem is solved using the cone complementary linearization method.
The condition for set invariance with actuator saturation is also presented. They

also considered the design of a controller for the system with saturation such
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that the estimated domain of attraction was maximized respect to prescribed
bounded convex set. This presented a solution for the state feedback case, where
all states are measurable, but when the states are not measurable then only the

outputs are measurable for designing the output feedback controller.

In [10], an anti-windup technique was presented to enlarge the domain of at-
traction for systems subject to actuator saturation. They assumed a linear
anti-windup compensator which stabilizes the system in the absence of actuator
saturation and then used LMI techniques to enlarge the domain of attraction.
A method for estimating the domain of attraction of the origin for the system
under saturated linear feedback was discussed in [11]. A set invariance condi-
tion was derived and conditions for enlarging this invariant set was done. Using
these conditions analysis and design was done for both closed loop stability and
disturbance rejection. The condition they developed for the determination of
invariant set was less conservative than that based on the circle criterion or the

vertex analysis.

In [16], the goal of study was to design controllers for saturating decentralized
systems that achieve not only stabilization but also achieve high performance.
Their contribution to the work was to provide a broad and sufficient condi-
tions for decentralized stabilization under saturation and they have shown that

stabilization is possible whenever,

e the open loop eigen values are in closed unit disc,
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e the eigen values on the closed unit circle disc are not in decentralized fixed

modes, and

e these eigen values on unit circle have algebraic multiplicity of 1.

They tried to solve the problem of developing semi-global stabilization via de-
centralized control, which was not achieved, but semi-global stabilization was

shown.

In [18], A study on the decentralized controllers for large-scale linear systems
subjected to saturation control is done and also on the Ly disturbance rejection.
For a closed loop system under a saturating decentralized feedback law condi-
tions were identified for which an ellipsoid is contractively invariant and also
within the domain of attraction. A numerical algorithm was developed to solve
the optimization BMI problems. The extension of the work was done for sys-
tems subjected to nested saturation case. Also, in this paper discussion on the
various methods employed for weakly coupled and strongly coupled subsystems
was discussed. The first phase of the paper dealt with the absence of actuator
saturation and a design of a decentralized controller using the homotopy method
[20]. In the second phase of the paper they considered the actuator saturation
present. They used the decentralized feedback law as an initial controller a path
following algorithm was developed which searches a new decentralized feedback
law that could achieve a larger domain of attraction or stronger disturbance

rejection capability.
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In [35], they summarized observations about the control of decentralized systems
with input saturation. They were able to show that time-invariant non-linear
controllers cannot be used to move the fixed modes to zero. They used the sin-
gular perturbation method for model reduction and comment that this method
is very promising for the first step in design of stabilizing controllers for decen-

tralized systems with input saturation.

In [13], An LTI MIMO system was considered which is controllable and observ-
able with each output component saturated. In this paper the output is first
brought out of saturation, using a method which relies on the sign of the out-
put. When the output comes out of the saturation, the state of the system is
identified using the deadbeat control strategy. Since it was found to be difficult
to bring all the outputs out of saturation at the same time in case of a MIMO
system, it was found that it is better to use one output at a time out of the
saturation regions, even if some others are in the saturation zone. After getting
all the data for all the outputs at certain different times they merged the results
and found the states of the systems. These states were brought to the origin

using the deadbeat control.

It is described that basically global asymptotic stabilization is possible by output
feedback and also it was illustrated that information from multiple output com-
ponents at different points can be combined to identify the states of the system.
But for the origin of a LTT MIMO system with saturated outputs to be globally
asymptotic and stabilized it is necessary for the system to be controllable and

observable.
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In [15], they considered the problem of semi-globally stabilizing linear system
using linear feedback of the saturated output measurement. They established
that a SISO linear stabilizable and detectable system subject to output satura-
tion can be semi-globally stabilized by linear output feedback if all the invariant
zeros are in the closed left-half plane, no matter where open loop poles are. The
linear feedback laws were designed in such a way that they used the saturated
output to cause the system output to oscillate into the linear region of output

saturation function and remain there in a finite time.

In [23], The study on the problem of stability analysis and controller design for
continuous time linear systems with the consideration of full state saturation
as well as partial state saturation was done. A new and tractable system was
constructed showing that this system is with same domain of attraction as the
original system. An LMI method is used for estimating the attraction domain
of the origin for new constructed system with state saturation. An algorithm
was developed for the designing of of output feedback controllers guaranteeing
that the attraction domain of the origin for the closed-loop system is as large as

possible.

In [27], they discussed the problem of stability analysis for linear systems un-
der state constraints and some conditions were devised for global asymptotic
stability of such systems. They achieved certain conditions under which linear
systems defined on closed hypercube and linear systems with partial satura-
tion are globally asymptotically stable at origin. Iterative LMI formulation was

proposed for verifying the asymptotically stable system.
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The problem of synthesizing fixed order anti-windup compensator which meet
an Ly performance bound was addressed in [7]. They used the linear anti-windup
augmentation method to develop a controller. It was also shown that if and only
if the plant is asymptotically stable this plant order anti-windup compensation
is always feasible for large Lo gain. They have demonstrated that the Lyapunov

formulation of this problem can be taken as a non convex optimization problem.

A new saturation control technique is developed in [8] for anti-windup design
for the case of exponentially unstable LTI system. The algorithm developed
guaranteed regional stability in the presence of input saturation and improves
performance too. It was also commented that systems with input non-linearities

such as deadzone and hysteresis can also be treated using this approach.

In [12], a method for output feedback with saturation for stabilizing the system
was presented. Also the enlargement of domain of attraction was done. They
have used a non-linear output feedback controller expressed in quasi-LPV system

form, establishing conditions for closed loop stability.

In [38], A piece-wise quadratic Lyapunov function is developed for the analysis
of global and regional performances for systems with input saturation with an
algebraic loop. The function incorporated the structure of the saturation non-
linearity. Sector conditions were considered which are shown in the following
section and also an introduction to three sector like conditions that were useful in
this paper. A comparison with the non-quadratic Lyapunov function in [31] was

done. They have addressed the problem of stability and performance analysis
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for linear systems which involve saturation/deadzone. They have compared the
results from [6] with the ones produced by these new methods. In this paper they
showed that the Lyapunov based approach on piece-wise quadratic function was
developed to analyze the global, regional stability and performances for systems

subject to saturation.

In [28], They presented the LMI based synthesis approach on output feedback
design for input saturated linear systems using deadzone loops. The proposed
approach will lead to regional stabilizing controllers if the plant is exponentially
unstable, to semi-global stability if the plant is non-exponentially unstable, and
to global stability if the plant is already exponentially stable, the requirement

of the plant being detectable and stabilizable.

The design of decentralized controllers for interconnected linear systems subject
to multi-layer nested saturations were considered in [37]. They formulated the
decentralized state feedback laws that resulted in large domain of attractions.
Their study was divided into two phases, the first phase they assumed no satu-
ration and using the homotopy idea [20]. This decentralized control law, when
subject to saturation still achieves local stabilization with guaranteed domain
of attraction. The second phase, they consider the actuator saturation and

designed the algorithms for larger domain of attraction.

In [33], they showed the problem of stability for systems presenting nested sat-
urations. The generalized sector conditions were used for the stability analysis.

This work proposed that it allows a more general nested saturation structure
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and addressed the global stability and global stabilization problems solved by
LMI methods.

In [54], the authors developed a new LMI-based procedure for the design of
decentralized dynamic output controllers for systems composed of linear sub-
systems coupled by uncertain nonlinear interconnections satisfying quadratic
constraints. The scheme utilizes the general linear dynamic output feedback
structure. The design procedure consists of two steps, the first providing the
local Lyapunov matrices together with the corresponding robustness degrees,
and the second the controller parameters providing a robustly stable overall
system. A comprehensive review of decentralized control design techniques was
provided in [55]. The synthesis of output feedback controllers with saturating
inputs was studied in [61] where an observer based controller and a dynamic
output feedback controller based on the circle criterion was developed via LMI

formulation.

In [62], the authors presented a method for designing an output feedback law
that stabilizes a linear system subject to actuator saturation with a large domain
of attraction. This method applies to general linear systems including strictly
unstable ones. A nonlinear output feedback controller is first expressed in the
form of a quasi-LPV system. Conditions under which the closed-loop system
is locally asymptotically stable are then established in terms of the coefficient
matrices of the controller. The design of the controller (gain matrices) that
maximizes an estimate of the domain of attraction is then formulated and solved

as an optimization problem with LMI constraints.
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2.2.1 Problem statement

Consider the LTI plant described by,

Pp(t) = Apxy(t) + BySat(u) + Ew(t)

y(t) = Cuap(t) + DySat(u) (2.1)

where z,(t) € R is the plant state, u(t) € R™ is the control input, y(t) € R
is the plant output available for measurement and w(t) € R™ is the input

disturbance.

In most of the works, the following assumptions were considered:

Assumption 2.2.1 The following conditions hold

e The triple (A, By, C,) is stabilizable and detectable,
e The matrices B}, and C), have full row rank,

o D,=0

The common objective is to address the stability analysis and control design
problems for system (2.1) under Assumption 2.2.1. In this paper, we survey

available results pertaining to both problems using alternative approaches.
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2.2.2 Main results

Initially, assume that the controller is given for the system with actuator satura-
tion, the problem of interest is that finding the estimate of domain of attraction.

The following theorem developed in [6] provides a basic result:

Theorem 2.2.1 Given an ellipsoid =(P,p), P € R"™™™ | if there exists an H

€ R such that,

(A + Ba(V;Cy + VH))'P +

p(Acl + Bcl(V;Ccl + V;_H)) <0 (22)

forall 'V, eV and Z(P,p) C P(H), that is,

|Hix] < 1 Vaz e Z(P,p)

15 contractively invariant set.

Remark 2.2.1 System (2.1) was considered in [10] under Assumption 2.2.1.
Introducing a typical anti-windup compensator involving a correction term of

the form E.(o(u) — u) leads the closed-loop system

te = Ate+ Be+ E(o(u) —u), x.(0)=0

u = Cex.+ Dy, x.€ R"™ (2.3)
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Based on Theorem (2.2.1), the problem estimating the domain of attraction is
addressed. By using the matriz E as a free design parameter, it is shown that

the domain of attraction can be enlarged via optimization procedure.

In the following theorem a condition of set invariance examined in [11] is pre-

sented:

Theorem 2.2.2 Given an ellipsoid Z(P, p), if there exists an H € R™" such

that,
(A+BM(v,F,H))'P+ P(A+ BM(v,F,H)) <0 (2.4)
where,
ha fi
{M(UaFvH):UEV} = {Hv ) 7F}
f2 ho
v = veR": v =1lor0 (2.5)

for all v ev and Z(P,p) C ((H), that is,

|hiz| <1, Yo € Z(P,p), i € [1,m]

then Z(P, p) is a contractively invariant set.

The class of disturbances treated in the literature is characterized below
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Assumption 2.2.2 The input disturbance w(t) € R™ belongs to the bounded
set W defined by

W = {w(t) : wt)w(t) <1Vt > 0}

An efficient method of determining disturbance rejection with guaranteed do-

main of attraction is summarized by the following theorem [11]:

Theorem 2.2.3 Given two ellipsoids

E(P7 pl)» E(Pa p2)7 P2 > P1 >0

If there exist matrices Hy, Hy € R"™ "™ and a positive number n such that

(A+BM(v,F,H,))'P + P(A+ BM(v, F, Hy)) +

|
“PEE'P+ 1P <0, vuew (2.6)
n P1

(A+ BM(v, F, Hy))'P + P(A+ BM(v, F, Hy)) +

|

“PEE'P+ 1P <0,Yuev (2.7)
n P2

and Z(P.py) C L(Hy), Z(P.p2) C L(Hs), then for every p € [p1, po], there exists

a matriz H € ™" such that

(A+ BM(v,F,H))'P + P(A+ BM(v,F, H)) +

1
“PEE'P+1P <0 Vvev (2.8)

n P
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and Z(P, p) € L(H). This implies that =Z(P, p) is also strictly invariant.

Next, in [16] the following system is considered

z(k+1) = Ax(k)+ ZU:BZ-Sat(ul-(k))

yi(k) = Cuz(k),i=1,...v (2.9)

where x € R" is the state, u; € ™, = 1...v are control inputs, y; € RP are
measured outputs. For system (2.9) an improved controller stabilization result

is developed and summarized by the following theorem:

Theorem 2.2.4 For system (2.9), there exists non-negative integers sy, Sa, ..., Sy
such that for any given collection of compact sets W € R™ and S; € R there

exists v controllers of the form,

zilk+1) = Kizi(k)+ Ly (k)

wi(k+1) = M;z(k)+ Nyi(k) (2.10)

such that the origin of the resulting closed loop system is asymptotically stable

and the domain of attraction includes W x §; X ... x S, only if,

o All fixred modes are in the open unit disc

o All eigen values of A are in the closed loop unit disc.
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An additional result on the conditions of semi-global stabilizability of system
Theorem 2.2.4 using the set of controllers (2.10) is established by the theorem

below:

Theorem 2.2.5 Consider system (2.9), there exists non-negative integers sy, Sa, . .

such that for any given collection of compact sets W € R"™ and S; € R there
exists v controllers of the form (2.10), such that the origin of the resulting

closed loop system is asymptotically stable and the domain of attraction includes

W xS x...x8, if,

o All fized modes are in the open unit disc

o All eigen values of A are in the closed loop unit disc with those eigen values

on the unit disc having algebraic multiplicity equal to one.

Remark 2.2.2 Based on the condition for set invariance developed in [6], a
result on the determination of disturbance tolerance capability of the closed loop
system under state feedback law is reported in [18]. This result is stated in the

theorem below.

Theorem 2.2.6 Consider system (2.1) under the state feedback law uw = Fx.

For a give positive definite matrixz P, if

(A+ B(DsF + D; H))'P+ P(A+ B(D,F + D, H)) +

1
“PEE'P <0,s € Iyn (2.11)
U

‘7S’U
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and Z(P,1 + an) C L(H), then every trajectory of the closed loop system that
starts from inside of Z(P, 1) will remain inside of Z(P, 1+an) for every w € W2.
Additionally, there exists a matric H € R™*™ and a positive number n such that

(2.11) is satisfied and Z(P, an) for every w € W2.

The following theorem characterizes the conditions under which the linear sys-

tem under actuator saturation (2.1) has Ly gain less than or equal to .

Theorem 2.2.7 Let o, be the mazimal tolerable disturbance level. Consider
an a € (0, Qmaz]. For a given constant v > 0, if there exists a matrix H € R"™*"

such that,

(A+ B(DsF + D, H))'"P+ P(A+ B(D,F + D, H)) +

1
PEE'P + ﬁctc <0, s€Im (2.12)

and Z(P,a) C L(H), then the restricted Ly gain from w to z over W2 is less

than or equal to .

In establishing Theorem 2.2.7, the procedure for stabilization of systems subject

to nested saturations developed in [22] was employed.



25

2.2.3 Example 1

, Consider the system with,

0 1 0
Ap - y Bp: s

1 0 5%
Cp - 1 0

Using a standard dynamic output feedback controller, it was shown in [6] that

the gains are described by
Ap = =30, By = —22, C, = =20, D = —30

Letting R = I34«3, and solving an optimization problem, the feasible solution

was attained at v* = 118.0139 and

109.1588 —0.4927 29.8610
I = —0.4927 1.3420 —2.6067
29.8610 — 2.6067 20.4395

H* = —7.7212 —0.7368 —0.4017

Considering the same system and setting, = = 2, N =5 T =5, 7 = b5,

algorithm 1 in [6], and the values obtained above, the efficiency of the ensuing
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design can be seen from the following results,

—33.4815 —133.8522
—2.1163  —11.8956

H; = | —7.0427 —0.3701 —0.3873 |,

56.5258 —0.0227 5.4276
I, = | —0.0227 21547 —0.5192
5.4276  —0.5192 1.5738

2.3 Output Saturation

In what follows, we will examine the case of systems subject to output saturation.

2.3.1 Problem statement

Consider the LTI system with saturated outputs as,

z = Ax+ Bu

y = Sat(C(x)) (2.13)

where, x € R" is the state of the system u € R"™ is the controller input and

y € NP is the output measurement.
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2.3.2 Main results

Basic results are established in [13] and [15] and summarized by the following

theorems:

Theorem 2.3.1 The origin of system (2.13) is globally asymptotically stable,

that is

z(0) =0 = z(t) =0Vt >0 (equilibrium)
such that ||z(0)|] < o (stability)

and ¥ z(0), limi_ins z(t) = 0 (global attractivity).

Theorem 2.3.2 System (2.13) is semi-globally asymptotically stabilizable by

linear feedback of the saturated output if

o The pair(A,B) is stabilizable,
e The pair (A,C) is detectable,

e All invariant zeros of the triple (A,B,C) are in the closed left-half plane.

More specifically, for any a priori given bounded set Hy C R2", there exists a

linear dynamic output feedback law of the form,

z = Fz+Gy, ze®R"

u = Hz+ Hyy
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such that the equilibrium (z,z)=(0,0) of the closed loop system is asymptotically

stable with Hy contained in its domain of attraction.

2.3.3 Example 2

Consider the system,

B(t) = za(t) + 25(t)
Bo(t) = ui(t)
T3(t) = uat)
n@) = x()

Ya2(t) = w1(t) + 22(t)

The system has an eigen value with multiplicity one and an eigen value with
multiplicity 2, both at the origin, thus the system is open-loop unstable. In [13],
the controller algorithm is implemented using T'= 0.5, p = 1.1, h; = C! and

hy = C% with initial conditions were z1(0) = 2,25(0) = —4 and z3(0) = 1.

2.4 State Saturation

We now direct attention to the case of systems subject to state saturation.
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2.4.1 Problem statement

Consider a class system with state saturation in the form

z, = sat(A,x,)+ Byu

y = Cpzp (2.14)

where z,, € R is the plant state, v € R" is the control input, y € R" is the

plant output available for measurement.

2.4.2 Main results

For system (2.14), sufficient conditions were derived in [27] to guarantee global
asymptotic stability. The theoretical results are summarized by the following

two theorems. The first theorem concerns the stability analysis:

Theorem 2.4.1 If there exists a symmetric positive-definite matriz P € R™*"

and a matriz G € R™™ such that,

(D;A+ D;G)'P+ P(D;A+ D;G) <0 (2.15)

where G is (row) diagonally dominant and the diagonal is composed of negative
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elements as specified below

h(Ax+ K) € coD;(Az+ K)+ D; Gz, i € [1,2"|Vz € D"

for any matriz K € R" independent of x.

The next theorem is for determining the globally stabilizing feedback gain F:

Theorem 2.4.2 If there exists a symmetric positive-definite matriz P € R™"*"

and a matriz G € ™™ such that,

A B
P+
D:C D;E+ D; G

A B
P <017€(l,2" (2.16)
D,C D,E+D;G
where D; € D, and and G is (row) diagonally dominant and the diagonal is

composed of negative elements, then the system is globally asymptotically stable

at origin.
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2.4.3 Example 3

Consider the following system with state saturation

-99 8
A = ,
10 5
1
B = ,
—9
C =112

Without considering the state saturation a controller is designed with gain pa-

rameters as,

-1 25
Ak - 3
30 =9
—0.9
Bk = )
—0.5
Ck = 0.1 -2
D, =1

Xg = col[1100]", [1 — 100]*, [-1100]", [-1 — 100]".
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By Algorithm 1 in [23], the domain of attraction was estimated and the results

were as follows,

v =1.6971

3.15611 09275  0.3591 —0.4926

Q 0.9275  2.0033  0.4194 —0.0770
0.3591 0.4194  0.1521 —0.0429
—0.4926 —0.0770 —0.0429 1.3383
0.1114 0

U =

0 0.1111

To design the controller, Algorithm 2 was implemented to obtain the largest

domain of attraction. The controller gains were

—1.6255  4.4283
A}Z — bl
31.3529 —22.3786
—2.8123
B = ,
4.5233
C; = | 0396 —3.1210 |

D; = 24213



and the result of the domain of attraction was found to be ,

~* = 0.4913

12.2710
—1.8511
0.4432
3.2522

0.7090
0

—1.8511
16.8187
2.9340
—9.4093

0

0.1629

0.4432

2.9340

0.7476
—1.5786

3.2522
—9.4093
—1.5786

12.7334
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It is demonstrated in [23] that by using Algorithm 2, the index of domain of

attraction is improved than that which was obtained by Algorithm 1.

2.5 Systems Presenting Nested Saturation

Proceeding further, we deal with the case of systems presenting nested satura-

tion.
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2.5.1 Problem statement

Consider a linear system consisting of N interconnected subsystems, each subject

to multi-layer nested saturation in its inputs,

J#1

where z; € 1" is the state of the ith subsystem. For a vector u; € R™ where
Sat : M — R
is the vector valued standard saturation function defined as
Sat(u;) = [Sat(uyy Sat(ug) ... Sat(wi,]'

and

Sat(uy) = sign(ug)min|uy|,1, | € I,

2.5.2 Main results

Set invariance conditions were provided in [37] as presented by the following

theorem:
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Theorem 2.5.1 Given an ellipsoid Z(P, p). If there exists an H € R™*" such

that,

(A+ B(DsF + D; H))'P +

P(A+B(D,F+D;H)) < 0, sell,27] (2.18)

and Z(P,p) C L(H). Then Z(P, p) is an invariant set. If 7‘<”’ holds for the
aforementioned inequalities, then Z(P, p) is a contractively invariant set towards

the origin.

For the multi-layered nested saturations, the following theorem present a useful

result [18]:

Theorem 2.5.2 Consider the interconnected linear system 2.17. For a given
ellipsoid Z(P, 1), if there exists some matrices Hy, F, € R™*", (€ I,, such
that, for all diagonal matrices D1, Do, ..., D,1; € R™™ whose diagonal

elements can only be 0 or 1, with fill D; =1 such that

P(A+ B(D1Hy + Dy(Fy + KoHy) + ... +
Dy(Fy 4+ KoFy + ...+ Ky ... K, H,) +
Dy (Fy+ Ko+ ...+ Ky... K, F)))) +
P(A+ B(D1Hy + Dy(Fy + KoHy) + ... +
Dy(Fy + KoFy+ ...+ Ky... K,H,) +

Dp+1(F1 + Ko Fs + +K2Kpr)))tP <0 (219)



36

and =(P,1) C NI_,L(H,), then Z(P,1) is contractively invariant set.

Extending to the situation of disturbance rejection, the following theorem es-

tablishes a workable result

Theorem 2.5.3 Consider the interconnected linear system 2.17 Let P be a pos-

itive definite matriz.

o [f there exists a positive number n some matrices Hy, F, € ®™*", (€ I,
such that, for all diagonal matrices Dy, Do, ..., D,y € ™™ whose

diagonal elements can only be 0 or 1, with Zf:ll D; =1 such that

P(A+ B(D1Hy + Dy(Fy + KoHy) + ... +
Dy(Fy+ KoFy+ ...+ Ky... K,H,) +
Dy (Fy+ Ko+ ...+ Ky .. KyF))) +
P(A+ B(D1Hy + Dy(Fy + KoHy) + ... +
Dy(Fy+ Koy + ...+ Ky... K,H,) +

Dy (FL+ KyFy + ...+ Ky .. . K,F,)))'P < 0 (2.20)

and Z(P,1 + an) C Nj_,L(H,), then every trajectory of the closed loop
system that starts from inside of Z(P, 1) will remain inside of Z(P, 14 an)

2
for every we W,

o [f there exists a positive number n some matrices Hy, Fy, € ®™*", (€ I,

such that, for all diagonal matrices Dy, Do, ..., Dyi1 € R"™*™ whose
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diagonal elements can only be 0 or 1, with f;rll D; =1, inequality (2.20)
is satisfied and Z(P,am) C M_,L(H,), then every trajectory of the closed
loop system that starts from origin will remain inside of =(P, an) for every

we W2.

2.5.3 Example 4

For the case of multi layered nested saturation, let us consider a system with

w = 0 and the following data

0 0

0 1
p = 2, Ky=blkdiag[0.5, 0.5]

Xp = [10.50.60.9]

Consider the design algorithm for decentralized control for multi layered nested

saturation in [37]. It is found that the feasible solution of the corresponding



optimization problems was as follows:

2.6 Linear

80.0127

[ 8.7974
17.0317
—1.3232
2.0154

—2.1505
—1.8211

—0.4850
—1.9933

17.0317

49.1759
3.6958
0.8127

—5.5006
—4.6616

—1.9498
—3.4248

—1.3232  2.0154
3.6958  0.8127
29.3195 28.3716

28.3716  45.0384

—3.3058 —3.6132
—3.8394 —4.9424

—4.0923 —4.4794
—0.0002 —1.4339

Systems with Deadzone

Finally, we deal with the case of systems containing deadzone.

38
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2.6.1 Problem statement

Generally a system with saturation or deadzone is described as,

& = Ax+ By + Byw
y = Cyr+ Dyq+ Dy,w
2 = Cyx+ D,yq+ Dyw

¢ = d(y) (2.21)

where z € R, ¢,y € R, w € R", and z € RP. The deadzone function

dz(.) : R™ — R™ is defined by

dz(y) ==y — Sat(y), Vye€R™

where Sat(.) is a vector saturation function with the saturation levels given by
a vector

uwe R u>0i=12,....,m

In [38], they considered an algebraic loop, when D,, # 0 and a nonlinear alge-

braic loop imposed by

y = Cyx + D, dz(y) + Dyw (2.22)

Further analysis is based on the following facts:
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Fact 1: For every diagonal matrix § € 1%, § > 0, the deadzone function dz(.)

satisfies

dz(v)'6{v —dz(v)} > 0,Yv € R* (2.23)

Fact 2: Given r € R™ such that

_ﬂi<ri<ﬂi7 VZ:I,,m

the following inequality holds for any diagonal matrix 6 € R™*™, 6 > 0 :

dz(v)'0 {v —dz(v) —r} > 0,Vv € R™ (2.24)

2.6.2 Main results

The following results were the sector-like conditions introduced to describe the

properties of the algebraic loop with deadzone:

Result 1: In view of the non-decreasing properties of saturation and deadzone
functions, the following inequality holds for every diagonal matrix § € R™*"™,

6>0

{dz(vy) — dz(v2)}t d {sat(vy) — sat(vy)}

>0, Vu,vg € R™ (2.25)
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Result 2: For every diagonal matrix § € R"™*™, the following equalities hold

almost everywhere:

Il
o

gf)(l’, w)t5 {u - ¢(ZL‘, w)}
dz(u)'6 {u— ¢(z,w)} = 0 (2.26)

where,

= CyAz + CyB,dz(y) + CyB,w + Dy,p(x, w)

The conditions characterizing global analysis and regional analysis are men-

tioned in the following theorems:

Theorem 2.6.1 Considering system 2.21, the following results hold true:

1. (Exponential Stability): If there exists a matriz P € RM+m)xmtm)  p —
P' > 0, and diagonal matrices A; € R™™ i=1, ...,5 Nj—193 > 0,

satisfying the LMI,

= In+3m
[In+3m 0(n+3m)><r]\];; < O (227)

(U (n+3m)

then for the Lyapunov function V(x) = &{(x)'P§, there exists an = > 0
such that V < —Z||z||? for almost all x € R" and w = 0. This guarantees

the origin of the system is globally exponentially stable.
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2. (Reachable Region): If there exists a matriz P € Rtm>xm+m) - p — pt
0, and diagonal matrices A; € R™*™, =1, ...,5, Aj=123 > 0, satisfying

the LMI,
U — Welg < 0 (2.28)
then V. < wtw for almost all x =€ R" and all w =€ K. If 2(0) = 0 and

l|wl|z < s, then &(z(t)) € Z(P/s?) for all t >0.

3. (Global Ly Gain): If there exists a matriz P € RM+m)x(tm) - p — pt 5
and diagonal matrices A; € ™™, i = 1,...,5,Ai=123 > 0, satisfying
the LMI,

T — Uy Bt .

<0 (2.29)
C. 00 D, D, | —1

then, V + %ztz < yw'w for almost all x € R" and all w w € NT. If

z(0) =0, then ||z||2 < y||wl|2, that is, the global Ly gain is bounded by .

The theorem for regional analysis [38] is as follows:

Theorem 2.6.2 Considering system 2.21, the following results hold true:

1. (Ezponential Stability): If there exists a matriz P € R+mx(ntm) - p —

Pt >0, H,, Hy € ™™ satisfying and diagonal matrices 6; € R™ ™,
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1=1, ...,5,0;=123 > 0, satisfying the LMI,

[In+3m 0(n+3m)><r](qj -0 - Qt)

‘[TL m
. - <0 (2.30)

0rx (n+3m)

then for the Lyapunov function V(x) = &(x)'PE, there exists an = > 0
such that V < —Z|z|*> for almost all z € R" and w = 0. Thus the origin
of the system is globally exponentially stable. If £(x(0)) € Z(P), then
E(x(t)) € Z(P) for all t >0. and limy_inez(t)=0.

. (Reachable Region): Let s >0. If there exists a matriz P € Rm)x(ntm) - p —
Pt > 0,Hy,Hy, € ™0+ and diagonal matrices 6; € R™™, i=1,

.., D,0i=123 > 0, satisfying the LMI,

U —Q—Qf —UgUk <0 (2.31)

then V < w'w for almost all € R* and all w € K. If £(z(0)) = 0 and
[|lwl]|a < s, then &(z(t)) € Z(P/s?) for all t >0.

. (Regional Ly Gain): Let s;0. If there exists a matriz P € RM+m>xmtm) - p —
P! > 0,Hy,Hy, € ™0+ and diagonal matrices 6; € R™™, i=1,
.., D,0i=123 > 0, satisfying the LMI,

U —Q—Qf — U0 .

] <0 (2.32)
C. 00 D D., | —1
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then, V + %ztz < yw'w for almost all {(x) € Z(P/s?*) and all w € R". If

§(2(0))=0, and||wl[; < s, then [[z||2 < yl|wl]>

Conditions for LMI-feasibility testing are contained in the following theorem

[28]:

Theorem 2.6.3 Given s >0. Consider the linear plant subject to saturation/deadzone
with [|w||a < s. Let [Ny Na)' span the null space of (Cpy Dpyw. If the follow-
ing LMIs in the variables Qq1, Py € R Q1 = QY > 0, Py = P, > 0,

Y, € R 42 > 0,2 < 5 are feasible:

A,Qu + ByuY, By, 0

0 — 0 <0

N~

szQ11+Dp,qu17 Dp,zw _%

Ny Py AyN! + Ny Py By Nf — EN,NE 0

Cpe Nt + Dy NS —21
Q I
11 > 0
I Py
=u? Y,
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then there exists an output feedback controller in the form of

jjc == Ac-rc + ch + Eldz<yc)

Ye = Cexe+ Doy + Fardz(y,)

of the order of n, , which guarantees the following three properties of the closed

loop system.:

1. the regional Lo gain is bounded by v,
2. Z(£Q7}) x 0 inside the domain of attraction,

3. the reachable set of the plant bounded by =((s*Q11)™").

where Y,,; denotes the ith row of Y,
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. -3 -1 -3 —-1.3 -3 =2
Lyapunov Function o 4 93 4 o 4
Piecewise Quadratic [38] 15.13 17.19 25.86
Conver Hull Quadratic [31] 17.06 19.33 31.67
Maz Quadratic [31] 17.37 20.78 42.34
Quadratic via PDI [31] 38.96 170.15 00
Lure — Postinikov [38] 46.96 00 00
Quadratic via NDI [7],[31] 46.96 00 00

2.6.3 Example 5

Consider system 2.21 with the following system parameters [38]:

A B, B,
Cy Dy Dyy | =
Cz qu Dzw

00 -1 1 0 0 1
10 -2 0 1 1 O
01 -3 1 -1 1 1

The results of using various Lyapunov type of functions are summarized in the

following table:
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2.7 Conclusions

In this chapter, we have presented a survey of the main results pertaining to
linear dynamical systems subject to saturation including actuator, output and
state types . The survey has outlined basic assumptions and has taken into
considerations several technical views on the analysis and design procedures
leading to global or semi-global stability results. A key feature has been the
equal emphasis on the design of linear feedback laws, decentralized controllers.
Results related stability with enlarging the domain of attraction and systems
subject to multi-layered nested saturations have been provided. Some typical

examples have been given to illustrate relevant issues.



Chapter 3

OVERLAPPING
DECENTRALIZED CONTROL
FOR INTERCONNECTED
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SATURATION
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3.1 Introduction

The development of techniques to design output feedback controllers for in-
terconnected systems has been of great interest since the past few years [48]-
[55]. Many techniques and design strategies were proposed and developed to
form the control design of these systems. Various theorems were developed for
calculating the unknowns of the dynamic output feedback controller gain ma-
trix. Applications of multi-agent control designs subject to feedback have been
generalized and looked upon. In the area of decentralized control designs it has
been implied that the system with local feedback closed around the sub-systems
is generally stable. Several methods were used for the development of static
and dynamic output feedback designs as in [48, 49, 54, 55, 56, 59, 61, 62, 63].
LMI solution to the decentralized output feedback control problem for the in-
terconnected non-linear systems was developed in [48], where the interacting
non-linearity of each subsystem was considered o be bounded by a quadratic
form of states of the overall system. Local output signals from each subsystems
were used to generate the local control inputs. The robust stabilization prob-
lem of a class of nonlinear interconnected systems was considered in [49] and a
decentralized dynamic output feedback controller was proposed. The authors
formulated the controller design in the LMI framework, and used local sliding
mode observers for the subsystems state estimation. However, the problem of
designing local observers that are robust with respect to measurement noise is
still unresolved. In [54], the authors developed a new LMI-based procedure for

the design of decentralized dynamic output controllers for systems composed
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of linear subsystems coupled by uncertain nonlinear interconnections satisfying
quadratic constraints. The scheme utilizes the general linear dynamic output
feedback structure. The design procedure consists of two steps, the first pro-
viding the local Lyapunov matrices together with the corresponding robustness
degrees, and the second the controller parameters providing a robustly stable
overall system. A comprehensive review of decentralized control design tech-
niques was provided in [55]. The synthesis of output feedback controllers with
saturating inputs was studied in [61] where an observer based controller and a
dynamic output feedback controller based on the circle criterion was developed
via LMI formulation. In [62], the authors presented a method for designing an
output feedback law that stabilizes a linear system subject to actuator satura-
tion with a large domain of attraction. This method applies to general linear
systems including strictly unstable ones. A nonlinear output feedback controller
is first expressed in the form of a quasi-LPV system. Conditions under which
the closed-loop system is locally asymptotically stable are then established in
terms of the coefficient matrices of the controller. The design of the controller
(gain matrices) that maximizes an estimate of the domain of attraction is then

formulated and solved as an optimization problem with LMI constraints.

On another research front, the behavior of linear, time-invariant (LTI) systems
subject to saturation has been extensively studied for several decades. It is
known that saturation usually degrades the performance of a system and leads
to instability. Over the last years systems subject to saturation has attracted a

lot of researchers and a considerable amount of work has been done. Most of the
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study has been done on systems subject to actuator saturation, which involves
problems as global, semi-global stabilization and local stabilization, anti-windup

compensation, null controllable regions, to mention a few.

More recently, some systematic design procedures based on rigorous theoreti-
cal analysis have been proposed through various frameworks, see [1] for a nice
overview of application cases requiring a formal treatment of the saturation
constraints. Most of the research efforts geared toward constructive linear or
nonlinear control for saturated plants can be divided into two main strands. In
the first one, called anti-windup design, a pre-designed controller is given,so that
its closed-loop with the plant without input saturation is well behaved (at least
asymptotically stable but possibly inducing desirable unconstrained closed-loop
performance). The analysis and synthesis of controllers for dynamic systems
subject to actuator saturation have been attracting increasingly more attention,
see [2, 3, 4] and the references therein. There are mainly two approaches to
dealing with actuator saturation. One approach is to take control constraints
into account at the outset of control design. A low-and-high gain method was
presented in [4] to design linear semi-globally stabilizing controllers. The over-
lapping decomposition principle has been used extensively for interconnected

systems for the design of the feedback controller [55].

In this chapter, we use the principle of overlapping decomposition to design
output feedback controllers for each of the interconnected subsystems. This
method helps us to differentiate each subsystem and design a local output feed-

back controller for the same and finally contract them to the original system
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comprising of all the subsystems. Controlling the interconnected systems with
saturating inputs we have used the Overlapping design methodology and ap-
plied two types of controllers for the design, that is, static and dynamic output
feedback schemes. For the design of controllers we firstly expand the system
and carry on with the control design methods and after the controller has been
designed we utilize the overlapping decomposition technique of contracting the

expanded system to the original form.

3.2 Problem Statement

Consider an interconnected system composed of a finite number N of coupled

subsystems and subject to input saturation is represented by:

(t) = Ax(t) + Bsat(u(t)) + h(t, z(t)) (3.1)

y(t) = Ca(t) (3.2)

where z = [2}, ..., 2y]' € R", n= Zj\;l n; is the overall system state, sat(u) =
[sat(u)t, ..., sat(u)y]" € R™, m = Zjvzl m; is the saturated input of the overall
system and y = [yt, ..., y&]" € R, p= Zjvzl p; is the measured output of the
overall system. The model matrices are A = diag{A11,.., Ann}, Aj; € R,
B = diag{Bs,..,Bn}, B; € R"*™ and C = diag{C},..,Cn}, C; € RP*",
The function

h(t> l‘(t)) = [htl(tﬂ I(t)), X hﬁv(ta x<t))]t
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is a vector function piecewise-continuous in its arguments. In the sequel, we
assume that this function is uncertain and the available information is that, in

the domains of continuity G, it satisfies the global quadratic inequality
hE(t, z()h(t, x(t)) < 2'(t)R'O ' Ra(t) (3.3)

where R = [R!, .., R\]’, R; € R"7*™ are constant matrices such that h(t,0) = 0
and x = 0 is an equilibrium of system (3.1). With focus on the structural form

of system (3.1), the jth subsystem model can be described by

ij(t) = Ajx;(t) + Bjsat(u;)(t) + hy(t, x)

yi(t) = Cja;(?) (3.4)

where x;(t) € R, u;(t) € R™, y;(t) € R are the subsystem state,
input and measured output, respectively. The function h; € R" is a piecewise-
continuous vector function in its arguments and in line of (3.3) it satisfies the

quadratic inequality
Lt a(t)hy(ta(t) < 62 2! ()R Ra(t) (3.5)

where ¢; > 0, j € {1,..,N} are bounding parameters such that o =
diag{¢;*I,,, ... o5 1, } where I,,, € R™>™ represents identity matrix. From

(3.3) and (3.5), it is always possible to find a matrix ® such that

RU(t, x(t))h(t,x(t)) < 2'(t)R'®'Rx(t) (3.6)
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where R = diag{Ri, .., Ry}, ® = diag{1,,,..,0xL,} and §; = ¢;% The

saturation function sat(u;) is for u € ™ defined as,

Ujmaz U 2 Ujmaz
sat(u;) = Uj Ujimin < Uj < Ujmaz, (3.7)
Ujmin Uj < Ujmin

where i, and 4,4, are chosen to correspond to actual input limits either by
measurement or by estimation. Input saturation can also be applied as upper
and lower limits of input constraints as wjm, and Ujmes, respectively. It is
also assumed that the pair (A;;, B;) is a controllable pair and (C;, A;;) is an

observable pair for all y € I :=1,2,..., N.

Remark 3.2.1 [t is significant to observe that the local function hj(.,.) depends
on the full state and delayed state vectors x(t), x(t — T) and therefore inequal-
ity (3.5) for j = 1,...,N represents a set of coupling relations that has to be

manipulated simultaneously in order to achieve the desired objective.

Our objective in this work is to design a static output feedback controller and a
dynamic output feedback controller that stabilizes the interconnected continuous
system 3.1,3.2 subject to input saturation using the overlapping decomposition

technique.
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3.3 Controller Design

In this section we will consider the two control designs for the interconnected
system subject to input saturation, one being the Static Output Feedback De-
sign and the other as Dynamic Output Feedback Design using the Overlapping
Decomposition technique. In the following sub-section we will explain the over-

lapping decomposition principle also a version of the inclusion principle.

3.3.1 Overlapping Decomposition

In most of the systems, the subsystems share common parts. It is advantageous
to use this fact for building and designing of a decentralized control using over-
lapping information from these subsystems. On using the overlapping technique
it is clear that the overlapping subsystems appear as disjoint. Using each subsys-
tem as different systems a decentralized control can be designed in the expanded
space. These designed controls are later contracted for their implementation in
the original system. For these kind of systems a mathematical framework known
as Inclusion Principle is used. The Inclusion Principle was proposed in the early

1980s in the context of analysis and control of complex systems [55, 64, 65].

The main idea of the Inclusion Principle is to expand an initial system, with
shared components, into higher dimensions in which overlapped subsystem ap-
pear as disjoint. Under certain conditions the expanded system contains the

essential information about the initial system. The relation between the initial
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and the expanded system is constructed on the basis of appropriate linear trans-
formations. These include a set of complementary matrices which have to satisfy
well established necessary and sufficient conditions to ensure the Inclusion Prin-
ciple. The conditions given in previous works [64, 65] on the complementary
matrices to ensure the Inclusion Principle have a fundamental, implicit nature,
in the sense that they have the form of matrix products from which it is not easy
to select specific values for the matrices. The selection of these matrices helps in
obtaining the expanded system and studying their properties. These matrices

influence on properties like stability, controllability or even observability.

A version of the Inclusion Principle

A system S includes the system S, denoted by S O S, if there exists a pair
matrices (U,V) satisfying UV=I and such that for any initial state xy and
any fixed point sat(u(t)) of S, the choice #5 = Vg of the system S implies
o (t; o, sat(u)) = UZ(t; o(t), sat(u))Vt > 0. If S O S, then S is said to be an

expansion of S and S is a contraction of S.

Consider a system and cost function of the form:

S:i& = Ax(t)+ Bsat(u(t)) (3.8)
J(zo, sat(u)) = / [2'Qx + sat(u)' Rsat(u)] (3.9)
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Its expanded system with the cost functions are of the form

S:z = A#(t) + Bsat(u(t)) (3.10)
J(xg, sat(u) = / [:ETQ:% + sat('&)TRsat('&)] (3.11)

where x(t) € R" and sat(u(t)) € R™ are the states and the saturated inputs of
S and #(t) € R" and sat(u(t)) € R™ are corresponding to the expanded system
S. The matrices A, B and A, B are constant of dimensions n x n, n X m and

X n,n X m, respectively.

N

The weighting matrices Q, Q are symmetric positive definite and R, R are sym-
metric positive definite. Suppose that the dimensions of the state vector x(t)
are smaller than or equal to the vector #(t) of system S. Let x(t;x, sat(u))
denote the unique solution of S for a fixed input sat(u(t)) and an initial state

2(0) = xo. Similar notation for i (t; #(t), sat(u)) is used for system S.

Let us consider the following transformations

ViR RLU R — R (3.12)

Where rank(V)=n and such that UV = [,,, where [, is identity matrix of indi-
cated dimension. Given a matrix V, the pseudo inverse matrix U can be obtained

by U = (VIV)~1VT,
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Definition 3.3.1 The system S is an extension of the system S, if there exists
transformations as in 3.12 such that for any initial state xo € R" and for any

saturated input sat(a(t)) € R™, 0< t < inf, the choice,

sat(u(t)) = Usat(u(t)) Vt >0
implies that
z(t; To, sat(n)) = Vat;z, sat(u) ¥Vt >0 (3.14)

There are two particular cases within the inclusion principle called restriction

and aggregation. They are defined as follows:

1. A system S is a restriction of S, if there exists a pair of matrices(U,V) sat-
isfying UV=I such that for an initial state zq and any fixed input sat(u(t))

of S, the choice o = Vg implies

T(t; To, sat(u)) = Va(t; o, sat(u))Vt > 0

2. A system S is an aggregation of S if there exists a pair of matrices(U,V)

satisfying UV=I such that for an initial state Zo, and any fixed input u(t)
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of S , the choice x¢y = UZ( implies

z(t; To, sat(u)) = Va(t; g, sat(u))vt >0

Complementary matrices

The expanded matrices A, B, Q and R of S can be expressed as

A=VAU+M,B=VB+N (3.15)

Q=U'QU + My, R= R+ Np (3.16)

where M,N,My and Np are the complementary matrices. The designer have to
choose the matrices Mg and Np is such a way that the corresponding expanded
weighting matrices Q and R are symmetric positive semi-definite and symmetric

positive definite matrices, respectively.

For S to be an expansion of S, a proper choice of M and N is required 6, 7,9,
10, 11]. In terms of complementary matrices, the previous definitions can also

be written as follows,

1. A system S is a restriction of the system S if and only if MV=0 and N=0.

2. A system S is an aggregation of the system S if and only if UM=0 and
UN=0.
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By using complementary matrices different expanded systems S can be obtained.

Theorem 3.3.1 (S, J) D (S, J) if either

(i) MV =0, N=0, V'MgV=0Nz=0 (3.17)
or

(ii) UM'V =0, MgM'"™'N=0, MoM™V =0

UM™'N=0, Nrp=0, Yien (3.18)

For proof see [54].

In the sequel, we choose Q, Q, R and R as identity matrices although only one of
them suffice. Both of the conditions of the aforementioned theorem are verified
by choosing

M=0, Mg=0, N=0, Np=0 (3.19)

with the state #(t) € R™. In the sequel, we define the following relations

A=UAV+M, B=VB+N

Q=U'QU + Mg, R=R+ Ng (3.20)

with UV = I, and Q, Q, R and R are the appropriate weighting matrices in

conventional LQR designs. The matrices M, N, Mr and Ny are real matrices
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of appropriate dimensions.

3.3.2 Contractibility conditions

. A control law u = —K 7 is contractible to control law u = —K 7 if and only if

()

FM™'WV =0, FM"'N=0 Vien (3.21)

Where F is given by

K=KU+F (3.22)

Since we have chosen M = 0 and N = 0, the aforementioned conditions are

satisfied. by Corollary 8.14 in [9] if

MV =0, N=0 (3.23)

then, the contracted K can be obtained as:

K=KV (3.24)
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3.4 Application to A Nuclear Power Plant Sys-

tem

In what follows, we apply the foregoing decentralized control methodology to a

nuclear power plant model [69, 70]:

3.4.1 System description

The system under consideration is described by the state-space model of the

form (3.8): where the state vector z € % and input vector u € R* are defined

as follows:
r = [r, 1 )
Ta = [6P 6C, 6Cy 6Cy 6Cy 6C5 6C)"
Ty = [(5Tf (5T01 5TCQ 5Pp 5Tm (STp 5Ps]t
T = [5TUP (STHL 5T]p (5T0p 5TCL 5TLp]t
and

0P : deviation in reactor power from initial steady-state value
0C; . deviation of normalized precursor concentrations, i=1:6
0Ty : deviation of fuel temperature in fuel node

0Ty - deviation of temperature in the first coolant node
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0Tes : deviation of temperature in the second coolant node

0Pp : deviation of primary system pressure

0Tp : deviation of temperature of primary coolant node in the steam generator
0T, : deviation of steam generator tube metal temperature

0P, : deviation of steam pressure from its initial steady-state value

0Ty p : deviation of the reactor upper plenum temperature

0T p : deviation of the reactor lower plenum temperature

0Ty, - deviation of hot leg temperature

0T7p : deviation of temperature of primary coolant in the steam generator or
inlet plenum

0Top : deviation of temperature of primary coolant in the steam generator or
outlet plenum

0T¢y, - deviation of cold leg temperature

with

U:[5Prod Wew 0Wp 5Q]t

where

0proq & reactivity due to control rod movement
OWpw @ deviation of feed water flow rate in steam generator
0Wp : deviation of primary water flow rate to the steam generator

0@ : rate of heat addition to the pressurizer fluid with electric heater
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Since the system order is high, the matrices A and B are arbitrary expressed in

partitioned form as follows:

An A Asg t
A= Ay Ap Ayp | B = { B1 B } : (3.25)
Azi Asp Asg

where the numerical values are given in Appendix A.

3.4.2 Dynamic behavior

Twenty eigen values of the system are —400.1, —5.777, —2.86 +0.079547 — 2.37 +
3.487i, —1.51 £ 0.5891,

—1.04, —0.676+0.382:—0.715, —0.37£0.103¢, —0.286, —0.108, 0.0019, —0.012, —0.043,
and —0.029. We see that there is one pole (0.0019) at right half plane, making

the linearized system unstable.

3.4.3 Permutations

In order to successfully apply the decentralized control methodology, the input
matrix B of a certain system should be in block-diagonal form. The system can
then be decomposed into multiple subsystems with orders equal to the rows of
the corresponding block of the input matrix B. It is obvious that in our case

matrix B is not in the diagonal form. There are four inputs in the system and
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only four non-zero elements in the input matrix B all appearing in different
columns. As such, the B matrix can be transformed to block-diagonal form by
a set of permutations. After performing the permutations, the system described

by (3.8) can be described as

S: x=Ax+Bu (3.26)

Since the columns of input matrix are not shuffled, the input vector remains
unchanged, whereas the re-arranged system state vector x and resultant matrices

A B after aforementioned permutations are mentioned in the followings.

T = [T Ty T3 T4)"

T, = [0P 0C, §Cy 6C3 6Cy "
Ty = [0P, 0Cs 0Ty 6Tor 6Tca)"
Ty = [Ty 6Pp 6T, 6Cs 6Ty 1"

x4y = [6Cy 8Tip 0Top 6Tor 6Tip]"

and the numerical values of the permuted matrices are given in the Appendix

A.

Since the system has four inputs, and therefore, to attain a maximum degree
of decomposition, we decompose the system into four subsystems with certain

degree of overlaps.To proceed, we first decompose the state vector z in to seven
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components as:
t

T=|Z Ty Ty Ty T3 Tg Ir (3.27)
where x; € R, fori =1,2,...,7Tand ny =5, no =2, n3 = 3, ny = 2, n5 = 3,
ng = 2 and ny; = 3. This partition of the state z induces a partition of the the

matrix A as

12111 A12 Al?) /_114 AlS /_116 Al?
AQI A22 AQZ’) A24 AQS AQG AQ?
12131 A32 A33 A34 12135 A36 A37

N
Il

A41 /_142 12143 /_144 A45 A46 A47 (328)
A51 A52 A53 A55 A55 ASG A57
12161 /_162 A63 A64 AGE) 12166 AG?

A?l /_172 A?B A74 A75 A76 A77

Where the sub matrices have appropriate dimensions. The seven components of

the state vector z are arranged to four overlapping components as follows:

T
i:{jl By i3 54] € R", i =26 (3.30)
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The vector 7 is related to Z by a linear transformation

=
I

<
&I

(3.31)

where V' is the n X n matrix

Is 0542 O5x3 Osx2 Osxs Osx2 Osxs
O2x5 Lo O2x3 Oaxz 023 Oax2 Oy
O2x5  In 02x3 O2x2 O2x3 O2x2 Oaxs
O3x5 O3x2 I3 O3x2 O3x3 O3x2 Oz
v O2x5 Oaxa O2x3 Lo 023 Oax2 Oays (3.32)
O2x5 O2x2 02x3 Iz O2x3 O2x2 Oaxs
O3x5 Ozx2 O3x3 O3x2 I3 O3x3 Oz
O2x5 Oaxa O2x3 Oaxz O2x3  In Oy

02x5 02x3 02x3 02x2 02x3 I2 02x3

03x5 03x2 03x3 03x2 03X3 03x2 IS

with n = 26, then V is a 26 x 20 matrix. [I; represents an identity matrix of

order 7, 0;4;, represents a ¢ X j zero matrix and the matrix U € R?0%%0 g

defined as U = VT, the pseudo-inverse of V.

Invoking the conditions in 3.15, the expanded system can be expressed as:

e
=
|

A% + Bsat(u(t)) (3.33)

S
I
<
2
S
e/
Il
<:
s/

(3.34)



Matrix A is now expressed as

All
AQI
AZl
Afﬂl

SN
I

Ap
Agy
0
0

0
0
Agy
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(3.35)

The overlapping subsystems A, Ay, A3 and A, are now described in the follow-

ings:

Aga

(3.36)

(3.37)

The interconnections among the overlapped subsystems can be easily obtained
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by simple inspection of A in (3.35). Interconnection matrices H;,i = 1,2,3,4
associated with each of the subsystem is given by

- 00000 Az Ay A A Ar
0000 0 Ay Ay Ay Agg Aoy

Ay 00 0 0 0 0 Ay Agg Aoy
Hy = A31

o

000 00 Ay Ay Asr

Ag 00000 A A Asr

)

Ay 0 Ay A3 00 0 0 0 Ay
Hy = As; 0 Asy Ass 00 0 0 0 Asy

Agi 0 Ags Ags 00 0 0 0 Ag

~ 12161 0 12162 A63 0 12164 A65 0 00

Ay 0 A7y A3 0 Ay A 0 0 O

[ B, 0 0 0 |
0O 0 O
0 B, 0 0
B=|0 0 o0 (3.38)
0 0 B3 0
0 0 0
i 0 0 0 By |
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where B;, i = 1,2,3,4 are given in the Appendix. Furthermore, the stabilizabil-
ity check was performed for all the four subsystems which showed that all the
subsystems are stabilizable although non of the subsystems is controllable. After
the expansion of the original system we will now design the static and dynamic
output feedback controls in order to stabilize each subsystem individually, which

later on will be contracted to form the original stabilized system.

3.5 Static Output Feedback Design

We will consider the overall expanded system for the design of the static feedback
controller where all the subsystems will be controlled by local static output

feedback, which is given as

y(t) = Cpi(t) (3.39)

where, Ap = diag(Ay, ..., Ax),Bp = diag(B, ..., By),Cp = diag(Cy, . ..,Cx)and

H will be the diagonal interconnections as H = diag(Hy, Ha, ..., Hy).

Also the interconnections bounds (3.5) will be as follows,

N
R, 2)hy(t, ) < 3> ofH!H,)i = 3'T'T& (3.40)
i=1
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where I'T := R'®'R. The pair (Ap, Bp) is controllable and the pair (Cp, Ap)
is observable, which is the direct result of each subsystem being controllable and
observable. Using the above expanded system we will be designing a decentral-
ized linear controller and a decentralized linear observer that will stabilize the

system. We consider the following linear decentralized controller and observer,

z(t) = Api(t)+ Bpsat(u(t)) + Lp(y — Cp)i(t) (3.41)

u(t) = Kpi(t)

where Kp = diag(Ky,...,Kg) and Lp = diag(Ly, ..., Ly) are the controller
gain matrix and the observer gain matrix, respectively. The closed loop dynam-

ics of the expanded system is,

i(t) = (Ap+ BpKp)i(t) — BpKpi(t) + H(t) (3.42)

z(t) = (Ap— LpCp)i(t) + H(t)

where, H(t) is the interconnection function for the expanded system. Let

A, = Ap+BpKp,A,=Ap— LpCp (3.43)

The closed-loop dynamics will be in the form of,

i(t) = Ai(t) — BpKpi(t) + H(t) (3.44)

(t) = Ai(t)+ H() (3.45)
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For each subsystem, we determine the controller and observer gain matrices Kp,

and Lp,. For simplicity in exposition, we focus on the expanded system only

and after completing the design task for the expanded system(S), it will be con-

tracted to the actual system(S) using the foregoing overlapping decomposition

technique.

For some matrix Y > 0, define

Mp = KpY
~BpKp
0
s ] =]
0
Wo F,
F, =
P, —I

Wt Y H!
[ ] ’)/1]
[} [}

W! = YA, +ApY + (BpKp)' + (BpKp)

W, = ALP,+ P,Ap — P,LpCp — (P,LpCp)’

the following theorem establishes the main design result

Y HY,

— w1 ]

< 0,

Theorem 3.5.1 Consider the following optimization problem for finding the

Controller Kp, and Observer Lp, of each subsystems. To determine Y, P,, Kp,
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Lp and ~v;,1 € I, from the following optimization problem,

min i% (3.46)
subject to'Y > E]Z,IPO >0
F. S S
e W, P, | <0
e o ]

The optimization problem (3.46) has to be solved by two steps [6]:

Step 1: Maximize the interconnection bounds a;(= %) by solving the following

optimization problem,

N
min E Ys
i=1

subject toY >0, F. <0 (3.47)
This gives Y and Mp. The control gain can then be calculated as,

Kp = MpYy™ (3.48)

Step 2: Using the Kp obtained from Step 1, find P, and Np by solving the
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following optimization problem:

N
min Z G (3.49)
i=1
subjectto P, >0 A >0
AF. S1 5

e W, P, | <0

° o —J

where A = diag((111,...,0nIn), I; denotes the n; X n; identity matrix, and
WO = AtDPO—I—POAD — NDCD — (NDCD)t and ND = POLD' The matrices FC and

S in Step 2 are obtained from Step 1. The observer gain Lp is obtained as:

Lp = P;'Np (3.50)

Proof: We consider the following Lyapunov function candidate,

V(r,z) = 2'Pa+2'Pax, P.>0, P,>0 (3.51)

The time derivative of V (z, z) along the trajectories of (3.45) is given by,

t

T Aépc—i—pcAc _PCBDKD PC X
V(z,z) = | z . A'P,+ P,A, P, z | <3.52)
H ° ° 0 H

On considering the bounds on the interconnections (3.5), which can be written



()

as,

x —I'r' 0 0 x
T ° 0 0 z | <0. (3.53)
H ° o | H

The stabilization of system (3.45) requires that V(z,Z) < 0 Vz,Z # 0. This

entails from (3.52) and (3.53) with P. > 0 P, > 0 7 > 0 via the S-procedure

[10] that
AP+ P.A, —-P.BpKp P, ~TT 0 0
3 AP, +PA, P, | —7 e 0 0]|<O0 (3.54)
° ° 0 ° o |

With P, = % P, = %= inequality (3.54) is equivalent to

AP, + PA.+T'T —PBpKp P.
. AP, 4+ P,A, P, | <0 (3.55)

° ° -1

with P. > 0 P, > 0. Considering (3.40) and (3.43), and applying the Schur
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complement to inequality (3.55) we get,

WC —PCBDKD PC O[le QNHfV
° W, P, 0 0
° ° -1 0 0
<0 (3.56)
° ° ° -1 ... 0
° ° ° ° —1

Rearranging and scaling columns and rows related to H;, i € I of (3.56) we

obtain,

W. Hf Hf\, —P.BpKp P.
o I 0 0
0 0
(3.57)
° . —n 1 0 0
° ° ° ° w, P,
° ° ° ° ° -1

where v; = % > (. The optimization problem now becomes as follows,

N
min Z v subject to (3.57) (3.58)
i=1

This selection of the control gain matrix Kp and the observer gain matrix Lp

does not only stabilize the overall system (3.45) but also simultaneously maxi-
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mizes the interconnection bounds «;.

Since there are coupled terms of matrix variables, P. and Kp, and P, and Lp
in the inequality(3.57), the above inequality becomes a BMI. We will transform
the inequality to a form which is affine in the unknown variables. To achieve

this, we introduce variables,

Mp = P.BpKp, Np=P,Lp (3.59)

Then the optimization problem (3.57) becomes,

N
min [ Z i
i=1

W. Hf - va —P.BpKp P.
0 0
<0
° ° —yn1 0 0
° ° ° ° W, P,
° ° ° ° ° —1

The solution to the above optimization problem gives Mp and Np. The con-

troller and observer gain matrices were obtained as in [55] as,

Lp = P;y'Np
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The controller gain matrix Kp can be obtained if the matrix Bp is invertible,

Kp = Bp'Pi'Mp

If matrix Bp is not invertible, that is, very restrictive, then it becomes very
difficult to obtain the control gain matrix Kp from (3.60). To overcome this
we will pre and post multiply the (3.57) by diag(P. !, I) and define Y = P! to
obtain the following equivalent conditions:

Wt YH! ... YHY, —-BpKp I
o —yl ... 0 0 0
0 0
<0 (3.60)
° ° oo =T 0 0
° ° ° ) W, P,
° ° ° ° ° -1

we retained the representation (3.46) which completes the proof.
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3.6 Dynamic Output Feedback Design

Building on the foregoing design of static output feedback control, we now direct

the attention to the design of the dynamic output feedback controller of the form

K:z2(t) = Apz(t)+ Bry(t) (3.61)

u(t) = Crx(t) + Deyl(t)

where, z € R is the controller state, u(t) € R™ is the controller output. Sim-
ilarly, for the expanded system (3.39), the dynamic output feedback controller

of the form:

Kp:4(t) = Apz(t) + Buui(t) (3.62)

ui(t) = Crzi(t) + Diyi(t)
with z;(t) € R" with appropriate dimensions and
Ak = blockdiag{Akl, ey AkN}, Bk = blockdiag{Bkl, ey BkN}

Ck = blockdiag{C’kl, ey CkN}; Dk = blockdiag{Dkl, ey DkN}
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Appending system (3.39) and controller (3.63), we obtain the closed-loop system:

; (t) - ADz‘ + BDkaiCN’Di BDzokz T (t)
(1) By, Chp, Ay, z(t)
A - On n Z; t
Y () (3.63)
J# Onpxn Onxnp Zz<t>

The following theorem will be used for calculating the unknowns in the controller

matrix Kp:

Theorem 3.6.1 Given system (3.4), such that the pair (A;, B;) is stabilizable
and pair (C;, A;) is detectable. If there exists a positive definite matriz Ky, <
I, Koaw > Iy and K = Ko — Kppin, matrices (Ay, By, Cy, Dy) of suitable
dimensions such that sat(DCx(t) + Cyz(t)) is sector bounded in (Kpin, Kmaz ),

a symmetric positive definite matriz PE R*"*" and a positive scalar € satisfying:

1
AP+ PA,+cP 4 S(F'K — PB)(F'K — PB)' <0 (3.64)
with:
A, = (3.65)
t Nt
By.D; Ct




then the saturated closed-loop
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system resulting from the interconnections of sys-

tem (3.39)and the controller (3.63) is locally asymptotically stable.

Proof: The interconnection between systems (3.39)and the controller (3.63) is,

+ u (3.66)
x
DyC; G,
z

Then, if there exists a diagonal positive definite matrices K,,;, < [, and

Kiaz > 1y, matrices (A, Bg, Ck, Dy) of suitable dimensions and such that

sat(DCiz(t) + Crz(t)) is sector bounded in (K, Kpmar), @ symmetric positive

definite matrix Pe R2"*?" and a positive scalar € satisfying inequality (3.64),

then it follows the following proposition,

Proposition 3.6.1 .

Assume the existence of a triplet(F,Kpin, Kmaz) with Ky, < I, and Kpee >

I, and K= K, 4z —

Konin, such that the matriz A; — B; K in F; is Hurwitz, pair

(F,A) is observable and sat(Fz) satisfies the following sector condition,

(¢<t)y) - szny>t<¢(ta y) - Kma:vy) S 0Vt Z Oa Y € S - %m

(3.67)
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then the system (3.39) is locally asymptotically stable in S(P,u) defined by:

S(Pp) = {zeRa"Pr<pu},pu>0

S(Pp) C  S(Fugm™")

= S(Fufmin) = {z e R"; —

Now in order to determine the unknowns of the dynamic output feedback ma-
trix K, an LMI formulation using a linearizing change of variables is presented.

Partition matrices P and P~! are defined as,

Yy N . X M?
P = , Pl= (3.68)
Nt % M %

where X and ) belong to R™*" and are symmetric positive definite. By x we
denote terms which are not used in the linearizing change of variable, but which
are, of course, depending on the matrices appearing in the partition of P and
P_,. This decomposition is general because no specific structure is assigned to
the matrices in partition. Thus it does not reduce the choice for matrix P. Now,

we define matrices,

x I Iy Y
Hl - 7H2 = (369)
M" 0 0 N

It can be easily noticed that PII; = Il whatever the x terms are. Define the
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change of variables as:

N By, — YBK pin Dy,

U o Oa & 0>
I

- D,

Now by pre-multiplying by II¢ and by post-multiplying by II; in (3.64) and by
using change of variables define in (3.70) we get the following inequality in the

variables (X, Y, A, B,C, D), which is an LMI for a fixed e,

Q S —B+CK
St R _YB-BD+C'DK | <0 (3.71)
KC— B' —B'Y — D'Bt + KDC —or,

where,

Q = AX +XA'+ —BK,,;,C — C'Kpin B + eX
= YA+ AY -BC -C'B+¢Y

S = A"+ A—- BK,;DC + €I, (3.72)

In order to have P as positive definite, the following LMI must be added,

TP, — = | (3.73)
1 1 1442 .

1Y

= V(A — BK,inDyC)X + NAM' + NB,CX — BK,,;n Ct,CM"' — N B;, DK,,5, Dy,

(3.70)
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Finally, by using the change of variables S(P,u) included in S([D,CCy], ulfmin),

X Iy C
I, Y (Do) | 20,Vi=1,....,m (3.74)
C DC 2

min

Now, to compute the unknowns in the dynamic output feedback controller
(A, By, Ck, Dy) from (X, )V, A, B,C, D) by the following steps,

Stepl. Choose invertible matrices M and N such that M N = I,, — XY which
is always possible by (3.73).

Step2. Compute II; and Il; and finally P= HQHII.

Step3. Compute matrices (A, By, Cy, Dy) as follows,

D, = D

Cr = (C—D,CX)YM™T

By = N '(B+YBKuuDy)

A, = N YA+ V(A - BKiwD,C)X)M T — B.CXM™"

+ N 'YBK,inCr + BrDK i Ch (3.75)

The controller matrix (K = { Ay, By, C, Dy }), calculated for the subsystems will
then be contracted and formed back for the original system using the overlapping

decomposition principle.
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3.7 Simulation Results

Using the numerical data in the Appendix A and the developed control design
algorithms, we proceed to perform MATLAB simulation for the original system
after all the subsystems were taken and the expanded system was contracted by
the overlapping decomposition technique. State trajectories of the of the nuclear
power plant after the static and dynamic feedback control designs were plotted

and compared in Figs. 3.1-3.10.

x10°
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Figure 3.1: Trajectories of States x; (left) and z5 (right)

— Static — Static
4 ~— Dynamic = Dynamic

B 0 50 100 150 200 250 300 350 400 450 B 0 50 100 150 200 250 300 350 400 450
time t time t

Figure 3.2: Trajectories of States x3 (left) and z4 (right)
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Figure 3.3: Trajectories of States x5 (left) and xg (right)
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Figure 3.4: Trajectories of States x7 (left) and zg (right)
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Figure 3.5: Trajectories of States zg (left) and xyo (right)
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Figure 3.6: Trajectories of States x1; (left) and x5
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Figure 3.7: Trajectories of States x5 (left) and x4 (right)
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Figure 3.8: Trajectories of States z15 (left) and x4 (right)
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Figure 3.9: Trajectories of States x17 (left) and xg (right)
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Figure 3.10: Trajectories of States x19 (left) and x9 (right)
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The corresponding input trajectories of the nuclear power plant after the static

and dynamic Control designs were compared in Figs. 3.11-3.12.
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Figure 3.11: Trajectories of Inputs u; (left) and wus (right)
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Figure 3.12: Trajectories of Inputs ug (left) and uy (right)

Finally, the trajectory of outputs of the nuclear power plant after the static and

dynamic Control designs were compared in Figs. 3.13-3.14.
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Figure 3.13: Trajectories of Outputs y; (left) and y, (right)

Output Y3
Output Y4

0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
time t time t

Figure 3.14: Trajectories of Outputs ys (left) and y4 (right)



91

3.8 Conclusion

In this chapter, new results to the output feedback control design were provided
for a class of linear interconnected continuous-time systems subject to input sat-
uration. New schemes based on overlapping design methodology were developed
for both static and dynamic output feedback control structures. In both cases,
the expanded systems were taken for the control design and after completing the
design procedure for the interconnected systems formed by the expanded sys-
tem, they were contracted using the overlapping decomposition method. Finally
the controllers were used for the original system. The theoretical developments
were demonstrated by numerical simulations of a linearized nuclear power plant

model. The simulation results clearly indicate that

e smooth behavior of the closed-loop system trajectories is guaranteed under

overlapping design by either static or dynamic feedback control.

e in cases where static feedback control is superior to dynamic feedback

control, the associated control input has larger magnitudes.
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4.1 Introduction

Water-loop heat pump system has been applied as a kind of energy saving for
centralized air conditioning systems [75]. The main reason is that since it is
considered energy efficient they can move heat from one location within a build-
ing to another location. It is composed of many water source heat pump units
linked by a closed water-piping loop. The water in the loop can be thought as
a heat source/sink for each of the heat pump units and it can store the heat
inside a building and meet the different requirements of cooling and heating of
each heat pump unit during a certain time of period. And the heat from the
inner zone (interior zone or core area) in the building can be transferred to its
outer zone (exterior zone or perimeter area) by the circulation water and heat

recovery can be realized in this way [76].

A heat pump water heater (HPWH) operates on an electrically driven vapor-
compression cycle and pumps energy from the air in its surroundings to water
in a storage tank, thus raising the temperature of the water. HPWHs are a
promising technology in both residential and commercial applications due to

both improved efficiency and air conditioning benefits [77].

Residential HPWH units have been available for more than 20 years, but have
experienced limited success in the marketplace. Commercial-scale HPWHs are
also a very promising technology, while their present market share is extremely

low. Typical disturbances acting on the zones can be classified into two groups:
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(i) diurnal variations such as those that occur in outdoor air temperatures, solar

radiation fluxes and wind velocities and

(ii) internal heat generating sources, viz. lights, occupants and equipments. The
diurnal disturbances (we refer to them as external distances) are preview able
and can be assumed to be known ahead of time with some degree of accuracy

which increases as the preview time is decreased.

On the other hand, the internal heat sources (referred to as internal distur-
bances) are easy to predict since they are related to a building’s operating
schedule. Coupled with the fact that heating, ventilating and air condition-
ing (HVAC) systems (which are used to provide conditioned air to zones) have
large time constants and therefore the effect of disturbances on the plant output
are delayed, it seems appropriate to explore the application of preview control
concepts to improve temperature regulation in buildings. Indoor environmental
spaces or zones in large buildings are subjected to multiple disturbances dur-
ing day-to-day operation. Therefore, good regulation of zone temperature in
the presence of multiple disturbances is a problem of continued interest in the

control of indoor environments of buildings.

Thus the temperature control of indoor environmental spaces in buildings is a
practical problem of interest almost everywhere. Most of the indoor spaces are
temperature controlled by the heating, ventilating and air-conditioning (HVAC)
systems. The physical system of HVAC have a network distribution like modular

structure which is repeated as many times as there are zones. the zones here are



95

Figure 4.1: Schematic of multi-zone space heating system

the collection of spaces with identical heating/cooling requirements in a building,.
This is the reason for considering them as good candidates for decentralized

control.

In this chapter, we consider a multi-zone space heating system(MZSH) shown
in 4.1 for our chapter.The MZSH consists of a boiler which is used to supply the
water at moderately warm temperatures (between 16-32°C) to the evaporative
heat exchangers of the heat pumps. Each zone is installed with its own heat
pump. The heat pump, working on the compression refrigeration cycle, receives
the heat energy from the source water and elevates this energy to a higher
temperature and delivers it to the condenser coil of the heat pump. A circulating

fan and ductwork arrangement is used to extract the heat from the condenser
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coil and deliver it to the zone through the diffuser as shown in the figure. Thus
the zone air is heated to offset the heating load acting on the zone due to cold
ambient temperatures. Although two zones are shown in Fig. 4.1, it is obvious
that the same arrangements hold for other zones in building with large number
of zones. There has been some work done on modeling the field operating
performance of space heating systems of the type shown in Fig. 4.1, which are
also known as water-loop heating systems, done in [80, 81] however these studies
do not address control issues. The approaches for control studies of HVAC
systems have been usually centralized control as in [82]. As for the concept of
decentralized control is concerned, it is used in practical HVAC systems [83] but

only in a limited sense.

We present the design of decentralized H,, controller when the inputs of the
MZSH are subjected to saturation using the idea of homotopy method presented
in [79]. Our design method follows the work done using decentralized H—oo
control of large scale systems [84, 85]. The MZSH model in this chapter is taken
from [78], in which they had developed a bilinear model and linearized it about
the operating points. The model is shown in section II and the control design

in the following section with the simulation results in section IV.
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4.2 Modeling the Multi-Zone Space Heating Sys-

tem

The MZSH can be characterized, as shown in Fig. 4.1, having three stations:

e Station 1: boiler, where the input is u;(t)(= v3) to control output yi(t)

via controller cz,

e Station 2: zone-1, where the input us(¢)(= [v; v4]7) to control output y(t)

via controller ¢y, ¢y,

e Station 3: zone-2, where the input uz(t)(= [ve v5]7) to control output ys(t)

via controller ¢y, c5

It is obvious that this constitutes a decentralized control problem of an intercon-
nected system and it is the primary goal of this chapter to address the control
design issues. In what follows, we provide the main relationships that govern the
dynamics of the multi-zone space heating system. Using the energy conserva-
tion principle and identifying the energy that flows to and from each component
of the MZSH, a bilinear model of the same is developed. If T} is the boiler

temperature and ¢, its thermal capacity, the energy balance on the boiler is,

CbTb - U3U3ma:p(1 - aTb/Tbm(m") - mbpr<Tb - ﬂl) — MyCPy (Tb - ﬂg) - ab(Tb _6411)
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where the rate of heat in the boiler is equated with the net energy input from
the combustion chamber,

V3V3maz (1 — Ty /Thmas) , minus the rate of the energy withdrawn from the boiler,
mycpw (Ty, — T1,), and mycp, (T, — 11,), minus the condition losses of the boiler
exterior surfaces to the surroundings, a,(T, — T,), see Table 5.2 for definitions

of the symbols.

The heat pump can be modeled by two state equations describing the heat

energy flows in the evaporator and the condenser. For heat pump-1 we have,

CllTll — _U4U4mam(P1 - 1) + mbcpw(Tb - ﬂ1> - al1 (ﬂl - Te)
Cthhl — _U4U4mazpl - Ulvlmar<<Th1 - Tz1> — Qp,y (Th1 - Te)
P = 14 (Pinae — 1)1 = (Th, — T2,) /AT vmaz) (4.2)

where, P; is the COP of the heat pump-1.

It can be noticed from (4.2) that the rate of heat stored in the evaporator is
equated to the energy withdrawn by the compression cycle, energy added by the
source water and jacket losses to the surrounding space. Similarly in the same
set of equations, the rate of heat stored in the condenser is equated to the energy
input from the compression cycle, heat supplied to the zone air and conduction

losses to the surroundings.
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To describe the time rate of change in zone-1 temperature, 77,, we use,

Clezl = _UlvlmaxC<Th1 - Tzl) — Qg (TZ1 - Tp) — Oz, (TZ1 - TZ2) (43)

where the rate of heat stored in zone-1 air mass is equated to the heat supplied
by the condenser, heat losses to outdoor air temperature from the enclosure
surfaces, and the heat loss or gain to the adjacent zone (that is, zone-2). The

state equations describing the heat pump-2 and the zone-2 are, For heat pump-2

we have,
Clgﬂg - _U5U5maac(P2 - 1) + mbcpw(Tb - 7}2) - al2 (7}2 - Te)
ChQThg = _U5v5mamp2 - U2U2mazC(Th2 - ng) — Qp, (Thg - Te)
PZ = 1 + <P2maac - 1)(]- - (Thz - Tzz)/ATQmax)
CZ2T32 = _U2U2mamC(Th2 - TZQ) > (Tzz - Tp) Gz (TZ1 - TZQ) (44)

It can be observed that combining (4.2 and 4.4) together constitute a seventh
order bilinear model of the MZSH. To attend for the decentralized control design,
these equations were linearized at the operating points shown in Table 5.1 and

the ensuing linear state model can be cast into the form:

Ax(t) = AAxz(t) + Bsat(Au(t)) + FAd(t)

Ay(t) = CAx(t) (4.5)
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where
r T
Az(t) = | AT, AT, AT, AT, AT, AT, AT,
- T
Au(t) = Avs Avy Avy  Avs A'U5:|
- T
Ad(t) = | AT, ATP] (4.6)

where the A’s represent the small variations about the operating point of the
states (temperatures), control inputs (energy inputs and mass flow rates) and
the external disturbances(step changes in ambient temperatures). The numerical

values of the respective matrices are presented in the simulation section.

4.3 H, Control Design

Since it is observed that all physical systems are subject to nonlinearities we
consider the same in our problem for designing the H-infinity controller for
MZSH. These nonlinearities affect the stability and performance of the system.
The input of the system is bounded so that the saturating nonlinearity does
not affect the design and performance of the decentralized control design of
the system. Recall in MZSH that the inputs that are the flow rates have been
given certain bounds where, if the inputs go beyond the limit of these bounds
the system tends to saturate at the min/max level and the performance is not

affected.
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For simplicity in exposition while carrying out the design the H,, controller for
the MZSH when the inputs are subject to saturation, we cast model (4.6) in

what follows as an interconnected system of the form:

A Cul’j + mei + D127;86Lt(ui)

Yi = Czil’i—i‘Dzliwi (47)

where x; € R™ is the state, w; € R is the disturbance input, z; € RP is
the controlled output, sat(u) € R™ is the saturated input and y; € R% is the

measurement output. The matrices

Aia Bi7 Ei7 Clia CZ’Z) D11i7 D12i7 DZli

are constant and of appropriate dimensions for each subsystem. The saturation

function sat(w;) is for u; € ®™ and is defined as,

Uimaz Uy Z Uimaz
SCLt(Ui) = Us Uimin < Ui < Uimaz, (48)
Uimin Ui < Uimin

where wjmin and w4, are chosen to correspond to actual input limits either by
measurement or by estimation. Input saturation can also be applied as upper
and lower limits of input constraints as ;mi, and w;maee, respectively. It is also

assumed that the pair (A4;, B;) is a controllable pair and (C}, A;) is an observable
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pair forall j€ I :=1,2,... N.

For system (4.7), we seek a decentralized output feedback controller of the form,

D;y; (4.9)

where #; € R, is the state of the 7*" local controller, and fl, B , C , D are the

constant matrices to be determined.

To proceed further, we need the following definition to express linear saturating

feedback controllers on a convex hull:

L(H\,Hy) = (&,y) € R"P:|Hyd+ Hyy| < 1,i € [1,27] (4.10)

where Hy; and Hs; represent the " row of matrices H; and Hyrespectively, and
Hy, Hy are the auxiallry feedback matrices. We can note that L(Hy, Hs) is the
region where the system does not saturate. Let V be a set of m x m diagonal
matrices whose diagonal elements are either 1 or 0. There are 2™ elements in
V and elements in V are represented as V;, i € [1,2™] and denote V,” =1 — V.
Clearly V" e Vif V; € V.

The following lemma is used for providing the convex covering of saturating

non-linearities.

Lemma 4.3.1 Lemma For (%;,v;) € L(Hso, He)
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sat(ii,y;) € co Vi(Cidi + D) + Vi (Had; + Hay,),i € [1,27]
Therefore by Lemma, the saturating input can be expressed as,
2m
i=1

for some scalar 0 <n; < 1,7 € [1,2™].

Appending the controller (4.9) to system (4.7) yields the closed-loop system:

T = (A + BiﬁiC’gi)xi + Bzé'zfz + (E+ Biﬁz’Dﬂi)w (4.12)

BCQ$ + Afi‘ + BDQlw

&>
I

z = (Cy+ D12z‘bi02i)$i + D19 Cyii + (D11 + DlQiEiDﬂi)w

N A

we collect the state z; and coefficient matrices /L», Bi, C;, D; as,

T
T = {x;f il xf] 7AD:diag|:Al Ay o An]
By — dz‘ag[él B . B} C*Dzdmg[cy & c}



Define the matrices,

B = By, By, ... B, }
- T
G, = | L ... cg;}
Dy = Dia1 Diss ... Doy }
- T
Dy = pL, DI, ... DI }

then the closed loop system can be described as,

T = (A + BQbDCQ)I + BQCA'D(i' + (E + BQDDDgl)U}

2R
|

BDCQI + ADiﬁ + BDDQlw

z = (C1+ Dlszcz)ZE + D12C'D93 + (D11 + D12DDD21)1U

we write the matrices A, B, C', D in one single matrix,

Ap Bp
Cp Dp
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(4.14)

(4.15)

(4.16)
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and introduce the notations,

4 0 E 0 B |
0 0 0 I 0
A E B
C, Dy Dyp| = |G, 0 P Dy i 0 Dy (4.17)
02 D21
0 I, :© 0
| Gy 0 P Dy _

Then system (4.15) can be written in compact form as,

i‘ = Aclff' + Bdw, T = [[ET Zi'T}
z = Oclf + de (418)
Ay = A+ BFpCy, Bg=E+ BFpDy

Cy = Cy+ D19sFpCy ,Dy = Dyy + D19FpDoy (4.19)

The following preliminary result is recalled [87]:

Lemma 4.3.2 The following statements are equivalent.

o A is a stable matriz and ||C(sI — A)™'B + D||o < 7.
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e There exists a positive-definite matriz P which satisfies the LMI:

ATP+PA PB COT
BTp —yI DT | <0 (4.20)
C D —~I

To apply this lemma to the closed loop system (4.19), we define,

ATP+PA PE C, PB
F(va) = ETP —"YIT Dﬂ + 0 Q|:CZ D21 O:|
C_'l D11 —7[p D12
. qT
PB
T
+ [02 Doy 0] Q" | o <0 (4.21)
Dy

where Q=Fp. A simple consideration of (4.21) reveals that it bilinear matrix
inequality (BLMI) [87]. In general, there has been no practical method for
solving BMIs, especially for interconnected [88, 89, 90]. In this chapter, we
adopt the idea of the homotopy method in the matrix inequality approach [79].
The main idea is that we initially consider a centralized H,, controller. An
updating rule then attempts to reduce the off-diagonal term and converts the
controller gradually from the centralized one to a decentralized one. At each
step of the procedure, a linear matrix inequality (LMI) is obtained by suitably
fixing one of the two matrix variables and subsequently solved. When the BMI

problem is a feasible one, we can expect that there always exists a centralized
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'Ho controller for which the algorithm converges and presents a desired solution.
To find such a suitable centralized H,, controller, this chapter suggests random

search in the parametrized set of H, controllers [91] with a proper dimension.

A preliminary step is to consider

F, = (4.22)

as a constant matrix of same size as F'p which we assume that it can be obtained
by applying one of the H., control design methods [92, 93]. The main control

design result is summarized by the following theorem:

Theorem 4.3.1 System (4.7) is stabilizable with the disturbance attenuation
level vy via a decentralized controller (4.9) composed of n;-dimensional local con-
trollers if and only if there exists a matriz Fp in (4.16) and a positive definite

matriz P such that,

H(Fp,P) < 0 (4.23)

I F(E,,P) A=0
(Fp,P) = ) (4.24)

F(Fp,P) A=1

Applying the idea of homotopy method [84], we introduce a real number \ €
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[0,1] and consider the matrix function,

H(Fp,P,)\) = F((1-=\F,+\Fp,P) (4.25)

Remark 4.3.1 We note that the term in (4.23) defines a homotopy interpolat-
g a centralized Ho, controller and a desired decentralized Ho, controller for the

attenuation level 7.

Equivalently stated, the solution to problem (4.23) amounts to that of finding

a solution to the family of problems

H(Fp,P,\) <0Xe[0,1] (4.26)

Remark 4.3.2 We note that \ in (4.23) defines the initial solution Py of the
LMI H(F,, P) = H(Fp,, P) < 0 where F, in (4.22) given initial estimator based
on a centralized Ho, control theory. This constitutes an important step of the

homotopy method.

Now our problem is to make the homotopy path to connect (Fpg, Py) at A=0
to (Fp, P) at A=1 in 4.26. Let M be a positive integer and consider (M+1)
points A\, = k/M, k=0,1,2,..., M. in the interval [0,1] to generate the family

of problems,

H(Fp,P,)\,) <0k=0,1,2,..., M. (4.27)
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If the problem at the k' point is feasible, we denote the solution by (Fpy, Pk).
Then we compute the solution (Fp k1), Pyy1) of H(Fp, P, ;) < 0 by solving it
as an LMI with one of the two variables being fixed as Fp = Fpy, or P = Py, If
the family of the problems H(Fp, P,\;) <0k =0,1,2,..., M, are all feasible,
a solution to the BMI 4.23 is obtained at k=M. If it is not the case, that is,
H(Fp, P, \41) < 0 is not feasible for some k when we set Fp = Fp;, and when
P = P, we consider more points in the interval [\, 1], by increasing M and

repeat the procedure from the solution of (Fpy, Py) at A = \y.

The above idea is described in the following algorithm for computing the decen-

tralized H,, controller:

1. Compute F, using an existing method and them solve LMI H(F,, P) < 0
to obtain P,. Initialize M to a certain positive integer, and set a certain

upper bound for the same.
2. Set kZO, FDk =0 and pk = po.

3. Set k=k+1 and A\, = k/M. Compute a solution of F)p of H(Fp, Py_1, \) <
0. If it is feasible, set Fp, = Fp and compute a solution of P of H(Fpy, P, \) <
0. Then set P, = P and go to step 5. If H(Fp, P,_1, k) < 0is not feasible

go to step 4.

4. Compute a solution of P of H(Fpg-1), P, ;) < 0. If it is feasible, set
P, = P and compute a solution of Fp of H(Fp, Py, A\;) < 0. Then set

Fpi = Fp and goto step 5.
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5. If k < M, goto step 3,. If k=M, the obtained pair (Fpas, Pys) is a solution
of the BMI 4.23.

When the BMI (4.23) is feasible, the convergence of the above algorithm to the
solution Fp depends on the choice of F, which is not unique and defines the

starting point of the homotopy path described by (4.25).

Remark 4.3.3 At each of steps 3 and 4, it is better to solve two LMIs obtained
by fixing one of the two variables of the BMI.

Remark 4.3.4 The above algorithm can only be applied when a initial central-
1zed Ho, controller is of the dimension of n = Zfil n; 1s obtained. However
it is not so easy to compute such a centralized Ho, controller if n < n. To
overcome this problem we consider to use a n-dimensional centralized H, con-
troller, which can be obtained easily, to compute a decentralized Hs, controller

of the dimensions n < n. This can be done by augmenting the matriz Fp as,

Ap 0 ' Bp

. x =1 1 k%

Py = (4.28)
Cp 0 ° Dp

where the notations *,*x are any sub matrices and fl, E,O,ﬁ were defined in
([81]). Using this we can apply the same algorithm and the solution of decen-

tralized Hy, controller can be obtained.
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4.4 Simulation Results

In what follows, we apply the foregoing algorithm to the decentralized control of
multi-zone space heating system. The numerical values of the systems matrices
are given below, and associated parameters and the operating points are given

in the Appendix B:



Ci

Cs

—19.5250  7.9880
28.3610  —29.7590

0 1.1340

0 0
28.3610 0

0 0

0 0
80.6980 0

0 0

0 —160.1030

0 71.5860

0 0

0 0

0 0

T

or o o |

1000000

000O0O0O0 1}>E1:{1.7740 0.2642 0.2642 0 0.2642 0.2642 0

|

0
1.1340
—9.5290
3.6350
0
0
0

0
—92.4420
133.2840

0

0

0

0

0 7.9880
0 0
—8.1300 0
—5.0540 0
0 —29.7590
0 1.1340
0.2659 0
0 0 0
0 0 0
0 0 0
0 0 0
0 0 0-—148.0330
0 0 066.1890

T
7E:|:E1 E2:|

0
0
1.1340

—10.5460  9.1470

4.0900

0
0

0
—96.5860
137.4280
0

,022{0001000,

T
0 00 11818 0 O 1.3296}
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0
0.2364

0

—5.6850

T
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The simulation results of using the homotopy method are as follows: Stepl of

the algorithm gives value of Fy and F, for all subsystems

| 1osmo Lt
0.0575 0
[ 30,9386 —16.9757 32.2599 0 0
36802 —22.2408 16.0523 0 0
Foo = | 29130  20.9935 —36.6634 1.0 — 006+%0.1834 0
0.0243  —0.2154 —0.1855 0 0
| 01340 —0.0608 —0.2756 0 0
[ 955197 —1.3077 —10.2320 0 0
_0.7631 —9.3958  8.8478 0 0
Fis = | —1848%8 51291 09583 1.0¢ — 006+ 0.1834 0
0.0669 —0.1450  0.0549 0 0
| 00206 —0.0220 —0.1132 0 0

2.8664 1.9192 4.6518
Py = 1.3752¢ —8 , Py = | 1.9192 2.7990 4.5402
4.6518 4.5402 11.9037

1.0300 0.1483 0.3654

-
I

0.1483 0.4933 0.0579
0.3654 0.0579 0.6297
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In Step 2 we set k=0; and P, = Py, (respectively for each subsystem)with the
integer value of M=8. In Step 3 it showed infeasibility so we go to step 4 and
solve for P for all subsystems. Computing solutions for P and Fp in step 4 we

get,

0.0546  —0.0040 0
P =0.0174, P, = —0.0040 0.1124 0
0 0 0.0263

0.0200 0.0053 0.0067
Py = 0.0053 0.1330 0.1689

0.0067 0.1689 0.3733

And Fp for each subsystem computed was,

—0.0035 —0.0033 0.0117
Fp1 = —0.1666 ,Fpa = | —0.0054 0.0043 0.0176
—0.0154 —0.0055 0.0243

—0.0051  —0.0007 0.0236
Fps = —0.0074 0.0026  0.0139
——0.1340 —0.0608 —0.2756

The optimal H,, performance of the three subsystems are given by ~;=1.1818,



115

v5=2.1316 and ~3=1.7936.

These results were compared with a LQR feedback controller designed for each of

the 3 subsystems individually with the weighting matrices having the following

values,

Q1:2 R1:5

Q2 =2 xeye(3) Ry =5 x*eye(2)

Q3:Q2 RSZRZ

The following are the simulation plots for the same

state T,

T 3 T T T T
—— H-inf —— H-inf|
- -LQR - = LQR

T 25 : . T

Figure 4.2:

Trajectories of states z1 (left) and x5 (right)
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25

S
State T,

20

21

State T,

30 T T T T 3 T T T ;i
3 —— H-inf|
- - LQR

= H-infl
- - LQR

Figure 4.5: Trajectories of states x7 (left)
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Figure 4.6:

Trajectories of Outputs y; (left) and ys (right)

—— H-inf|
- - IQR

output T,

Figure 4.7: Trajectories of output ys (left)
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Trajectories of inputs wu; (left) and wuy (right)
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Figure 4.9: Trajectories of inputs ug (left) and wuy (right)
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4.5 Conclusion

In this chapter, we have addressed the problem of temperature control design
in a multi zone space heating system (MZSH) as an interconnected dynamical
system subject to external disturbances and input saturation. The design of de-
centralized H,, controllers have been accomplished using a homotopy method.
Numerical simulations are presented and compared with an improved decentral-
ized method based on linear quadratic theory. It is observed from the plots

that

e The states trajectories corresponding to the temperatures of the boiler 7,
the evaporator and condenser temperature of heat pump-1 7;; and Tj;
have required relatively small time to settle (less than 2 sec) based on

decentralized H,, control.

e The states trajectories corresponding to the temperature of zone-2 T, and
the condenser of heatpump-2 T}, took a bit longer duration for settling

(around 4.5 sec) decentralized H, control.

e From the output trajectories, it is quite clear that the decentralized H.,
control design gives better and faster settling to the boiler and zone-1
temperatures as compared to the improved decentralized method based

on linear quadratic theory.

e The situation is reversed in the case of zone-2 where improved decentral-

ized method based on linear quadratic theory yields results.
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e In general, the developed decentralized H, control demands less cost than

the improved decentralized method based on linear quadratic theory



Chapter 5

Conclusion and Future Work

In conclusion new results to the output feedback control design were
provided for a class of linear interconnected continuous-time systems subject
to input saturation. Schemes based on overlapping design methodology were
developed for both static and dynamic output feedback control structures. In
both cases, the expanded systems were taken for the control design and after
completing the design procedure for the interconnected systems formed by the
expanded system, they were contracted using the overlapping decomposition
method. Finally the controllers were used for the original system. The theoret-
ical developments were demonstrated by numerical simulations of a linearized
nuclear power plant model.

Also we have addressed the problem of temperature control design in a multi

zone space heating system (MZSH) as an interconnected dynamical system sub-

121
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ject to external disturbances and input saturation. The design of decentralized
'H controllers have been accomplished using a homotopy method. Numerical
simulation are presented and compared with an improved decentralized method

based on linear quadratic theory. Suggestions for future work would be

Designing controllers for the non-linear systems subject to saturation.

Desig and analysis for systems presenting saturation and delays.

Stability analysis and control design for systems subject to saturation using

H, control.

LTT interconnected systems when subject to input and output saturations,

together.
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5.1 Appendix A

5.1.1 Original data of the nuclear power plant

[ 400 00125 00305 0111 0301 114 301 |
13.125 —0.0125 0 0 0 0 0
87.5 0 —0.0305 0 0 0 0
Ap = 78.125 0 0 —0.111 0 0 0
158.125 0 0 0 —0.301 0 0
46.25 0 0 0 0 —-114 0
| 16.875 0 0 0 0 0 —3.01 |
[ 1781 —13700 —13700 0.111 411 0 0 |
0 0 0 0 0 0 0
0 0 0 0 0 00
Ap = 0 0 0 0 0 0 0|, Aiz=[0fsx7
0 0 0 0 0 0 0
0 0 0 0 0 0 0
0 0 0 0 0 00|
[ 0.0756 0 0 0 0 0 0 |
0 000000
0 000000
Ay = 0 000000
0 000000
0 000000
0 000000
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[ _0.16466 0.16466 0 0 0 0 0
0.05707  —24403 0 0 0 0 0
0.05707 23262 —23832 0 0 0 0
Ay = 0.0207 —0.0207 0.0103 0 0.634  —0.509 0
0 0 0 0 —53657 307017  0.3372
0 0 0 0 0.53819 —0.76642 0
0 0 0 0 1.349 0 —0.2034 |
[ 0 0 0 0 0 |
0 0 0 0 0 0
0 0 0 0 0  2.3832
Az = | 0240 —0.279 —0.130 —0.116 0.0235 0.121 |, Asi = [0ex7
0 0 0.2238 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
_o 0 033645 0 0 0 o_
00 0 00 0 0
p, 0 0 0 00 0 O
00 0 00 0 0
0 0 0 0 0 145 0
0 0 0 00 0 O
_—0.33645 0 0 0 0 0 _
2.5 —25 0 0 0 0
by 0 145 —1.45 0 0 0
0 0 0 —145 0 0
0 0 0 148 —1.48 0
0 0 0 0 0516 —1.516




B,

10° 0 0 0

0 0 0
0 0 0
0 0 0
—-0.0062 0 0

0000
0000
0000
0000
0 0
—0.03843 0
0 0
0 0

0

0

0

0

0 0

0 0

0 0.0016
0 0

e}

e}

o o o O

o o o O

126



5.1.2 Permuted data

—400.0000 0.0125 0.0305 0.1110  0.3010
131250  —0.0125 0 0 0
Ap = 87.5000 0 ~0.0305 0 0
78.1250 0 0 —01110 0
| 1581250 0 0 0 —0.3010 |
[0 30 —1781 —13700 —13700 |
00 0 0 0
A, = |0 0 0 0 0
00 0 0 0
(00 0 0 0 |
(0 0 0 1.140 0| 0 000 0]
000 0 0 0 0000
As = (o000 0 o Au=]168750 0 0 0 0
000 0 o0 0.0756 0 0 0 0
000 0 0 0 000 0|
02034 0 0 0 0 |
0 —30100 0 0 0
Ay = 0 0 —0.1647  0.1647 0
0 0 00571 —24403 0
0 0 00571 23262 —2.3832 |
[0 13490 0 0 0 | (0000 0 |
0 0 000 0000 0
Ays = 1o 0 000| Ads=|0000 0
0 0 000 0 2.3832
0 0 000 i 0 0 |
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0
0

0
0

25000 0 0 0 2.5000
0 —53657 30702 0 0
0 05382 —07664 0 0
0 0 0 —1.1400 0
0 0 0 0 —0.3365 |
0 00 0]

0.2238 0 0 0
0 00 0/, Au=][0xs
0 000
0 00 0|

0.027 0 —0.0207 00103 |
0 0 o0 0
0 0 o0 0
0 0 o0 0
0 0 o0 0 |

[ _0.2790 0.6340 —0.5090 0 0.2400 |

14500 0 0 0 0
0 1450 0 0 0
0 0 0 0 0
0 0 0 0 0
~0.1300 —0.1160 0.0235  0.1210 |
14500 0 0 0

0 —14500 0 0
0 14800 —14800 0
0 0 05160 —0.5160 |
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B = diag(B,, By, By, By)

100 —0.03843 |
0 0
Bl = 0 , BQ = 0 )
0 0
L O J L 0 n
[ 0.0016 | [ _0.00062 |
0 0
B; = 0 , By = 0
0 0
L O J L 0 _

5.2 Appendix B

5.2.1 Table showing System operating points.

Table 5.1: System Operating Points.

Temperature © C | operating point
Ty, 27.266

T 25.584

Thio 29.843

T, 21.966

Ths0 25.512

Th,o 27.944

T.,,, 20.662

T, 20.0

Ty, -2.0
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5.2.2 Table showing design parameters of the MZSH sys-

tem.

Table 5.2: Design parameters of the MZSH system.

Variable Symbol Magnitude,Units
Zone-1 heat loss coef. a., 122.935 W/°C
Zone-2 heat loss coeff. s, 138.32 W/°C
Evaporator heat loss coeff. ap, = a, 12.29 W/°C
Condensor heat loss coeff. ap, = Qp, 12.29 W/°C
Boiler heat loss coeff. ay 12.29 W/°C
Interzone heat loss coeff. Az, 12.29 W/°C
Thermal capacity of the zones Czy = Czy 374.48 kJ/°C
Thermal capacity of the evaporator | ¢, = ¢, 167.44 kJ/°C
Thermal capacity of the condensors | ¢, = cp, 167.44 kJ/°C
Thermal capacity of the boiler Cp 594.55 kJ/°C
Max. air flowrate of water Vimaz = V2maz 1.575 kJ/s
Burner capacity V3maz 5.86 kJ/s
Heat pump capacity Vamaz = Vsmaz 3.8 kJ/s
Mass flow rate of water my 0.3151 kJ /s
Specific heat of water CPuw 4.186 kJ/s
Heat exchanger coeff. (=0G=0_ 0.6 kJ/kg °C
Max. coeff. of performance Piraz = Pomax 3.5

Max. temperature differential AT e = ATopmar | 45° C

Max. temperature of the boiler Tomaa 60 °C

Boiler flu loss coeff. o} 0.1
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