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Preface

In the last two decades, linear matrix inequalities (LMIs) have emerged asa powerful
tool in the field of control systems analysis and design. Many problems, such as state
feedback synthesis, robustness analysis and design, and Hy and He control, can all
be reduced to convex or quasi-convex problems that involve LMTs. Due to successful
developments of efficient and reliable algorithms for solving LMIs, these problems
can now be solved both efficiently and numerically reliably, thereby making this the
most attractive feature of LMIs.

Today, LMIs have become a real technique. By using LMIs in control systems
analysis and design, and with the help of the mature MATLAB® LMI toolbox, or the
open-source software packages YALMIP and CVX, more and more theoretical and
practical control applications can be solved, which might not have been otherwise
possible using traditional methods.

Goal of the Book

The goal of this book is to provide a textbook for graduate and senior undergraduate
courses in the field of control systems analysis and design. The book contains not
only the basic but also systematic knowledge about LMIs and LMI-based control
systems analysis and design.

Boyd et al. (1994), which is the first book on LMIs, certainly has performed
a pioneering function in the field, but due to time constraints it does not con-
tain the numerous new theories and techniques in LMIs that emerged in the last
two decades. Yu (2002) is a book on LMI approach to robust control, which
is suitable to be used as a textbook, but the Chinese language limits its usage
worldwide.

There are some other books available that are related to LMIs, but none of them
provide a simple and systematic introduction to LMIs in control systems analysis and
design. They are all research-oriented and focus on special research topics related to
LMI approaches such as analysis and synthesis of multidimensional systems (Paszke
(20006)), analysis and control of fuzzy systems (Lin et al. (2007), Tanaka and Wang

(2001), Lam and Leung (2011)), and dynamic surface control of uncertain nonlinear
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systems (Song and Hedrick (2011)). Different from these, Cychowski (2009)
and Guo and Wang (2010) respectively address convex optimization approaches
to robust model predictive control and stochastic distribution control, both
involving LMIs.

Besides the ones mentioned earlier, there are two other books related to LMIs.
The first is Ghaoui and Niculescu (2000), which is a volume on advances in LMI
methods in control, consisting of 17 different topics from 33 contributors. The
second is Ostertag (2011), which treats mono- and multivariable control and esti-
mation. Although the title of Ostertag (2011) partly refers to “LMI methods,”only
a small portion of the text is devoted to LMIs.

Although some books on LMIs are available now, a textbook on this topic
suitable for graduate and senior undergraduate students in the discipline of systems
and control is still lacking. Since LMIs today have become a real technique, and as
they have also become an advanced, powerful tool for control systems analysis and
design, a comprehensive textbook on LMIs in control systems analysis and design is
now in great demand. The goal of this book is to fill this gap.

Coverage and Supplements

The book consists of 12 chapters and focuses on the analysis and design problems on
both continuous- and discrete-time linear systems based on LMI methods. Besides
an introductory chapter, there are totally five parts including two appendices. Part I
provides some technical lemmas to be used in the sequential chapters and also gives
a brief review of optimization theory, while Parts IT and III deal with the analysis
and design problems, respectively. Specifically, Part II discusses the problems of
stability analysis, performance analysis, and property analysis using LMI techniques,
and Part III studies the problems of feedback stabilization, H, and Heo control,
state observation and filtering, and multiple objective designs. Part IV deals with
two applications using LMI techniques: missile attitude control and satellite attitude
control. Part V' consists of two appendices, which provide lengthy proofs of certain
results presented in the chapters and a brief introduction of the MATLAB LMI
Toolbox.

It has to be mentioned that many researchers worldwide have made great contri-
butions to LMI-based control systems analysis and design. However, due to length
limitation and the structural arrangement of the book, many of their published
results could not be included or even cited. We extend our apologies to these
researchers.

Exercise problems are given at the end of each chapter, and all the solutions to
these problems have also been worked out. Interested readers are welcome to contact
Professor Duan (g.r.duan@hit.edu.cn) or Dr. Yu (yuhaihua@hit.edu.cn) to enquire
about the following:
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m Electronic version of the Solutions Manual (hardcopies can be obtained from
the publisher for lecturing purposes)

m MATLAB codes for all the computational exercise problems in the form of a
set of M files

m MATLAB codes for all the computational examples in the form of a set of
M files

Audience

This book mainly has two types of audience.

First, since the book gives a general and systematic introduction to LMI-based
control systems analysis and design, it can be used as a primary; or alternate text-
book for some LMI-related courses for senior undergraduate and postgraduate
students majoring in the fields of control systems theory and applications, and pos-
sibly for those majoring in applied mathematics, mechanical engineering, electrical
engineering, and aerospace engineering as well.

Second, since the book also contains some advanced materials and materials
related to aerospace control applications, it can be used as a reference book by
postgraduates, researchers, scientists, engineers, and university lecturers in the fields
of control systems and applications, applied mathematics, mechanical engineering,
electrical engineering, and acrospace engineering,

MATLAB® is a registered trademark of The MathWorks, Inc. For product

information, please contact:

The MathWorks, Inc.

3 Apple Hill Drive

Natick, MA 01760-2098 USA
Tel: 508-647-7000

Fax: 508-647-7001

E-mail: info@mathworks.com
Web: www.mathworks.com
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Chapter 1

Introduction

In this chapter, we first introduce the definition of linear matrix inequalities (LMIs)
and then present to the readers some simple examples that are related to LMIs.
Following a brief introduction of the histories and advantages of LMI theory and
its applications in control systems analysis and design, the structure of the book is
finally briefly stated.

1.1 What Are Linear Matrix Inequalities (LMIs)?

Just as the name implies; linear matrix inequalities are matrix inequalities that are
linear in the matrix variables. The abbreviation, LMI, has been widely recognized
and accepted today.

This book is about LMIs and their applications in control systems analysis and
design. Thus as the first thing to be introduced, let us present in this section, in a
relatively strict way, the definition of LMIs.

1.1.1 General Form

To most readers in the control community, may be the best known LMI is the
following continuous-time Lyapunov matrix inequality

F(P)=A"P+PA+Q <0, (1.1)
where A € R™*™
QeS"={M|M=M"eR"™™
are given matrices, and P € S” is the unknown matrix. Here “<” represents

symmetric negative definiteness.

1



2 m [Milsin Control Systems

Let Q € §”, D,E; € R™", F; € R™”, i = 1,2,...,/, then it is easy to
verify that

/
LX)=D'X+X"D+> (E'XF,+ FIX'E) + Q

i=1

is linear in the matrix X € R”*”. Note that the matrix function L(X) is symmetric,
we can define the inequality

LX) <0, (1.2)

which holds in the sense that the matrix L(X) is symmetric negative definite.
This inequality is a linear matrix inequality in the parameter matrix X € R”*”.
Furthermore, (1.2) is called the general form of LMIs.

When m = n, and the unknown parameter matrix X is symmetric, we have
XT = X, and the aforementioned LMI in (1.2) becomes

/
LX) =D"'X + XD+ Z (EIXF;+ FIXE) + Q < o. (1.3)

=1

Further, when D = A, F; = +E;,i = 1,2,. ..,/ the aforementioned LMI becomes
a special type of LMI in a parameter matrix X € S”, which takes the following form:

/
L(X):ATX—i—)(AizZEiTXEZ-—i—Q<O. (1.4)

i=1

Obviously, the continuous-time Lyapunov matrix inequality (1.1) is a special form
of (1.4). Moreover, the following discrete-time Lyapunov matrix inequality

ATPA-P+Q <0 (1.5)

is also a special form of (1.4).

1.1.2 Standard Form
The standard form for an LMI appears as follows:

Ax) =Ag+x141 + -+ + x,4, < 0, (1.6)
where A; € S, i = 0,1,2,...,n, are known, x;, i = 1,2,...,n, are unknown

scalars and are called the decision variables.
It can be clearly observed that A(x) is a mapping from R” to S™.
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Example 1.1
Let x1, x € R, and

A(X) =Ap +A1x1 +Axx2,

1 0 -1 -1 -1 1
R |

_ 1T—Xx1—Xx2 —X1 + X2
A(X)_|:—x1—|—x2 —14+4x1 —2x2 |’

where
Since

then A(x) < 0 is equivalent to
1—x1—x2 <0, (1.7)

and

T=x1—x2 —X1 +Xx2 _ 2 2
det[_)q_l_x2 1 Axg 2 | T 5x7 +5x1 +x5 —xp —1>0. (1.8)

Thus, all x1, xo € R satisfying A(x). < 0 are determined by (1.7) and (1.8), which
can be compactly written as

—T4+x1+x2>0
{(Xz—ﬁX] +@) (X2+«/§X1 —@) > 0.

This is the double-shaded region in the (xq, xo) plane shown in Figure 1.1.

Example 1.2

The continuous-time Lyapunov matrix inequality (1.1) with A € R™*™ Q e S™
can be converted into a standard form. In fact, let E;, i = 1,2,...,d, where
d = m(m + 1)/2, be a set of basis in S, then there exist x;, i = 1,2,...,d,
such that
P=x1E1 +x2bp + -+ +xqkg-
Thus,
F(P)=ATP+PA+Q
= x (ATE1 +E A) % (ATE2 + EZA) T

+ Xq (ATEC/ + EdA> + Q.
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Figure 1.1 Region in the (xq,x2) plane.

Therefore, the Lyapunov matrix inequality (1.1) becomes the following LMI:
Fx) =Ffo+x1F1 +---+xyFg <0
with

Fo=Q F=A"E+EA i=1,2,...,d.

The aforementioned example has presented a way of converting continuous-
time Lyapunov matrix inequalities into standard LMIs. Similarly, the discrete-time
Lyapunov matrix inequality (1.5) can also be converted into a standard LMI form.
More generally, we have the following proposition.

Proposition 1.1 The general LMI in (1.2) can be converted into an LMI
standard form.

Proof’ Without loss of generality, here we only consider the case of / = 1.

Let Ry, i =1,2,...,mj=12,...,m, be a set of basis in R”*”, then there exist
X i =1,2,...,m,j= 1,2,..., n, such that
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m n
X = Z injRij-

i=1 j=1

Thus,
m n
DX+ XD =33 (D"Ry+ RID),
=1 j=1
and
m n
T Ty T T T pT
ETXF + FIXTE =Y 3w (E"RyF + FTRIE).
i=1 j=1
Denote

T T T T pT
Qij:D Rl-]-+Rl-]-D+E Rl']-F-i-F Rl-]-E,
i=12,....,m j=12,...,n

Then, Q; € S"i=1,2,...,mj=1,2,...,n and
m n
D'X+X"D+ E'XF4+ F'XTE=">"x;Q;.
i=1 j=1
Therefore, the inequality (1.2) can be arranged into the form of
m n
L(xi]-, i=1,2...,mj=12,...,n) = Q—l—ZZx,-jQ,-j,
i=1 j=1
which is clearly in a standard form of LMIs. [ |
Remark 1.1  When the strictly less symbol “<” in the LMI (1.6) is replaced by
the not greater symbol “<” , the LMI (1.6) becomes a nonstrict one. We emphasize
that many conclusions for strict LMIs also hold for nonstrict ones.
Example 1.3
Consider the combined constraints (in the unknown x) of the form

{F(x) <0 (1.9)

x=Bu+e«,
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where the affine function F : R" — S™, matrix B € R"*’, and vector « € R" are
given, with r < n. Then, we can show that (1.9) is in fact an LMI.

Denote
bi1 b1 -+ byy o uy
by1 by .-+ by ) up
- . . . ’ a = . , u=
bn] bn2 -+ bpr an ur

Thus, we can represent x as

r

Xi = o+ Zbikuk/ i=1,2,...,n.
k=1
Then,
n
F(x) =Fo+ ZX/F/
=1
n r
:FO+Z (X/-‘:-Zb/kuk F
=1 k=1
n r n
=Fo+) i+ ug bk
=1 k=1 =1
:FO+U1F1 +~~-+UrFr
=Fw),
where

n
Fo=Fo+) af,
=1

n
Fk=2b/kF/, k=1,2,...,r.
I=1

This implies that (1.9) is satisfied for x € R” if and only if the LMI F(u) <O0is
satisfied for u € R'.

Example 1.4

(Yu 2002, p. 7) Consider the combined constraints (in the unknown x) of the form

{F(x)<0 (1.10)

xeM,
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where M is an affine set in R". Recall that affine set M can be written as
M={x|x=xo+y, yeMop}
with xg € R” and M a linear subspace in R". Suppose that r = dim(Mgp) and

leteq, ey, ..., er be a basis of M, then an arbitrary y € M can be expressed in
the following form:

)
y=>_qe,
=1

where ¢;, i = 1,2,...,r, are a series of scalars. Therefore, any x '€ M can be
expressed as

r

X =X0+ Zc/e/

j=1
Let
x=[x1 x2 - Xn]T,
o=[0 @ K]
ei=ler e ven], i=1,2,...r,

then the components of vector x can be written as
0 .
Xj=X; +Ccre +Co8jp+ -+ Crejr, = 1,2,...,n.
Substituting the aforementioned equation into
FO) = Fo+x1F1 +x2F2 4+ xnFn,

yields

F(x) =F0+(X(1)+C1e1] + e +~-~+Cr61r)F1
+ (X3+C16‘21 + €22 +"'+Crle> F2
+~--+(xg+c1en1 +C28n2+"'+Crenr)Fn

= Fo+xF1 + - +x3F,
+ci(ennfr+exFa+---+eniFn)
+ - 4cr(eyFr +epFp 4+ +enfn).
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Putting
E():FO—}—X?F]-i—---—FXan/
Fi=e1if1 +eyiFp +---+eniFp, i=1,2,...,1,
T
c=[cr o - o,
we finally have

~ ~ ~ A~
Fx)=Fo+c1Fy +---+cFr = F(0).

This implies that x € R” satisfies (1.10) if and only if F(c) <0, c e R".

1.1.3 Manipulations

To finish the section, we finally mention some obvious manipulations related
to LMIs.

Proposition 1.2 Let A(x) = [Aij(x)]qxp. Then, A(x) < 0 is an LMI in vector x
only if
Ai]‘(x), i:l,z,...,q, j:1:2:--':P

are all linear in x.

Proposition 1.3  Let
Ailx) <0, i=1,2,...,/
be a set of linear matrix functions in x. Then,
1. Ai(x) <0,i=1,2,...,/, are aset of LMIs in x if and only if
diag (A1 (x), ..., Ai(x)) <0
isan LMI in x;
2. Ai(x) <0,i=1,2,...,/, are a set of LMIs in x implies that

/
> aidi(x) < 0
i=1

is also an LMI in x, where ; > 0,i = 1,2,...,/, are a set of real scalars that
are not simultancously zero.
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Proposition 1.4 Let

Ai(y), i=1,2,...,1

be a set of linear matrix functions in y;, 7 = 1,2, ..., /, and define
T T 11T
2= ]
Then,
1. Ai(y;)) <0,i=1,2,...,/,areasetof LMIsiny;, i =1,2,...,/, ifand only
if
diag (A1 (1), A2(32), ..., Ai(y1)) <0
isan LMI in z:
2. Ai(y) < 0,i=1,2,...,/, are aset of LMIs iny;, i =1,2,...,/, implies
that
/
> aidi(y). <0
i=1
isan LMI in 2, where o; > 0, 7 =1,2,...,/, are a set of real scalars that are

not simultaneously zero.

1.2 A Few Examples Involving LMlIs

In this section, a few:simple examples are presented. The purpose is to let the readers
understand that many problems in linear algebra can be converted into problems of
solving some LMIs.

1.2.1 Eigenvalue Minimization

First let us consider a problem of minimizing the maximal eigenvalue of a linear
matrix function, which is stated as follows.

Problem 1.1 Let 4, € R™*™”, i = 0,1,2,...,n, be symmetric matrices, and
define the matrix function

A(x) =Ag +Ar1x1 + -+ - + Apxp. (1.11)
Find x = [x1 Xy e xn] to minimize

J() = Amax (A (x)) .
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In order to convert the aforementioned problem into one related to LMIs, we
first present the following lemma.

Lemma 1.1 Let M be a symmetric matrix. Then,

Amax M) <t <= M —+ <0. (1.12)

Proof Note that for an arbitrary matrix M with an eigenvalue s and a corresponding
eigenvector x, there holds

M —thyx=Mx—tx=(s—1t)x.
This states that for an arbitrary matrix M there holds
AM —tT) = A (M) — t.
Thus, when M is symmetric, we have
Aanax (M) < £ <= A (M — tI) < 0
= M-t <0.
|

Applying the aforementioned lemma to the matrix defined in (1.11), we
immediately have

Amax A (%)) <t == A(x) —d <0.

This clearly gives us the following conclusion.
Conclusion1.1 Problem 1.1 is equivalent to the following minimization problem

(1.13)

min ¢
s.t. Alx) —t <0,

where x;, i =1,2,...,n,and ¢ > 0, are the parameters to be optimized.

Obviously, (1.13) is a minimization with a matrix inequality constraint that is
linear with respect to the optimizing parameters x;, 7 = 1,2,...,7, and £ > 0.

Therefore, the eigenvalue minimization problem has been in fact converted into an
LMI problem.



Introduction w11

1.2.2 Matrix Norm Minimization

The matrix norm minimization problem is a slight generalization of the aforemen-
tioned eigenvalue minimization problem.

Problem 1.2 Let 4, € R?*4,i=0,1,2,...,n, be given matrices, again define
the matrix function A(x) as in (1.11). Find x = [xl Xy e xn] to minimize

JG) =14 () ]2

To convert this problem into an LMI problem, the following result is needed,
which is actually a special case of the Schur complement lemma to be introduced
later.

Lemma 1.2 Let A be a matrix of appropriate dimensions, and ¢ a positive scalar.
Then,

T 2 —t/ A
AA—1t] <0 < |:AT _t[j|§0. (1.14)
Proof Put
I A
Q= [0 t[] ’

then Q is nonsingular since #> 0. Note that

~i A —t] 0
< [AT —ﬂ} Q= [ 0 (A4~ ﬂ])]’

again in view of the fact that # > 0 it is clearly observed from the aforementioned
relation that the equivalence in (1.14) holds. [ |

Based on the aforementioned lemma, we can derive the following conclusion.

Conclusion 1.2 Problem 1.2 is equivalent to the following minimization problem
min ¢
—t Alx) (1.15)
S.t. |:AT(X) —f]i| S 0>

with x;, i =1,2,...,n, and # being parameters to be optimized.
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Proof  According to the definition of ||4]|2, we have

1411 = (max (A74))? . (1.16)
Thus, using Lemmas 1.1 and 1.2, we have, for r > 0,
I1All2 < ¢
= o (A74) < 7
= A"A-FI<0

-t A -0
AV - | T
The proof is thus completed. |

Again, like the solution to the eigenvalue minimization, the matrix norm mini-
mization problem is converted into a minimization with a linear matrix inequality
constraint with respect to the optimizing parameters x;, / = 1,2,..., 7, and 7.

1.2.3 Key Step in p-Analysis

In the well-known p-analysis for control systems, we need to treat the following
problem.

Problem 1.3 Given a constant real matrix 4, find a nonsingular matrix D such that

[|DAD™ ||, < 1.

Using relations (1.12), (1.16), and Lemma 1.1, we have
IDAD™!|I2 < 1
& hma (D7TA'D'DAD™Y) < 1
& D "A'D'DAD™! <1
= A'D'DA < D'D.
Denote
X=D'D,
then the aforementioned deduction yields
|IDAD™ Y|, <1 < A"X4 < X.

This gives the following conclusion.
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Conclusion 1.3 Problem 1.3 has a solution if and only if there exists a symmetric
positive definite matrix X satisfying the following LMI:

AYXA - X <. (1.17)

In this case, the solution to the problem is given by D = X 2,

Condition (1.17) is clearly a linear inequality with respect to the variable X.
Obviously, the solution to this problem is again converted into one of solving
an LML

Recall the Lyapunov stability theory for discrete-time linear systems, the LMI
(1.17) is a necessary and sufficient condition for the matrix A to be stable in the
discrete-time sense, or to be Schur stable. Therefore, there exists a solution to the
aforementioned problem if and only if the matrix A is stable in the discrete-time
sense. In certain cases, the matrix D can be restricted to'be diagonal.

1.2.4 Schur Stabilization

In this section, we consider the control of the following linear system
x(k+ 1) = Ax(k) + Bu(k),

where x € R” and # € R” are the state vector and the input vector, respectively.
With the following state feedback control law

u(k) = Kx (),
the closed-loop system is given by
x(k+1) = (A+ BK) x(k).
Note that for an arbitrary matrix L € R”*” there holds

A (DI < |Lll2, i=1,2,...,n,

we have

A+ BK) < |A+ BKllo, i=12,...,n

Thus, the closed-loop system is stable in the discrete-time sense, or the matrix
(A + BK) is Schur stable, when

[|[A+ BK|]2 < 1.

Inspired by this fact, we propose the following problem.
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Problem 1.4 Given matrices A € R”*”, B € R”*", and ascalar 0 < y <1, find
a matrix K € R"™” such that

[|A+ BK||2 < v. (1.18)

It again follows from the definition of the spectral norms of matrices, the
condition (1.18) is clearly equivalent to

(A+ BK)Y (A+ BK) < yI.
Using Lemma 1.2 we can equivalently convert the aforementioned inequality into

—yI (A4 BK)
[(A+BK)T .y ] <0

Thus, the problem is converted into one of finding the feasible solution X of the
aforementioned LMI. For the case of finding a minimal y satisfying (1.18), we can
turn to solve the following optimization problem with LMI constraints:

min Y
-yl (A+ BK)
s.t. |:(A+BK)T —)/1 < 0.

Remark 1.2 This problem is a special case of the problem treated in Section 7.5.3.
It is reasoned there that this problem may not have a solution even when the system
is stabilizable, but once there exists a solution, the solution is robust in the sense
that the closed-loop eigenvalues are not easy to get out of a circle region within the
unit circle when there are parameter perturbations.

1.3 Brief History

In this section, we give an overview of the brief history of LMIs. For a more detailed
description of the development process of LMIs before 1990, please refer to the first
chapter of the book by Boyd et al. (1994). We point out that some of the points
given in this section coincide with some of those in the first chapter of Boyd et al.

(1994).

1.3.1 Seed Planted (1890)

In 1890, Lyapunov published his work and introduced the celebrated Lyapunov
stability theory. Analytical solution of Lyapunov LMI was proposed via Lyapunov
equation. Concretely he showed that the linear system

2(£) = Ax() (1.19)
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is asymptotically stable if and only if there exists a positive definite matrix P such that
A'P+PA <. (1.20)

This requirement is what we now call a Lyapunov inequality on P, which is a simple
LMl in P, and usually the variable P is restricted to be symmetric positive or negative
definite.

Lyapunov also showed that this LMI could be explicitly solved. Indeed, we can
pick any Q = QT > 0 and then solve the linear equation AT P+ PA = —Q, for the
matrix P, which is guaranteed to be positive definite if the system (1.19) is stable.

In conclusion, the first LMI used to analyze stability of a dynamical system was
the Lyapunov inequality (1.20), which can be solved analytically by solving a set of
linear equations, and this is the seed planted in the field of LMIs.

1.3.2 Rooting Period (1940-1970)
One of the pioneering researchers in the field of LMIs in the period of 1940-1970

was Lur’e.

In the 1940s, Lur’e, Postnikov, and some other scholars applied the Laypunov
LMI to some specific practical problems in control engineering. They characterized
the stability condition of a control system with a nonlinearity in the actuator in the
form of LMIs, and through some reduction; they also succeeded in checking these
LMI conditions through finding their analytical solutions by hand. This was indeed
a major step in the history toward the application of Lyapunov stability theory in
control engineering.

At the beginning of the 1950s, Lur’e summarized the earlier results in a book
entitled Some Nonlinear Problems in the Theory of Automatic Control (Lur'e 1951),
in which we can find the following insightful comment:

This book represents the first attempt to demonstrate that the ideas
expressed 60 years ago by Lyapunov, which even comparatively recently
appeared to be remote from practical application, are now about to
become a real medium for the examination of the urgent problems of
contemporary engineering.

The major breakthrough in the 1960s was the development of simple graphical
criteria for the type of Lyapunov LMI conditions arose in the problem of Lur’e,
and this was due to Yakubovich, Popov, Kalman, and some other researchers.
In this development, the well-known positive-real (PR) lemma was proposed, as
well as the celebrated Popov criterion, circle criterion, Tsypkin criterion, and
many other variations. These criteria could be applied to higher-order systems,
but did not gracefully or usefully extend to systems containing more than one non-
linearity. The contribution was to show how to solve a certain family of LMIs by
graphical methods.
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The PR lemma and its extensions were intensively studied in the latter half of the
1960s and were found to be related to the ideas of passivity, the small-gain criteria
introduced by Zames and Sandberg, and also quadratic optimal control.

As early as the 1960s, the important role of LMIs in control theory was well
recognized and utilized, especially by Yakubovich (see, Yakubovich 1962, 1964,
1967).

1.3.3 Growing Period (1970-2000)
1.3.3.7 PR Lemma and ARE
By 1970, it was known that the LMI appearing in the positive-real lemma could be

solved not only by graphical means but also by solving a certain algebraic Riccati
equation (ARE). Such a relation was established by J. C. Willems. In his work, which
is on quadratic optimal control (Willems 1971b), he led to the following LMI:

A'P+PA+Q PB+CT Z
B'P+C R et

and found that this LMI can be solved by studying the symmetric solutions of an
ARE in the form of

AP+ PA— (PB+CHRI'B'P+O)+Q =0,

which in turn can be found by an eigendecomposition of a related Hamiltonian
matrix.

So by 1971, researchers knew several methods for solving special types of LMIs,
including direct methods (for small systems), graphical methods, and by solving
Lyapunov or Riccati equations. The latter obviously lies in the category of analytical
solutions. What lacked at that time were computational algorithms for solving LMIs.
Regarding this, Willems (1971b) also commented as follows:

The basic importance of the LMI (Lyapunov type) seems to be largely
unappreciated. It would be interesting to see whether or not it can be
exploited in computational algorithm, for example.

1.3.3.2 Convex Optimization and Computational Algorithms

As expected by J. C. Willems, with the development of computational technolo-
gies and optimization theory, researchers began to formulate the stability problems
related to LMIs into convex optimizations and solved them via optimization algo-
rithms. For instance, Horisberger and Belanger (1976) showed that the existence
of a quadratic Lyapunov function that guarantees simultaneous stability of a set of
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linear systems is a convex problem involving LMIs, and Pyatnitskii and Skorodin-
skii (1982) reduced the original problem of Lur’e (extended to the case of multiple
nonlinearity) to a convex optimization problem involving LMIs, which can then be
solved using the ellipsoid algorithm for convex optimization.

The convex optimization formulation of LMI problems has then opened a
prosperous way for the research in the field.

Ellipsoid algorithms:

The ellipsoid algorithm was developed for convex optimization by Nemirovskii and
Yudin (1983) and Shor (1985). Based on this algorithm, some researchers proved the
important fact that linear programs can be solved in polynomial-time (Khachiyan
1979, Gécs and Lovasz 1981, Grétschel et al. 1988). For more discussions on the
ellipsoid method as well as its extensions and variations, one can refer to Bland
et al. (1981) and Boyd and Barratt (1991). Furthermore, a detailed history of the
development of ellipsoid algorithm, including English and Russian references, can

be found in Chapter 3 of Akgiil (1984).

Interior-Point algorithms:

General interior-point methods were really proposed in the 1960s (Lieu and Huard
1966, Dikin 1967, Huard 1967, Fiacco and McCormick 1968). While for interior-
point algorithms, solving various LMI problems have been developed in the 1990s by
several researchers. The first were Nesterov and Nemirovsky (1988, 1990a,b, 1991,
1993, 1994); others include Alizadeh (1991, 1992a,b), Jarre (1993), Vandenberghe
and Boyd (1995), Rendl etal. (1993), and Yoshise (1994).

Particularly, interior-point methods for generalized eigenvalue problems (GEVP)
are described in Boyd and Ghaoui (1993), Nesterov and Nemirovsky (1995), and
Section 4.4 of the book by Nesterov and Nemirovsky (1994). Since GEVPs are not
convex problems, devising a reliable stopping criterion is more challenging than for
convex problems. For a detailed complexity analysis, please refer to Freund and Jarre
(1994) and Nesterov and Nemirovsky (1994, 1995).

Also, in the middle of the 1990s, the MATLAB®-based LMI toolbox was
produced (Gahinet et al. 1994, 1995). Ever since then, this toolbox has found so
many applications and has performed a great role in the development of LMI-based
control theories and applications. Without the eflicient software packages such as
LMI Toolbox, LMIs certainly would not have become so popular in the control
community.

1.3.3.3 LMIs in Control Systems

As algorithms for LMIs are getting more and more mature, more and more problems
arising in control systems analysis and design are reduced by researchers to a few
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standard convex or quasi-convex optimization problems involving LMIs. By the end
of the 1980s, the importance of LMIs was fully recognized. The following quotes
from Doyle et al. (1991) may probably highlight the importance of LMIs:

LMIs play the same central role in the postmodern theory as Lyapunov
and Riccati equations played in the modern, and in turn various graph-
ical techniques such as Bode, Nyquist and Nichols plots played in the

classical.

Instead of citing too many papers in the LMI field, let us here mention again
the first book in the LMI field, Boyd et al. (1994), which covers a great deal of the
developments in this aspect by studying 11 types of LMI problems, ranging from
matrix scaling to various controller synthesis problems.

Besides Boyd et al. (1994), there is a paper that needs to be mentioned, namely,
Skelton and Iwasaki (1995), which is entitled “Increased roles of linear algebra in
control education.” It lists 17 different control problems for both the continuous-
time and the discrete-time system cases, which are solvable via LMI technique.
These include stabilization, positive-realness, robust Hy/Hyo control, etc. LMIs,
as an optimization technique, have found great significance in system and control

theories and applications by the end of the 1990s.

1.3.4 Flourishing Period (2000-Present)

Since 2000, more and more applications of LMIs, both theoretical and practical,
have been appearing in a very diverse and dramatically fast way.

Entering into the new millennium, more books on this topic have appeared. The
first book on this topic in the new millennium may be Ghaoui and Niculescu (2000),
which is in fact a volume on advances in LMI methods in control, which collects
altogether 17 separated topics from 33 contributors. Yu (2002) is a book in Chinese
on LMI approach to robust control, which has been widely used in China. The
new book Ostertag (2011) treats mono- and multivariable control and estimation
and alsointroduces in its Chapter 6 some basic concepts and results of LMIs. There
are also some other ones, which are research-oriented, and focus on special research
topics related to LMI approaches, such as analysis and synthesis of multidimensional
systems (Paszke 20006), analysis and control of fuzzy systems (Tanaka and Wang
2001, Lin et al. 2007, Lam and Leung 2011), dynamic surface control of uncertain
nonlinear systems (Song and Hedrick 2011), and convex optimization approaches
to robust model predictive control (Cychowski 2009) and stochastic distribution
control (Guo and Wang 2010), both involving LMIs in certain contents.

The number of papers published on LMIs after 2000 has really increased explo-
sively. Therefore, instead of commenting on any individual paper, we here share
some of our search records.
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1.3.4.1 General Search Record

We have searched using the keyword “LMI” or “Linear matrix inequality” in the
library of Science Citation Index Expanded (SCI-Expanded), and the results are
shown in Table 1.1, where

m x is the total number of papers found
m y is the partial number of papers on automatic control systems while
m zis the percentage of y in x

It can be observed from Table 1.1 that, since 2000, there have been nearly 250
SCI papers published on LMIs each year. Compared with the number of papers
published on LMIs in the period from 1985 to 2000, the number of papers published
since 2000 has increased dramatically. This increasement is shown intuitively in
Figure 1.2.

1.3.4.2 Record Related to Control

It can be further observed from Table 1.1 that, since 1995, nearly half of the papers
published on LMIs are concerned with automatic control systems. In order to have
a clear classification, we have also searched in the library of Science Citation Index
Expanded (SCI-Expanded), by the following: “LMI” or “Linear matrix inequality”
plus “a subject term.”

All together we have chosen 13 subject terms, as shown in Table 1.2, and the
total number of papers found corresponding to each subject term is also given in
Table 1.2. Meanwhile, we have also refined each search by the category of automatic
control systems,. and the refined results are also listed in the table. As seen in
the table, corresponding to each subject term, the number of papers published
in the category of automatic control system occupies nearly half of those published

Table 1.1  Searched Results in SCI

Time Periods X y z
1985.1.1-1989.12.31 6 0 0
1990.1.1-1994.12.31 38 3 7.89

1995.1.1-1999.12.31 238 133 | 55.88

2000.1.1-2004.12.31 | 1425 706 | 49.54

2005.1.1-2009.12.31 | 3880 | 1638 | 42.22

2010.1.1-2012.6.30 2611 1279 | 48.99
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Flourishing (2000—present)

Figure 1.2 Developing process of LMIs.

Table 1.2 Searched Re

sults by Subjects

Subject Term Total Numbers | Refined Numbers
Linear system 8013 3904
Complex system 4992 2266
Fuzzy system 5156 2359
Nonlinear system 5664 2634
Network control system 5254 2453
Stability 6985 3378
H infinity 6053 2990
H2 4838 2229
Passivity 4910 2254
Nonexpansivity 4827 2219
Observer 5092 2380
Filtering 5212 2419
Multiobjective control 4849 2232
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in the field of LMIs. LMI in control, as a subdiscipline in systems and control, now
has been very rich in content. LMI today has really become a technique for control.

1.4 Advantages

Having reviewed the development process of LMIs, we can now give a brief sum-
marization of the advantages of LMI approaches for control systems analysis and
design.

1.4.1 Global Optimal Solution and Numerical Reliability

As we have seen from Section 1.3, and will learn from the next chapter, that LMIs
form convex constraints, and therefore, many optimization problems involving LMIs

1. are convex, and hence have solvable global optimal solutions
2. can be solved numerically efficiently and reliably
3. are always solvable even when their sizes are very large.

So, for an LMI problem, a solution can always be obtained with acceptable
precision due to existence of efficient algorithms as long as the problem has a
solution.

In Chapter 3, we have presented some basic theories and results for convex
optimization. The aforementioned points will be understood better after going over
the content of that chapter.

1.4.2 Multiple Objective Design

Another extreme advantage of the LMI approaches for control systems analysis and
design is that it is very convenient to handle multiple objective control systems
design. General multiobjective control problems are difficult and remain mostly
open-to this date. By multiobjective control, we refer to synthesis problems with
a mix of certain design specifications ranging from H; and Hyo performance to
regional pole placement, asymptotic tracking or regulation, and settling time or
saturation constraints. With the LMI approach, as long as the design objectives can
be converted into certain LMI constraints, the solution to the multiobjective design
problem is straightforward.

Besides the design objectives mentioned earlier, we may have other design objec-
tives as passivity, asymptotic disturbance rejection, time-domain constraints, and
constraints on the closed-loop pole location. In addition, these objectives can be
specified on different channels of the closed-loop system. When all the objectives are
formulated in terms of a common Lyapunov function, controller design amounts
to solving a system of linear matrix inequalities.
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1.4.3 Mature Software Packages

For solving problems related to LMIs, there have been a few mature software
packages, for example, YALMIP, CVX, and the MATLAB LMI toolbox. These
packages have all been implemented and tested on specific families of LMIs that
arise in control theory and have been found to be very efficient. With the help
of these standard and open-source software packages, an application of the LMI
approach to a control system analysis and design today has been only a problem of
converting an analysis or design problem into an LMI problem. Then, the problem
can be handed over to some standard software package, and the next stepfor us to
do is to analyze the results provided by the package. This is why we are saying that
LMI today has been a technique and has been widely used in the world.

1.5 About the Book
1.5.1 Structure

Besides an introduction chapter, this whole book contains the following five parts:

Part I. Preliminaries

Part II. Control systems analysis
Part I1I. Control systems design
Part IV. Applications
Appendices

Part I comprises two chapters: “Technical lemmas” (Chapter 2) and “Review of
optimization theory” (Chapter 3).

Chapter 2 presents some useful technical lemmas which are used in the sequential
chapters of the book. These include some matrix inequalities, the Schur complement
lemma, and some lemmas for elimination of variables.

Chapter 3 gives a brief review of optimization theory. It first presents some
basic concepts related to mathematical optimization then introduces a few types
of solvable optimization problems, and finally leads to the problem of convex
optimization and reveals two important advantages of the LMI approaches, that is,
numerical reliability and global optimality.

Part II examines some control system analysis problems using LMI
Techniques. It consists of three chapters: “Stability analysis” (Chapter 4),
“Hoo/Hy performance” (Chapter 5), and “Property analysis” (Chapter 6).

Chapter 4 treats the problems of stability analysis. First, the LMI conditions
for stability of both continuous- and discrete-time systems and that of the general
D-stability are presented. The quadratic stability for uncertain system and stability
for time-delay systems are also studied based on LMI techniques.

Chapter 5 looks at the LMI conditions for the Hoo and Hj indices of a linear
system to be bounded by certain given levels.
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Chapter 6 examines certain properties of control systems, which include the
stabilizability and detectability, dissipativity, passivity and positive-realness, non-
expansivity, and bounded-realness. This chapter shows the equivalence relation
between passivity and positive-realness, and that between nonexpansivity and
bounded-realness.

Part I1I deals with several types of control systems design problems. The structure
of this part is as follows: “Feedback stabilization” (Chapter 7), “Hoo/H3 control”
(Chapter 8), “State observation and filtering” (Chapter 9), and “Multiple objective
designs” (Chapter 10).

From Chapters 7 through 10, certain typical control systems design problems
are considered. Chapter 7 treats several types of stabilization problems, Chapter 8
deals with the Hyo and Hj state feedback control, Chapter 9 treats the problems of
full-order observer, reduced-order observer, Ho, and Hj state observer and filtering,
while Chapter 10 handles a few multiple objective design problems based on the
results given in previous chaprters.

We must mention that, as a basic introduction to LMIs in control systems analysis
and design, here all the control problems are limited to state feedback case.

Part IV introduces some practical applications of LMI-based control system
designs. It contains two chapters: “Missile attitude control” (Chapter 11) and
“Satellite control” (Chapter 12).

These respectively look into the problems of the attitude control of a type
of nonrotating missiles and a type‘of BTT missiles and the problem of attitude
stabilization of a type of satellites.

In the last part, some appendices are given, which involve proofs of some theorems
and a brief introduction of the LMI toolbox. The structure diagram is shown in
Figure 1.3.

1.5.2 Features

A great part of audience of this book is university graduates and senior undergradu-
ates, hence we have paid great attention to the readability and easy understanding in
the writing of the book. Toward this goal, we have taken various measures including
the following:

1. It is well structured, and the contents are reasonably arranged into four
parts: Preliminaries, Control systems analysis, Control systems design, and
Applications. Readers can master the contents step by step with ease.

2. It summarizes most of the technical lemmas used in the book in Chapter 2
(“Technical lemmas”) of the preliminary part, and these lemmas are system-
atically classified into different groups. This certainly provides the reader with
great convenience.

3. It provides many examples, and some of them possess practical application
backgrounds. It also provides exercises at the end of each chapter, and the
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solutions to all the exercises are also available and can be obtained on request.
These help the reader in understanding the materials.

4. It summarizes most of the important results in each chapter in the last section
of that chapter, usually in clear table form. This provides convenience for
readers to look up or review the results.

5. It contains an application part composed of two chapters that respectively deal
with missile and satellite control using LMI techniques. From these, readers
can indeed see the important roles of the LMI methods and learn to use LMIs
in practical problems.

6. It provides, for convenience of readers, a brief and clear introduction to the
use of the MATLAB LMI toolbox in an appendix, which will help the reader
to get to use LMI techniques quickly.

7. It provides detailed proofs for all main results, lengthy ones-are clearly
divided into different subsections or steps, and also elementary mathemat-
ics is used whenever possible, for instance, in the proof of an important
lemma (Lemma 2.5), the solution theory of second-order linear algebraic
equation with a single variable is used, which-makes the proof much easier to
understand.

8. It shows, in contrast to the numerical reliability of the LMI problems, with
a pole assignment Benchmark problem that a computational solution to an
ill-condition problem could have gone far away from the true one, and this
makes the reader get well aware of the importance of numerical reliability and

hence the LMI approaches.

1.5.3 Using the Book in Courses

Most of the materials of the book have been lectured by the first author of the book
in the Fall semester of 2004 and 2005 and also in the Spring semester of 20062012
in a postgraduate course entitled “LMIs in control systems” at the Harbin Institute
of Technology. The prerequisite knowledge that the students should have includes
linear-algebra, basic calculus, and linear systems theory.

This book may be useful at other universities in the world as the primary or
alternate textbook for a similar course for graduate and senior undergraduate students
majoring in control systems and theory, or in applied mathematics, mechanical,
electrical and aerospace engineering.

In the authors’ opinion, this book is suitable for such a master course with about
60 lecturing hours and 10 tutorials. In the case that the lecturing hours are fewer
than this, certain materials may be skipped. Table 1.3 gives our suggestions. Certain
sections in Appendix A may be lectured according to the preference of the lecturer.

At the end of each chapter, we have given certain exercise problems. We have
also worked out all the solutions to these problems. They can be asked for, together
with the MATLAB codes for the computational examples and exercises problems,
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Table 1.3 Lecturing Hour Suggestion

Lecturing Hours Contents To Be Skipped

50 Sections 4.5, 7.5 through 7.7, 84, and
Sections 6.3 through 6.5

40 The above plus Part IV

30 The above plus Chapters 9 and 10

through emails g.r.duan@hit.edu.cn and yuhaihua@hit.edu.cn, or by contacting
the publisher.

Exercises

1.1
1.2

1.3

1.4

1.5

1.6

1.7

1.8

Let A € S™. Show that for arbitrary M € R”*”; A < 0 implies MTAM < o.
(Duan and Patton 1998, Zhang and Yang 2003, p. 175) Let A € C"*”. Show
that 4 is Hurwitz stable if 4 + A7 < 0.

(Duan and Patton 1998) Let A € R”*”. Show that A is Hurwitz stable if and
only if

A="PQ, (1.21)

with P > 0 and Q being some matrix satisfying Q + QT <o.

Give an example to show that certain set of nonlinear inequalities can be
converted into LMIs.

Verify for which integer i the following inequality is true:

1 - 0 1
i 1 1 0o
Consider the combined constraints (in the unknown x) of the form

{H@<o

o g (1.22)

where the affine function F : R” — S”, matrix A € R”*"  and vector
a € R™ are given, and the equation Ax = 4 has a solution. Show that (1.22)
is in fact an LMI.

Write the Hermite matrix A € C”*” as X + ;Y with real X and Y. Show that
A< OonlyifX <0.

Let A, B be symmetric matrices of the same dimension. Show

i. A > Bimplies Apax(A) > Amax(B),

ii. Amax(A + B) < Amax(A) + Amax(B).
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Chapter 2

Technical Lemmas

As the first chapter in this preliminary part, some technical lemmas are presented
here, which are to be used in the following parts.

2.1 Generalized Square Inequalities

For arbitrary scalars x, y, and § > 0, we have

1\ 1
(«/Ex— %y> = 8x% + g}/z — 2xy > 0,
from which we obtain
1
2xy < 8x” + E}/z.

This is the well-known square inequality. In this section, we give some generalized
versions of this inequality, which will play very fundamental roles in the LMI
techniques.

2.1.1 Restriction-Free Inequality
Lemma2.1l LetX,Y e R”” FeS”, F > 0,and § > 0 be a scalar, then
XTFYy + YTEX < sXTEX + 57 'YTFY. 2.1)

Particularly, when X =x and Y =y are vectors, the aforementioned inequality
reduces to

2% By < 8xTFx + 87 YT Fy. (2.2)

29
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Proof  Inequality (2.1) clearly follows from
SXTEX + 87 'Y FY — (XTFY + Y FX)
= (Vox - JFY)TF (Vox - v5Ty)
> 0.
When X =x and Y =3y are vectors, xTFy reduces to a scalar. In this case, (2.1)

clearly reduces to (2.2). |

2.1.2 Inequalities with Restriction

The following several results in this section are associated with the following
restriction set:

F={F|FeR™, F'F <1} (2.3)

Lemma 2.2 Let X € R””, Y e R”. Then for arbitrary scalar § >0,
there holds

XFY + YF'XT <sxxT+s7vTy, VFeF. (2.4)

This lemma can be similarly proven by completing the square technique. It can
also be immediately obtained from the following result.

Lemma2.3 LetX € R”*” Y € R"”. Then forarbitrary scalar § > 0, arbitrary

nonzero vectors x and , there holds,

2% XFYy < 8x XX Tx + 57Ty Yy, VFePF. (2.5)

Proof Using the property of set I, we can obtain

0= (Vox"x - JFF)@)T («/ngx - «/FFY)/)
= 8x XX T + 6 YT YTFTFyy — 25T XFYy
<ox"XXTx 4+ 67 YTy — 2xTXFYy.
This gives the inequality (2.5). |
We can rewrite (2.5) as follows:

IXEYy + y Y TR X T, < 85T XX T+ 67T Y Ty, (2.6)
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and taking x =y in the aforementioned relation, gives
L (XFY + XTFTYT —sxxT —57'rTy)x <. 2.7)
In view of the arbitrariness of x, we know that the aforementioned inequality is

equivalent to (2.4).

2.1.3 Variable Elimination Lemma

In order to give the last result in this subsection, here we first introduce a property

of the set IF defined in (2.3).

Lemma 2.4 For arbitrary nonzero vectors x, y € R”, there holds

max (<" 5)" = (%) (). (2.8)

Proof  First, using the well-known Schwarz inequality, we have

|xTFy| < VaxTx, /yTFTFy
< Vixlx,/ yTy.

Therefore, we have for arbitrary nonzero vectors x, y € R”,
2
(xTF)/) < (xTx) ()/T)/) . (2.9)

In the following, it suffices to show that the equality in (2.9) does hold with
some fy € F.

Taking

b
VaTe iy

Let us first show Fy € IF. To do this, let us consider

Fy =

T, T T
FR=2%__ Y

(%) OTy) Sy

Since
Omax (FL Fo) = Omax(FoFg) = 1,

we know that FOT Fy <1, thus Fp € F.
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Next, we show that, with this matrix £, the equality in (2.9) holds. This can be

clearly seen from

xyt ?
(x"Fop)* = XT%)’ = ("%) (0'9).
Vaxlxy/yly
Thus the proof is done. [ |

The following variable elimination lemma often plays an important role incertain
analysis problems involving LMIs.

Lemma2.5 Let X € R”*" YV e R, Q € R”™*”, Then
Q+XFY + Y'F'XT <0, VFeF, (2.10)
if and only if there exists a scalar § > 0, such that
Q+sxxT+571yly <o. (2.11)
Proof Sufficiency: Let (2.11) hold. By adding both sides of (2.4) the matrix Q,
we obtain
Q+XFY +YTFTXT
<Q+sxxT+s57 YTy
< 0.

That is, (2.10) holds.

Necessity: Suppose (2.10) holds. Then, for arbitrary nonzero vector x, we have
X (Q+XFY + YTFTXT)x <0,
that is,
T T
x Qx4+ 2x" XFYx < 0. (2.12)

On the other hand, using Lemma 2.4 we have

I}laﬁ‘( (xTXFYx) = VxTXXTx/xTYT Y.
c

Therefore, in order that (2.12) holds for arbitrary F € F, the following must hold:

xTQx—l—Z«/xTXXTx\/xTYTYx <0, (2.13)



Technical Lemmas ® 33

and from this we can get

(xTQx)2 —4 (xTXXTx) (xT YT Yx) > 0. (2.14)
Denote
a=x XXTx
b=xTQx (2.15)
c=x1yT Yx,

then (2.14) can be written briefly as
b — bac > 0.
Further, note from (2.13) that 6 = TQx < 0, which gives

1) b 0
= —— > 5
0 2a

then the following equation
as® + 68+ ¢=0

has at least one positive root (see Figure 2.1), and thus there exists a § > 0 such that
a8 + b8 + ¢ < 0.

Dividing both sides of the aforementioned inequality by § gives

1
b+as+<c<0. (2.16)

51\\ /52 5

Figure 2.1 Existence of 4.
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Substituting the expressions for 4, b, and ¢ in (2.15) back into the aforementioned
inequality immediately gives

1
xTQx-i- Sx XX T + ngYTYx <0,
that is,
1
xT (Q‘FS)CXT—FSYTY)X < 0.

This is clearly equivalent to (2.11) in view of the arbitrariness of the vector x.
The proof is then completed. |

2.2 Schur Complement Lemma
2.2.1 Schur Complements

First let us define the so-called Schur complements.

Definition 2.1  Consider the partitioned matrix

A A
A= . 2.17
[A21 A22:| @17)

1. When Ay is nonsingular, Ay — A21A1711A12 is called the Schur complement
of A11 in A, denoted by S5 (A11).

2. When Ayp is nonsingular, 4;; — A12A2_21A21 is called the Schur complement
of Az3 in A, denoted by S5 (A422).

The meaning of Schur complements lies in the following result.

Lemma2.6 Let = represent the equivalence relation between two matrices. Then
for the partitioned matrix (2.17), the following conclusions hold.

1. When Aj; is nonsingular,

A= _ = ) 2.18
[ 0 Ax —AzlAlllAlz} |: 0 SpAn) 2.18)
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and hence A4 is nonsingular if and only if S.;(4;1) is nonsingular, and
detA = dCtAU det SC;J(AH). (2.19)

2. When Ay; is nonsingular,

oo [A11 — Andyy Asi 0] _ [Sa(A2) 0
—[ 0 e 0 A |’ (2.20)

hence A is nonsingular if and only if S,;(422) is nonsingular, and

detA = dCtA22 det Sch(Azz). (2.21)

Proof  When A;; is nonsingular, we can define the nonsingular matrices

_| 1 0 _[1 44
T = |:—A21A1_11 ]i| , Th= |:0 1 , (2.22)
and have
AE TIAT,
1 074 4|1 -4 40
| —And L A4 Ao I
_ [4n Arz I —Ajl4n
T L0 Ay =AndlAn] |0 I
_ _A11 0 i|
T 10 Apn— AnAjAn
o [4n 0
L0 Sydi ]

That'is, the relation (2.18) holds. Further, since
det (77) = det (7T) =1,

equation (2.19) clearly follows. Thus, the first conclusion is proven.
The second conclusion can be shown similarly. |

2.2.2 Matrix Inversion Lemma

Based on Lemma 2.6, we can easily obtain the following well-known matrix inversion
lemma.
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Lemma 2.7 For the partitioned matrix (2.17), the following conclusions hold.

1. When Aj; is nonsingular, A is nonsingular if and only if S;(A411) is
nonsingular, and

Al = |:A1_11 + A ARS, (A Andy A7 AnS; (A

- Z _ . (2.23
—S N (A1) An ATy S A ] (2.23)

2. When A, is nonsingular, A is nonsingular if and only if S,(42,) is
nonsingular, and

4l [ S5, (An) —S, (A) A2y,

_ - _ K Z 1. (2.24)
—A221A125€;]1 (An) Ay + A4y, 1‘1215€,J1 (Azz)Alezzl]

Proof  Let

g a [An A5 S, Ay <A AnS, A ] [An A
=S, A An Ay S, (An) Ay An

2 |Su S
S1 Sn |’

we are going to show that the matrix S is an identity matrix.
By direct multiplication, we clearly have

S = (A;ll + AT AL (A )A21A1_11> An = AT MRS Aidn =1,
and
S = =S, (A AnA A — S (A1) Ax = 0.
Recalling the definition of S;(4;1), we further have

S = Aj A + 1‘11_111‘1123;]1 (A1) A A Arz — AfllAuS;,I (A11)A22
= A7 A — A7 A0S ) (o2 — Andi Avo)

= A7 A — Ay A4S (A1) Sy (Ann)
=0,
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and
S = =S, (A1) AnAr A + S, (A1) An
= 5;,1(1‘111) (Azz - A21A1_11A12>
= 5, (A1) S(An)
=1
Thus, the first conclusion is true. Similarly, we can prove the second one. |

Based on the aforementioned lemma, we obtain immediately the following
relations.

Corollary2.1  Let A and A3, be nonsingular matrices of appropriate dimensions.
Then,

—1 —1
(An —A12A2_21A21> = Al_ll +A1_11A12 (Azz — A21A1_11A12> A21A1_11,

(2.25)

—1 -1
(Azz - A21A1_11A12> = Ay} 4 Ay A (An - A12A2_21A21> Andy,
(2.26)

Proof It follows from Lemma 2.7 that, under the given conditions, the inverse of
the A matrix has both forms (2.23) and (2.24). Equating the (1,1) element in (2.23)
and (2.24), yields

S5, (An) = A + A7 A4S, () An AT, (2.27)
whilethe (2,2) element in (2.23) and (2.24) gives

S, (An) = Ay + A3y An S, (An)Andy, . (2.28)
Further, note that

Sep(Azz) = An — Andy) A,

Sn(A11) = Az — Axi Ay Ara,

substituting the aforementioned equations into (2.27) and (2.28) gives (2.25)
and (2.26). [ |



38 m [ Misin Control Systems

2.2.3 Schur Complement Lemma

The following Schur complement lemma is well known and plays a fundamental
role in converting nonlinear matrix inequalities into LMIs.

Lemma 2.8 (Schur complement lemma) Let the partitioned matrix

An A
A= 2.29
[A1T2 AZJ ( )

be symmetric. Then,
A< 0« A1 <0, §;4(A11) <0< Ay <0, §;(A2) <0, (2.30)
or

A>0<«= A;; > 0, S[b(/ll]) > 0 < Ay > 0, Sf/y(Azz) > 0. (2.31)

Proof When the partitioned matrix (2.17) is restricted to be symmetric, the two
matrices 77 and 75 in (2.22) satisfy 7Y = Ty In this case, it is easy to see that the
equivalence relations (2.18) and (2.20) both become the congruent relation. Thus,
the conclusion holds. [ |

According to the Schur complement lemma, we can easily obtain the following
conclusion.

Corollary 2.2 Let

A A - Ax,

B Al, Ayp - Ay
A

Alr AZV e Ay

Then, A < 0 implies 4;; < 0,i=1,2,...,r.

Proof  First, we prove that the conclusion holds in the case of »=2. It is
obvious that

A<0 = A1 <0
ﬁAl_ll <0
— AL A A < 0.
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Applying Schur complement lemma to matrix 4, we get
Sop(Arr) = Az — A Ay A1z <0,
which implies
Ay < AL AT A1 < 0.

Thus the conclusion holds when » = 2.
If » > 2, we partition the matrix A as follows:

Ar—1 g1
A= E < O,
[ng—l An }

then by the conclusion we have just shown, we have
A,<0, A_1<0.

Partition the matrix A,_1 as

A2 g2
A1 =] 4 <0,
1 [g,T_z Ar—1p-1

and applying the conclusion again, we obtain
Ar—l,r—l < 0, Ar_z < 0.
Continue this process, we can derive
Aii<0s i=1,2,...,r.
The proof is then done. n

As an application of the aforementioned Schur complement lemma, we here
show the following proposition that establishes an equivalent LMI for a type of
Riceati inequalities.

Proposition 2.1 Let 4 € R™”, B e R™, C € R, Q € S, R € §,
and denote
®(P)=A"P+PA+ (PB+ CHR'B'P+O) + Q, (2.32)

and

(2.33)

T T
W) = [A P+PA+Q PB+C }

B'Pp+C —R
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Then,
OP) < 0= V¥YP) <0, ifR>0, (2.34)
and

O(P) >0 W(P) >0, ifR<DO. (2.35)

Proof It is casy to check that the Schur complement of R in W(P) is given as
follows:

Sp(—R) = ATP + PA+ Q+ (PB+ CHR'(BT'P+ ©)
=A"P+PA+ (PB+ CHRT'B'P+C)+Q
= (D).

Therefore, following from the Schur complement lemma, we have

R>0

\II(P)<0<:>{(D(P)<0

and

R<0
&Y= {CD(P) > 0.
These two relations ‘are clearly equivalent to the relations in (2.34) and (2.35),
respectively. Thus the proof is done. |

The aforementioned proposition is very important since it realizes the conversion
from quadratic to linear inequalities. We remark that this conversion technique based
on Schur complement lemma will be used frequently in this book.

2.3 Elimination of Variables

In many deduction processes involving LMIs, often the techniques of elimination
of variables are used. This section introduces some basic lemmas that serve as the
basic tools for these techniques.

2.3.1 Variable Elimination in a Partitioned Matrix

The two lemmas in this section both treat the elimination of variables in a partitioned
matrix.
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Lemma 2.9 Let
Z11 2 .

be symmetric. Then, there exists a symmetric matrix X such that

Zn—=X Zn X

A Zn 0 <o (2.36)
X 0 X
if and only if
VARRVAD)
Z = 0. 2.3
7 2 >3

Proof  According to Schur complement lemma, we know that (2.36) holds if and
only if X > 0 and

0> 5,(—X)
(21 —X Zp X _

__Zn—X Ziz n X 0
=\ ZzL 22 0 0

The proof is done. |

Lemma 2.10 Let Zj, i = 1,2,3, j = i,...,3, be given matrices of appropriate
dimensions. Then, there exists a matrix X such that

211 21 213
ZL  Zn Zpn+XT| <o (2.38)
zL ZL+Xx Z33

if and only if

VASERPAY) Zi1 213
0, 0. 2.39
[Zsz Zzz}< [ZlTa Zas]< 239
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In this case, such a matrix X is given by

X=2z8z"2, - 2%, (2.40)

Proof Necessity: Let (2.38) hold, then the submatrices corresponding every
principle minors are also negative definite. Therefore, (2.39) holds.

Sufficiency: Let (2.39) hold, then Zj; <0, and by applying Schur complement
lemma to the two inequalities in (2.39), we have

Z22 — Z;FZZI_IIZH < 0, Z33 — ZgZﬁlZlg < 0. (2.41)

In this case, by the Schur complement lemma, we need only to show that there
exists an X satisfying

Z Zrs + XT L
2 R ) iz zs] <0 4
223 + X Z33 ZIS

Note

Zy  Z3+XT b, )"
T § 1T2 Zul [212 213]
223 + X 233 Zl3

| m-2L20'2n Zs+ X' - 2057 2
Zh+X =257 71 Zys — 2570 713 ’

by simply choosing X as in (2.40), and using the aforementioned relation and (2.41),

we have
Zy  Zp+XT ZE
T - ¥ Z111 [212 213]
ZZS +X 233 ZIS
Nz - 221 20, 0 —o
0 Zs3 — 2520 25
Thus, the proof is completed. [ |

2.3.2 Projection Lemma

In this section, we present a condition for eliminating a variable in an LMI using
orthogonal complements. Thus, we first should provide the definition of orthogonal
complements.
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Definition 2.2 Let A € R”*”. Then, M, is called a left orthogonal complement
of A if it satisfies

M,A=0, rank (M,) = m — rank(4);
and NV, is called a right orthogonal complement of A if it satisfies
AN, =0, rank (V,) = n — rank(A).

The following projection lemma makes use of the aforementioned concept of
orthogonal complement.

Lemma2.11 LetP”,Qand H=H T be given matrices of appropriate dimensions,
N, and N, be the right orthogonal complements of P and Q, respectively. Then,
there exists a matrix X such that

H+P'XTQ+Q"™xP<0 (2.43)
if and only if

NSHN, <0, "NJHN, < 0. (2.44)

Proof By the definitions of matrices IV, and /N, we have
PN, =0, QN,=0,
and hence
TpT _ TAHT _
NIPT =0, NIQT=o.

Necessity: Premultiplying (2.43) by NPT (alternatively, Ng) and postmultiplying
by N (alternatively, /V;) and using these relations gives the first (alternatively, the
second) inequality in (2.44).

Sufficiency: Let V; be a matrix, whose column vectors are an arbitrary set of base
vectors of ker(P) N ker(Q), then there exist matrices V3 and V3, such that

Image[V1 V2] =ker(P), Image[Vi V3] =ker(Q).

Without loss of generality, assume that V; and V3 are full-rank. Then, the column
vectors of V1, V5 and V3 construct the base of ker(P) @ ker(Q). Therefore, it can
be expanded to the base of R”, that is, there exists a matrix V4, such that

v=[W V2 V3 V4]
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is square and nonsingular. So, (2.43) holds if and only if
VIHV + VIPTXTQV + vIQTxrV < 0. (2.45)
Noting the structure of V, we have

PV=[0 0 P D], QV=[0 Q 0 Q.

Denote
Hy Hy Hiz Hy
. Hl, Hy Hy Hay
Vi =| L :
Hyy Hy Hss  Hig
T T T
Hy Hy Hy Hig
and
T
i Tip T
Y = = X , 2.46
|:Y21 Y22i| |:Pg‘ [Ql QZ] ( )

then according to the definitions of matrices Py, P2, Q1, and Q, it follows that
ker [Py P]=0, ker[Q @Q]=0.

Therefore, for arbitrary ¥, there exists a matrix X satisfying (2.46).
According to the partitioned matrices, (2.45) is equal to

Hiy His His Hi
HY Hy Hy + Y} Hoy+ V) “0 (2.4
Hng H2T3 + I Hss Hys + Yo ' ’

HY Hy+Yy HL+YY Hy+Yn+Y)

In thiscase, by the Schur complement lemma, (2.47) holds if and only if

Hip Hyp His
H=|H} Hy, Hys+ YL | <o, (2.48)
HY HL+ Y, Hs3
T
Hyy Hyg
—-1
Hyg+Yn+Yh— |Hu+ Y | H |Hu+ Y| <0 (2.49)

Hys + Yo Hz4 + Y12
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hold. If (2.48) holds by choosing Y11 properly, (2.49) also holds by choosing Y12,
Y21, and Y2, properly. Therefore, (2.48) and (2.49) hold if and only if there exists
a defined matrix Y71 properly, such that H<O.

On the other hand, since

ker(PV) = Image ,  ker(QV) = Image

S O O~
S O ~N O
S O O~
O~ O O

combining the aforementioned equations with (2.44), it follows that
Hyy  Hi Hy His
T < 0, T < 0.
le H22 H13 H33
Then, according_to Lemma 2.10, under the condition of (2.44), there exists a matrix
Y11, such that A < 0, which leads to that there exists matrix ¥ such that (2.47)
holds. Noting that, for an arbitrary matrix Y, there always exists a matrix X, such

that (2.46) holds, which is also the solution of (2.43). Then, the desired conclusion
is obtained. The proof is completed. |

2.3.3 Reciprocal Projection Lemma

In this section, we further introduce the so-called reciprocal projection lemma,

which is due to Apkarian et al. (2000). This will be used in Chapter 5.

Lemma2.12 Foragivensymmetric matrix W € S”, there exists a matrix § € R”*”
satisfying

U+ST+85<0 (2.50)

if and only if, for an arbitrarily fixed symmetric matrix P € S”, there exists a matrix
W € R"™ " satisfying

(/T T T
|:\IJ—I—P (Wr+w) sT+w ]<o 2.51)

S+wW -P

Proof  Let
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then we can easily verify that

0 I,
no= 2] wa =[]

are the right orthogonal complements of ® and W, respectively. Furthermore, we
can show that

N{®ONg = —P7!,

NyONy =W + 85"+,

and
V+r—(Whew) St+wt
O+ Wv+uTwe = .
+ + [ S+ W =2p
Thus, the conclusion holds according to the projection lemma. [ |

2.4 Some Other Useful Results

In this section, we further present some other useful results involving LMIs.

2.4.1 Trace of an LMI

In certain applications, we often encounter a type of constraints which requires the
trace of a matrix function to be less than a given level. The following lemma provides
a way of dealing with this type of constraints.

Lemma 2.13  Let A(x) € S” be a matrix function in R”, and y be a positive
scalar. Then, the following statements are equivalent:

(1) 3 € R”, such that trace (A(x)) < y
(2) Ix € R”, Z € §™, such that A(x) < Z, while trace(Z) < y

Proof  Note that for arbitrary square matrices X and Y of the same dimensions,
there holds
trace(X 4+ Y) = trace(X) + trace(Y).

Also, for any symmetric positive definite matrix P we have trace(P) > 0. Based on
these facts, it is easy to show that, for arbitrary P, Q € S,

Q — P > 0 = trace(Q) — trace(P) > 0,
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that is,
P < Q = trace(P) < trace(Q).

When the second conclusion holds, with the aforementioned relation, it is clearly
seen that

trace (A(x)) < trace(Z) < y.

Thus, the second conclusion implies the first one. Now let us show the converse.
Let the first conclusion hold, then there exist a vector x € R” and a scalar

satisfying
trace (A(x)) < B < y. (2.52)
Taking
Z =al, + A(x),

with

B — trace (A(x)) -

0,
n

then we have

Z — Ax) > 0, (2.53)
and

trace (£) = trace (af, + A(x))
= B — trace (A(x)) + trace (A(x))

These two relations obviously give the second conclusion. |

2.4.2 Maximum Modulus Principle

Lemma 2.14 Let D be a connected set and 9D be its boundary. Assume that
f (2) : C — Cis analytic in DU dD. Then,

sup {Lf(z)|} = sup {Lf(z)“ (2.55)

ze(DUID) z€dD
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Figure 2.2 Set D and the inside ball B (z, r).

Proof  Since f (2) is analytic in DU D, we know that SUP,¢(DUID) { Lf(z) | } exists,
that is,

M= sup |{|f®]} < oo
z€(DUID)

Clearly, if ' (z) is a constant function, the result is clearly true. Thus, in the following
we assume that /'(2) is not constant. We prove the conclusion by contradiction.
Assume that there exists a point zg € D but zy ¢ 9D such that [f(zo)i =M.

Then, there exists a circle B(z, 7) centered at zg with radius 7 such that B(zg, ) C D
(see Figure 2.2). Using the mean value theorem, we know that

2
1 .
f(z0) = o Ojf(zo + re?)do.

According to the assumption, we have
f (20 + re?)| < M, 6 €[0,27].

Note that | f (zo + rej9)| is continuous with respect to 6 and is not constant, we
know that there exist a 6 and a § > 0 such that

f (20 + re?)| < M, 0 €60—8,60+38].
Consequently, we have

M = |f ()|

2
1 .
= — f(Z() + 7619) de
21 J
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2
< [ feo ) o
0
1 6p—95 1 Op+5
= Oj Lf(zo+n/9)|d9 + ZQJS L}[(zo+relg)|d9
—

1 2
+ oy f Lf(zo + re’g)| do
6p+36

1
<Z(M(90—8+28+27r—(90+8)))
=M,

which is obviously a contradiction. That is to say, there does not exist zg € D but

z0 ¢ 0D such that [f(zo)| = M = sup,c puyp) {[f(z)“ . Thus (2.55) holds. W

2.4.3 Parseval Lemma

In this section, we introduce the well-known Parseval lemma.

Lemma 2.15 Let »(¢) € I, U(s) = £(«u(¢)). Then,

lu@)l, = UGl (2.56)
holds with
o0 2
lul, = | | o] 2.57)
0
and
1 +o00 2
U, = (E_f UH(ja))U(jw)dw) . (2.58)

The Parseval lemma reveals the fact that Laplace transform maintains the magni-
tude of the signal being transformed. In the following, we give a generalized version
of the Parseval lemma.
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Let Q € S”, and define

“+00
LY = u(t) | u() € R, qu(t)Qu(t)dt <o}, (2.59)
0

Then, it is easy to see that [L¢, reduces to Ij when Q € S” is an identity matrix.
Further, define the following quantities

+oo

()] g = f () Qur)ds, (2.60)
0
and
1
UG = E_j UH (joo) QU (j) duw. (2.61)

Then it is easy to see that

Lu(0) ], = w3, U], = U3

With the aforementioned preparations, we can now state the following
generalized Parseval lemma.

Lemma2.16 LetQ €S”, u(¢) € L%, U(s) = L£(u(z)). Then,

Lt g = LU®]q - (2.62)
Proof  Since U(s) = £(u(#)), by Laplace transform we have
Us) = Tu(t)e“’dt,
0
and

1 o0
_ . Jjwt
u(t) = - L U(jw)e/* dw.
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Then, using the two relations and also (2.60) and (2.61), we get

“+o00

w0)q = | oQund

0

+00 00
= Of H@Q (%_f U(jw)e/wtdw) dr

+o00

= % f W (5)Q (j U(ja))ej“”da)) dr
0 —00

+o00

- % f HQ (f U(jw)ef'wdw> dr
0 — 00

+o0 oo

= [ UM Q" [ uttre T drde
0

H

2

+o00
1
= j UM () QU (jw)dew

= UG g,
thus the conclusion holds. [ |

To end this section, we point out that the matrix Q usually is taken positive
definite. However, assumption of positive definiteness on the matrix Q is not made
in the aforementioned generalized Parseval lemma. When the matrix Q is taken to
be the identity matrix, the generalized Parseval lemma reduces to the normal one,
thatis, Lemma 2.15.

The generalized Parseval lemma is used in the proof of Theorem 6.11.

2.5 Notes and References

This chapter summarizes systematically some of the technical lemmas to be used in
the later chapters.

Section 2.1 presents a set of generalized square inequalities that are often used in
the deduction processes involving LMIs. For Lemma 2.5, we have provided a proof
which uses elementary mathematics—the theory of second-order linear algebraic
equations with a single variable.
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Section 2.2 introduces the well-known Schur complement lemma. It is not
exaggerating to say that, without this powerful tool, at least one-third of the results
in the LMI fields would not have existed.

In control systems theory, many analysis and design problems are closely related
to Riccati algebraic equations or inequalities. Although this class of results based on
Riccati algebraic equations or inequalities are theoretically neat and elegant, they
are not quite easy to implement numerically, especially when the problem size is
large. Riccati algebraic inequalities are quadratic in the unknown decision matrix
and is generally more complicated than linear matrix inequalities in both forms and
numerical implementation. While with the Schur complement lemma the Riceati
algebraic inequalities can be easily turned into linear matrix inequalities.

Section 2.3 introduces three basic lemmas which serve as basic tools for the
techniques of variable elimination. The projection lemma gives a condition for
elimination a variable in an LMI using orthogonal complements, while the reciprocal
projection lemma is proven using the projection lemma and is used in Chapter 5.

Section 2.4 includes some other useful results. Lemma 2.13 provides a way of
dealing with a type of constraints that requires the trace of a matrix function to
be less than a given level. The well-known'maximum modulus principle and the
Parseval lemma are also represented in Lemmas 2.14 and 2.15, respectively.

All these lemmas have been used in the sequential text of this book, and some of
them have been used frequently. As a matter of fact, they have been also widely used
in the literature by numerous researchers (see,e.g., VanAntwerp and Braatz 2000,
Apkarian et al. 2001, Jin and Park 2001, Suplin et al. 20006).

Exercises

2.1 Let c(x) € R”and P(x) = P (x) € R?*” depend affinely on x, and P(x) is
nonsingular for all x. Find the equivalent LMIs for the following constraints:

TP e(x) <1, Px) > 0.

2.2 Let P(x) € S”*” and Q(x) € R”*? depend affinely on x. Convert the

following constraints
trace (QT(x)P_l(x) Q(x)) <1, Pkx) >0 (2.63)

into a set of LMIs by introducing a new (slack) matrix variable X € S/*7.
2.3 (Wang and Zhao 2007) Let

A= {a = [a; az]T ERZIOH +oay =1La,a ZO}-

Show P(«) = a1 P + aaP2 > 0 forany @ € A if and only if P; > 0 and
P2 > 0.
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2.4 (Xu and Yang 2000) Let

[ My
A4—b@ My

] c Rnxﬂ Ml c Rmxm
and M be invertible. Show that M + MT < 0 implies
My + M = MoyM] My — MM MS < 0.

2.5 (Yu 2002, p. 128) Let A be an arbitrary square matrix and Q be some
symmetric matrix. Show that there exists a P > 0 satisfying

ATPA-P+Q <0

if and only if there exists a symmetric matrix X such that

—X AX
|:XAT —X—I—XQX] < 0. (2.64)
2.6 Let
=2 1 0
A= 1 -3 1
0 1 —1

Work out by hand the following using the matrix inversion lemma and the
Schur complement lemma:

1. Find out det(A4) and A~ " (if exists).
2. Judge the negative definiteness of A.
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Chapter 3

Review of Optimization
Theory

We mentioned in Chapter 1 that the two important advantages of LMI approaches
are their global optimality and numerical reliability. In this chapter, we establish
theoretical supports for these two _important features of LMIs. To do this, in
this chapter we will recall some facts and results about optimization theory and
demonstrate theoretically the advantages of convex optimization. Gradually, we will
lead to the important conclusion that LMIs are a special types of convex optimization
problems.

3.1 Convex Sets

To achieve ‘the aforementioned goal, we need first to present certain basic
mathematical concepts involved in optimization theory.

3.1.1 Definitions and Properties

Let us start from the definition of convex sets.
Definition 3.1 A set [F is called convex if for any x1,xp € Fand 0 < 6 < 1,
there holds

Ox1 +(1—=0)x, €FF.

Geometrically, a set is convex if and only if it contains the line segment between

any two points in the set (see Figure 3.1).
55

¥
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Eo)

X1

Figure 3.1 Convex and nonconvex sets.

Definition 3.2 Let F C R”, then the intersection of all convex sets in R”
containing IF is called the convex hull of IF and is denoted by conv (IF).

Clearly, the convex hull of a set is the smallest convex set containing this set

(see Figure 3.2).
Definition 3.3 A convex combination of points 21, 22, . . . , 2, from R” is a linear
combination
121 + 0220 + - -+ 02y
with
aptoayt- o, =1,

and

Figure 3.2 Convex hull of set F.
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ition 3.4 LetF Cc R”, and for some xy € R” and ¢ > 0, denote

Be (x0) = {x | llx — xoll < €}.

xo is called an interior point of I if there exists a scalar € > 0 such that

Be(xo) cF.

m [ is called open if every inner point of IF is an interior point.
m xp is called a boundary point of IF if for arbitrary small scalar ¢ > 0 there

holds

Be(xo) N F # {Be 2@),

and the set formed by all the boundary points of F"is called the boundary set
of I, denoted by F3.

IF is called closed if it contains all its boundary points.

[F is called bounded if there exists a scalar y > 0 such that B, (xp) D F.

F is called compact if it is both bounded and closed.

When I is convex, xp € IF is said to be an extreme point of I if there are no
two distinct points x and x; in Fsuch that xg = 0x; + (1 — 6)x; for some

0,0 < 6 < 1, and the set formed by all the extreme points of I is denoted
by Fg.

The following theorem gives the properties of convex sets and the convex hull
of a set.

Theorem 3.1 Let F C R”. Then,

1.

2.

F is convex if and only if any convex combination of points from [F is
againin IF.
conv([F) is the set of all convex combinations of points from [F, more concretely

there holds

conv(lF) = {z

m
z= E a;z;, a; > 0,
=1

m
Za,-:l, Vg, eF, i=1,2,...,m, mEN}.

i=1

. conv([F) is compact if IF is compact.
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Proof  Proof of conclusion 1.

Sufficiency directly follows from the definitions of convex sets and convex
combinations of points in a set. Now we show the necessity.

Let IF be convex, and Vz; € F, i = 1,2,..., m, it suffices to show

a1z +axzy + -+ apuz, € F,
where
o t+oay+---4a,=1, o;>0, i=12,...,m.

To do this, we adopt the method of mathematical induction.

It is obvious that the aforementioned fact holds when 7 = 1. Now suppose that
this fact also holds when 7 = £, we need to show that it is also true when m = £+ 1.
Choose arbitrarily z; € F, i = 1,2, ..., k4 1, we now consider

z=0o121 + a2z + -+ 0t 1Bt 1> (3.1)
with

k41
Z“l: 1, 0;>0, i=1,2,....k+1.
i=1

Without loss of generality, we can assume that o441 7 1. In this case, we can define
Wh=—2 >0, i=12,... .k
Let
/ / / /

Zz = (1121 +a222 + - +akZ/€,

then with these notations we can easily derive
/
z2=(1 —opy1)Z + 12841 3.2)

Since

dai=1, a/=0, i=12,...4
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we know by the assumption for the case of 2 = k that 2’ € [F. Therefore, it follows
from (3.2) that z is a convex combination of two points in [F, and hence z € F.
With this we complete the proof of conclusion 1.

Proof of conclusion 2.

Let IF be the set of all convex combinations of points from IF, that is,

F:{z

m m
z = E oz, ZO&,‘=1,061'20, VZiEF, i=1,2,...,m
i=1 =1

(3.3)
We need to prove F = conv([F).
For arbitrary z € I, there exist z; € F, i = 1,2, ..., m, satisfying
m m
ZZZOZZ'Z,‘, Z()ll'zl, o; >0, i=1,2,...,m.
=1 i=1
Since conv(F) D F, and z; € F, i = 1,2,..., m, we have z; € conv(F), i =
1,2, ..., m. Further, since conv(IF) is a convex set, it follows from the first conclusion

that z € conv(F). This shows F Ccony(TF). _

Now let us further show conv(F) C . To achieve this, we first show that
is convex. Arbitrarily choose z1,2p € F, then in view of (3.3) there exist u; > 0,
x €F,i=1,2,...,myandv; = 0,y € F,j=1,2,...,my, such that

2] = Wix1 + p2ax2 + 0 oy Xy »
Zy =V1y1 + v+ ViV

with
m my
=1 j=1

Consider, for0 < A <1,

z=Az1 + (1 — X))z

m m)
=D huix+ Y (1= My,
=1 j=1
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Since

Au; >0, i=1,2,...,m,

(I=Mv; >0, j=12,...,m,

my my mi mp
Do+ d A=y =AY w1 -0Y v=1,
i=1 j=1 i=1 j=1

we know that z is a convex combination of points from IF. Thus, by the definition
of ' we have z € [F. This shows that I is convex.

Again by the definition of F we have F C F. Further recall the fact that the
convex hull of a set is the smallest convex set containing this set, we clearly have
conv(F) C F.

Combining the two aspects gives F = conv(F).
Proof of conclusion 3.

Let F be a compact set, then it is bounded and closed. The boundedness implies the
existence of a scalar y > 0 and xy € F, such that

B, (x0) = {x| [lx = x0ll < y} D F.
Since conv(IF) is the smallest convex set containing IF, so
conv(F) C B, (x0) ,

that is, conv(IF) is bounded. The closedness of conv(IF) directly follows from the
second conclusion of the theorem. Thus, the third conclusion holds. [ |

The following property of convex sets has particular importance.

Theorem 3.2 A compact convex set in R” is equal to the convex hull of its extreme
points.

For a proof of the aforementioned result, please refer to Ruszczynski (2006).

3.1.2 Hyperplanes, Halfspaces, Polyhedrons, and Polytopes

Now in this section, let us clarify some important types of sets.
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Definition 3.5 Let 0 # 2 € R”. Then,

m A set of the form H, = {x|a"x = b, x € R"}, is called a hyperplane in R”.
m A set of the form H, = {x|ﬂTx < b, x € R"}, is called a halfspace in R”.
m In both cases, # is called the normal vector.

Definition 3.6 The set [F C R” is called affine if there exist an xy € R” and
a linear space FoC R” such that
F = {x| x =x0+ 2z, z € Fg}.
It follows from the aforementioned definition, any affine setis the result of the
shifting of some linear space.

About the properties of halfspaces and hyperplanes, we have the following

theorem.

Theorem 3.3  Halfspaces are convex, and hyperplanes are affine and convex.

Proof  First let us show that the halfspace H, = {x | alx < b} is convex.

This requires to show that for any x;,x; € I, the vector
y=0x1+(0—-0)x, 0=<6=<1

is also in this halfspace. Since

then
aly =at(0x) + (1 — 6)x2)
=0a'x + (1 —0)a'x;
<66+ (1—0)b
=b.

That is, y € Hi, then the halfspace is convex.

Similarly we can prove that the hyperplane H, = {(xla"x = b, x € R"} is
convex. T'o complete the proof, we now only need to show Hp is affine. Let 5y € R”
be a specific point in H. Define

Hy = {x| ' x = 0, x € R"},
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then we have
H, = {x| x = x0 + 2, z € Ho}.

Finally, notice that Hj is a linear space, we complete the proof. [ |

Definition 3.7 A polyhedron in R” is the intersection of finite number of
halfspaces and hyperplanes in R”.

An illustration of the above definition is shown in Figure 3.3. According to this
definition, a general polyhedron IT can be expressed as

H:{xER” a;rx:bi, i=1,2,...,m, g-Tx</J]-, j:1,2,...,r},

J

which can be also written in a more loose form as

n
H:{x:[xl Xy e Xy ]T Zaikxkzbi, i=12,...,m,
k=1

n
Zgj/ex/e < b, j= 1,2,...,r},

k=1

Figure 3.3 A polyhedron, intersection of halfspaces.
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or in a more compact form as
={xeR"|Ax = b, Gx < h},

where x < y represents the following relation between vectors x and y of the
same size:

X<y, i=12,...,n

Definition 3.8 A polytope P C R” is a set which is the convex hull of a nonempty
finite set {21, 22, ..., 2,} C R”, thatis, P = conv{z1,22,...,2n}-

Obviously, for P = conv{z1,22,. .., 2y}, we have Py C {21, 22,...,2,}, that
is, any extreme point of P must be some z;,1 < i < m.
An illustration of the above definition is shown in Figure 3.4.

Example 3.1
The following set

P= {x‘x: [x1 X2 - Xn]T, xi € [ci,di], i= 1,2,...,n}
is a polytope since it can be written as

T .
]P’:conv{x’x:[m X - xn] , xi=cjord; /:1,2,...,n|.

Figure 3.4 A polytope, convex hull of a finite set.
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3.2 Convex Functions

Convex functions are a class of scalar functions of particular importance in
optimization.

3.2.1 Definitions and Properties

Definition 3.9 Letf : @ C R” — R. Then,

1. f is called convex if € is a convex set and
FOx+ 1 =0)y) <0Ff(x)+ (1 —06)f() (3.4)

forallx,y € Qand 0 <6 < 1.

2. fis called strictly convex if (3.4) holds strictly for all x,y € €, x # y, and
0<6 <1.

3. f is called concave if —f is convex.

A geometric illustration of a convex function is shown in Figure 3.5, with

z=0x+(1—-0), 0<6<1.

Example 3.2

According to the aforementioned definition, the following types of functions can
be easily shown tobe convex:

m First-order polynomial functions: ax + b on R, for any a, b € R
m Exponential functions: e?, for any a € R
m _Power functions of absolute value: |x|P on R, for p > 1

Figure 3.5 A convex function.
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Definition 3.10 A function f : @ C R” — R” is called an affine function
if there exist a vector { € R” and a linear function 7" : 2 C R” — R”, such that

fE) =¢+ T,

It can be shown that scalar affine functions are in fact both convex and concave,
and all norms are convex.

The following theorem gives a necessary and sufficient condition for convex
functions, which can be viewed as an alternative definition.

Theorem 3.4 Let f(x) : Q C R” — R. Then, f is a convex function if and
only if for an arbitrary integer / > 1, and arbitrary x; € Q, i = 1,2,...,/, there
holds

flonxy +oaxy + -+ - Foyxg) < orf(x) +arf )+ -+ af (x), (3.5

where
/
o, >0, i=1,2,...,/ and Zai=1. (3.6)
i=1

Furthermore, the inequality (3.5) holds strietly if and only if () is strictly convex.

Proof  Sufficiency is obvious. Now we show the necessity, that is, to prove, under
the convex assumption of f'(x), that for arbitrary integer / > 1, and arbitrary x; € Q,
i=1,2,...,/ the relation (3.5) holds for an arbitrary set of o;,i = 1,2,...,/,
satisfying (3.6). To do this, we adopt the method of mathematical induction.

Since f'(x) isconvex, the aforementioned fact holds when / = 2 directly following
the definition. Now suppose that this fact also holds when / = £, we proceed to show
that it is-also true when / = % + 1. Arbitrarily choose x; € 2,i=1,2,...,k+ 1,
and let

x =a1x1 +ox2 + -+ Qpyp1 X415

where

k1
>0, i=1,2,..k+1, and Y ;=1 3.7)
=1

Without loss of generality, we can assume that o441 7 1. In this case, we can define

o
o= —"—, i=1,2,... .k
1 —otptg
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then it is clear that

Let
/) / 1
X = oqx] Foyx + - o,

then by the assumption for the case of / = 4 we have

f() = ———fC) +7 f(xz) + -

_1—0%1

+7 ————f(xp).  (3.8)
— Xkt

Further, noticing
/
x = (1 = Qpg1)X + Qpp1X+1-
we have from the definition of convex function and relation (3.8) that

F &) =£((Q — o )X + g 1%011)
(1 — o 1)f (&) + g1 f(xps1)
arf(x1) +of () + - - 4+ g1 f (opg1)-

IA

IA

This shows the necessity of the condition.
Proof of the strictness directly follows from the definition of strictly convex
functions and the earlier process. |

For properties of convex functions, we first have the following obvious results.

Proposition 3.1 Letf;, i = 1,2,...,m, be a group of convex functions defined
over the convex set €2, then for arbitrary scalars o; >0, i=1,2,...,m, the
nonnegative combination ¢ = ) 7" | @;f; is also a convex function over €.

Proposition 3.2 Let f be a convex function defined over the convex set €2, then
[ is continuous over €2, and for an arbitrary scalar o the set {x| x € @, f(x) < o}
is convex.

The following theorem further gives another important property of convex
functions and convex sets.
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Theorem 3.5  Let f be a convex function defined over the compact convex set 2.
Then, f(x) < 0 holds in € if and only if it holds on all the extreme points of €2,
that is,

fx) <0, Vxe Q<< f(x) <0, VxeQ.

Proof The necessity is obvious. To show the sufficiency, we arbitrarily choose
x € Q, x ¢ Q. Since  is compact and conve, it follows from Theorem 3.2 that
Q = conv(2g). Therefore, there exist ¢; € Qp, i = 1,2,...,/, such that

x =161 +arer + - -+ ey,

where
/
;>0, i=1,2,...,/, and Zai=1.
i=1

Since, by assumption,
f(e,-)<0, l'=1,2,...,1,
we have, using Theorem 3.4,

f(x) = arf(er) + arf (e2) +--- +a;f (er) < 0.
Thus, the sufficiency also holds. |

The aforementioned theorem clearly implies the following corollary.

Corollary 3.1 Let f be a convex function defined over @ = conv{z;, i =
1,2,...,/}. Then,

fx) <0, VxeQ<<=f(z)<0, i=12,...,[

3.2.2 Criteria

The following theorem gives a criterion for convexity of a function f : R” — R
in terms of its gradient

sw=[L L .. L]

ox;  0xp 0x;,
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Theorem 3.6  Suppose / : @ C R” — R is differentiable in 2 # @, and Q

is convex. Then, f'(x) is convex if and only if

fO) =)+ Vi) - (3.9)

forall x,y € Q.

Proof  Sufficiency. Suppose that for all x, y € 2 the relation (3.9) holds. Taking
y1,y2 € Q, y1 # y2, and define

then we also have z € € by the convexity of 2. Therefore, by-assumption, we have

FOD) = f2) + Vi) (n —2) (3.11)

and

F(n) = f(@) + V)2 — 2). (3.12)

Multiplying (3.11) both sides by 0, and (3.12) by (1 — 0), gives

0F () = 0f () + OV F(x) (51 — 2),

and

(1 =60) () = (1 —60)f)+ (1 -OVIFx(n—2),

respectively. Adding the two inequalities side by side, and using (3.10), yields

0f o) + (1 — 0)f (1) = 0f (2) + 6V F(x) (51 — 2)
+(1=0)f(2) + (1 = OV F@) (3 — 2)
=f() + V) (031 + (1 = 0)yr — 2)
=f(2).
This states that f'(x) is convex.

Necessity. Suppose that f'(x) is convex, then for arbitrary0 <6 <1,and x,y € Q,
there holds

FOy+ 1 =0)x) <0f(y) + 1 —0)f (x).
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Through shifting the term f(x) on the right-hand side to the left, we obtain
f(Oy+ (1= 0)x) — f(x) < O0f () — 6f (x).

This gives
Oy + (1 —6)x) —
LO+0=0) &) o) o
that is
+0(y— -
fle+6(y . x) —fC) _ Fo)— Fo). NS
Note that
) f(x+9 (y—x)) —f(x) ot
Jim. . =V @ (r=x),
we immediately have from (3.13) the relation (3.9): [ |

The aforementioned theorem provides us 'with a criterion using the gradient
of the function. The geometric illustration is shown in Figure 3.6. The following
theorem gives a criterion for convexity of a function f : R” — R in terms of its
Hessian matrix

(PD N

Ixt - 0x10x) d2x1 0,
G A |
sz(x) = 0x20x; 3x§ 0 0x;,

A A

0x,0x1  0x,0x) dx2

n =

Y

Ox\ y

Figure 3.6 Convex function and its derivative.
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Theorem 3.7  Assume that / : @ C R” — R has second-order derivatives, and
€2 # () is an open convex set. Then, f is convex if and only if its Hessian matrix
is symmetric semi-positive definite, that s,

V3f(x) > 0, Vx € Q. (3.14)

Proof  Sufficiency. Assume that (3.14) is met. Arbitrarily take x,y € 2, and for
some 6 € (0, 1) define

z=y+0(x—y),
then z € Q. According to the mean-value theorem, we have the following relation:
f@ =f)+&—»TVFY)
+ (="' V@ (x — y) + ol |lx = yI1P). (3.15)
Since (3.14) holds, we obviously have
="V f @) -y +ollx—yI*) = 0,
therefore, it follows from (3.15) that
f& =F )+ x ="V (3.16)
Thus, by Theorem 3.6, we know that f*is convex.

Necessity. Assume f is.convex in 2. Then, according to Theorem 3.6, one has
for arbitrary x, y € 2 the relation

F() = f)+ (y— 0TV ). (3.17)

Since €2 is an open convex set, for any z € R”, z # 0, there always exists an € > 0
such that

x+ez € Q.
Substituting the y in (3.17) by x + €z gives
Flx+e€2) = f(%) + ez VI (x). (3.18)
On the other hand, applying Taylor expansion to the function f yields

Flx+€2) = f(x) + €2 VI (x) + €z V2 f (x)ez + o(||ez]|?). (3.19)
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Combining (3.18) and (3.19) produces
ez' V2 f (x)ez + o|lezl|*) > 0.
By the definition of o(||€z|?), we know that for sufficiently small €, there holds
ezTVZf(x)ez >0,
which gives
2 V2 f(x)z > 0.

Recalling the arbitrariness of z, we know from the aforementioned relation that
sz (x) must be semi-positive definite. |

Example 3.3
Let P € S, and P > 0, then the function
f(x) = xTPx

is convex in R,
In fact, in view of P = (Pijlnxn, Pij = Pjir
f(x) = X! Px

X1p11 +Xx2p12 + -+ XnP1p

X1Pp21 +Xx2pP22 + -+ XnP2n
— [X1 X2 Xn .

X1Pn1 +X2Pn2 + -+ + XnPnn
= X1 (X1p11 + Xx2p12 +'~'+an1n)
+x2 (x1p21 +x2P22 + -+ + XnP2n)
+ X0 (X1Ppp1 +X2Pn2 + -+ XnPn) ,
thus

af

oy APt Xap2j e X1pj
Xj

+x1pj1 +x2pj2 + - +X_1pj -1 + 2ijjj
+ Xj+1Pjj+1 + -+ XnPjn
+ Xi41Pj+1,/ + - -+ XnPnj

:2(X1p1j+x2p2j+"‘+annj)/ j=12,...,n,

— |
trolengineers.ir]
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and
2f o [of
Bx,'ax/- Tox 8x/-
d
=2 (x1p1j +x2pj + -+ Xnpp))
1
=2p,~j, hj=1,2,...,n.
Therefore,

V2f(x) = 2P > 0.

The conclusion thus follows from Theorem 3.7.

3.3 Mathematical Optimization

Mathematical optimization is a very important subject in applied mathematics and
has applications in almost every scientific field. Mathematical optimization is often
called mathematical programming,.

The standard formulation of a mathematical optimization problem is stated as
follows.

Problem 3.1 Given functions fi(x) : R” — R, i = 0,1,2,...,m, and A;(x):
R” - R,i=1,2,...,p,4indanxg € R” satisfying

fotx) < fox), VxeR”
ﬁ(xo)fo, i=12,...,m
/7,'(Xo)=0, i=1,2,...,p.

Such a problem is typically written as follows:

min  fy(x)
st filx) <0, i=1,2,...,m (3.20)
hi(x) =0, i=1,2,....p,

where x € R” is the optimization variable vector; fy : R” — R is the objective
(or cost) function; f; : R” — R, 7 = 1,2,...,m, are the inequality constraint
functions; and 4; : R” — R, i =1,2,...,p, are the equality constraint functions.

Furthermore, xg is called a (globally) optimal parameter (variable) vector, or a
globally optimal solution, for problem (3.20), while fy(xo) is the corresponding
optimal index, and is also called a global minimum of problem (3.20).

Denote

F={x|fix) <0,i=1,2,...,m hj(x)=0,j=1,2,...,p}, (3.21)
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then aforementioned problem (3.20) can be rewritten as

{min Jox) (3.22)

st. x €T,

and the following definition in terms of the set [F can be given.

Definition3.11  The set[F given in (3.21) is called the feasible set or the constraint
set of Problem 3.1, and x is called a feasible solution or a constraint solution ifx € FF.
Furthermore, x* is called a (globally) optimal solution if x* € I and f(x™) < fo(x),
Vx e F, x # x*.

Corresponding to a global solution, for the optimization Problem 3.1 often a
locally optimal solution is derived.

Definition 3.12 A vector x™ is a locally optimal solution for Problem 3.1 if there
exists a scalar € > 0 such that x* is optimal for

min  fy(2)

st filz) <0, i=1,2,...,m
hi(z) =0, i=1,2,....p
llz =x*|['< e.

(3.23)

In view of (3.21), the optimization problem can be more compactly written as

min  fy(x)
{ st. xe FNB, (x*). (3.24)

Obviously, a local optimal point becomes a global optimal point when &€ = co.
For solution to a general optimization problem, often a local minimum is found.
Generally speaking, finding a global minimum of a general optimization problem is
very difficult. In the following of this section, we mention some well-known solvable
optimization problems.
3.3.1 Least-Squares Programming
A standard least-squares problem is formulated as follows.
Problem 3.2 Given A € R”*” b € R™, with rank (4A) = », find x € R” to
minimize

J(x) = ||Ax — b||3 = (Ax — b) T (Ax — b). (3.25)

For solution to the least-squares problem, we have the following conclusion.
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Theorem 3.8  The least-squares problem (3.25) has an analytical solution:

¥ = (ATA) " AT, (3.26)

Proof* It is well known that the optimal solution x* to the problem satisfies

if(’“) =2 =) =0,
that is,
AT ax* = AT,
This gives the analytical solution (3.26). u

Regarding the least-squares problem, we make the following remarks:

m The analytical solution is useful for certain small-size problems and in certain
analysis problems. However, for solving large-size problems, this analytical
solution is seldom used due to numerical problems. In this case, one may
use the existing reliable and efficient algorithms and software.

m The computation time for solving a least-squares problem is proportional to
mn?; it becomes less if the problem is structured.

m Least-squares techniques have been a mature technique and have found
successful applications in many fields.

m In practical applications, least-squares problems are easy to recognize and to
formulate. Furthermore, there exista few standard techniques thatincrease the
problem flexibility (e.g., including weights and adding regularization terms).

3.3.2 Linear Programming

A general linear programming problem is stated as follows.
Problem 3.3 Letc, ; € R”, i=1,2,...,m. Solve

(3.27)

st. a;x<b;, i=12,...,m.

i

Regarding the solution to linear programming, we have the following
comments:

m Unlike the case for least squares, there does not exist an analytical formula
for solution to a general linear programming problem. However, there exist
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reliable and efficient algorithms and software for solving linear programming
problems. The elementary algorithm is the simplex algorithm (Bazaraa et al.
20006).

m Like least squares, linear programming has been a mature technique and has
also found many successful applications in many fields.

m The computation time for solving a linear programming problem is pro-
portional to mn* if m>n; it is less if the problem possesses a special
structure.

m In practical applications, linear programming problems are notas easy to
recognize as least-squares problems. There exist a few standard tricks used to
convert problems into linear programming (e.g., problems involving /; or /o
norms and piecewise-linear functions).

3.3.3 Quadratic Programming

A quadratic programming (QP) is an optimization problem with a quadratic cost
function and can be formulated as follows.

Problem 3.4 Solve

min % TPy + qTx +r
s.t. “Gx =< h (3.28)
Ax = b,

where
¢, 7, b and b are vectors of appropriate dimensions
G, A, P are matrices of appropriate dimensions
P is symmetric positive definite

In the aforementioned problem formulation, the symbol “<” denotes the element-
wise “not greater than” relation in the vector elements.
By examining the problem, we have the following observations:

m Since P is symmetric positive definite, the objective is convex quadratic.
The problem is to minimize a convex quadratic function over a polyhedron.
Least square is a special QP problem.

3.4 Convex Optimization
3.4.1 Problem

Based on the concept of convex functions, we can now define the well-known convex
optimization. A standard problem of convex optimization appears as follows.
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Problem 3.5 Solve

min  fy(x)
st. filx) <0, i=1,2,...,m (3.29)
Ax = b,
where
fi» i=0,1,2,...,m, are a group of convex functions

A is a given matrix
b is a vector of appropriate dimensions

According to the aforementioned formulation, the equality constraint in a‘convex
optimization problem must be affine. Further, it is easy to see that least squares,
linear programming and quadratic programming, are all special convex optimization
problems.

Example 3.4

Consider the optimization problem
; 2 2
min  x7 4 x5
st x1. <0
x1 +x2 =0.

It is easy to see that with this problem we havem=1, n=2,A=1[1 1], b=0
and

fo(x) = x% —|—x%,
100 =x

are all convex functions. Therefore, the problem is a convex one.
From the equality constraint, we have xo = —xq, thus fo(x) becomes

fo(x) = x% +x% = ZX%,

which clearly achieves its minimum on the halfspace x; < 0 at x; = 0. Therefore,
the original problem indeed has a global solution x* = [0, 017 with fo(x®) = 0.

Denote
Fi={x|fix) <0,i=1,2,...,m}, Fy={xldx =06}, (3.30)
then

F:{x[ﬁ(x)fo, i:l,2,...,m,Ax:b}
=F Nk, (3.31)
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is the feasible set or constraint set of Problem 3.5. The following theorem reveals
a very important feature of convex optimization.

Theorem 3.9 Let f;, i = 1,2,...,m, be a group of convex functions, and 4
and & a matrix and a vector of appropriate dimensions, respectively. Then, the
sets IFy, Iy, and [F given in (3.30) and (3.31) are convex.

Proof  For Vxi,x € F1, we have

filx1) <0, filx) <0, i=12,...,m. (3.32)
Define
z=0x1+(1—=0)x, 0<6<1.
Since fi(x), i = 1,2,...,m, are convex functions, using (3.32) we have, for 0 <
o<1,
fiz) = fi(Ox1.+ (1 = 6)x2)

< 0fia) + (1 = 6)fi(x2)

< 0.
Thus,

z2=0x1+(1—0)x, eF;, YO<6<1.

This states that the set IF; is convex.
Next, for Vx1, x, € F5, we have

Axy = b, Axy = b. (3.33)
Using (3.33) gives, for arbitrary 0 <60 < 1,
A(Ox1 + (1 — 0)x2)
=0Ax; + (1 — 0)Ax,

=606+ (1—-0)b
=b.



78 ®m [ Mils in Control Systems

Thus,
Ox;+(1—0)x, elFp, VO<6<I.

This states that the set IF; is convex.
As the intersection of two convex sets, the set [F is obviously also convex. |

In view of the aforementioned theorem that the feasible set of a convex opti-
mization is actually a convex set, a general convex optimization may be described as
follows.

Problem 3.6 Solve

s.t. x € Q,

{mm Jo(x) (3.34)
where 2 C R” is a convex set, while f is a convex function defined on .

3.4.2 Local and Global Optima

The following result reveals the most important feature of convex optimization.

Theorem 3.10  Any locally optimal point of the convex optimization problem
(3.34) is globally optimal. Furthermore, the problem has a unique globally optimal
point when the objective function fo(x) is strictly convex.

Proof  Suppose x is locally optimal and y is globally optimal, then
H) < i), (3.35)
and there exists a scalar € > 0 such that
&) =fo(2), Vz € Qelx),
where
Be(x) = {z | llz — x|| < €}. (3.36)
Let

Z¥=0y+ (1 —0)x,
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with
€

0= ——.
2y — xll2

Note that y ¢ Q¢ (x) (otherwise contradicts with (3.35)), we have
lly —xll2 > e,

thus
0<0 < -—.
Further, it is clear that
% 1
[12° — x|l2 = 0lly — x[l2 = 2

thus z* € Q¢ (x) (See the illustration in Figure 3.7). Therefore, using the convexity
of /" and the relation (3.36), we have

Sz <0/ + (1—0)fix)
< 0fp(x)+ (1 =0) fo(x)
= fox),

which contradicts our assumption that x is locally optimal. Therefore, any locally
optimal point of the convex optimization problem (3.34) is globally optimal.

Now, let fj be strictly convex, and we assume that there exist two points x,y € €2,
with x # y, which are both the globally optimal point of the convex optimization
problem (3.34). Therefore,

Jox) =fo(p) <folz), Vze Q. (3.37)

Figure 3.7 Proof of Theorem 3.10.
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Since f is strictly convex and €2 is convex, for 0 < 6 < 1 we have
29 =0y+(1—-0)x €,
and

fo(z) < 0fo(y) + (1 —0) fo(x)
= 0fo(x) + (1 —6) fo(x)
= fox).

This contradicts with the assumption (3.37). Thus, the problem must have a unique
globally optimal point when the objective function fy(x) is strictly convex. |

The aforementioned theorem tells us that, for a convex optimization all the
local and global minima are equal, or there is one local or global minimum only.
Therefore, once we find a minimum for a convex optimization problem, it is a global
minimum.

Regarding solution to convex optimization problems, we mention that there does
not exist an analytical solution to a general convex optimization problem since it is
generally nonlinear. However, due to the favorable property mentioned eatlier, we
have the following very positive facts:

m Reliable and efficient algorithms exist for solving convex optimization
problems
m Convex optimization has been almost a technique

It is seen from the earlier text that the formulation of convex optimization is
very simple..However, in practice convex optimization problems are often difficul
to recognize. A main task of tackling an optimization problem is often to transform
the problem into a convex one. Fortunately, by now there have been many tricks
for transforming certain optimization problems into convex optimization problems,
and with these tricks, surprisingly many practical problems can be formulated and
solved via convex optimization.

Remark 3.1 In the early 1970s, optimization problems were classified into two
big categories: linear programming and nonlinear programming problems. At that
time, linear programming problems were regarded as the type of solvable optimiza-
tion problems, while nonlinear programming were generally regarded as unsolvable.
Linearity was used as a dividing line. By now we have seen that all the convex
optimizations, certainly including linear programming and many nonlinear pro-
gramming problems, are such good problems that all their local and global minima
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are equal to each other. This is to say that such problems, as long as they are rec-
ognized, are easy to solve. From this sense, linearity in a problem is not of essence,
while what really matters is the convexity.

3.5 LMI Problems

Having introduced the definition and the favorable features of convex optimization,
we here look into the following optimization problem with an LMI constraint:

min  fy(x)
{ s.t. x € {x| A(x) < 0} N'F, (3.38)

with A(x) < 0 being an LMI, fy(x) a convex function, and I a convexset.

3.5.1 Convexity

In this section, we examine the covexity of the LMI constraint
A(x) = Ay + x141 + -+ + x,4, < 0.

The following result confirms that an LMI constraint actually defines a convex set.

Theorem 3.11 LetA4; € S”, i=0,1,...,n and
Ax) =Ag+ x141 + - - - + x,4,.

Then,

1. &9 = {x|A(x) < 0} is an open convex set.
2. &, ={x]A(x) < 0} isa closed convex set.

Proof . Choose

x=[x1 Xy e x,,]TECDO,
y=[n » - ] e
then
A(x) = Ao +x141 + -+ - + x,4, <0,
and

A(}/) = Ay +y1A1 +"'+_)/7,An < 0.
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Therefore, for any 0 < 6 < 1, we have

A(Ox+(1—6)y)
=Ao+ (Ox1 + A=) y1) A1+ + (Ox, + (1 —0) y,) A4,
=0Ay + 0x14;1 + - - - + O0x,A4,
+ (1 =0) Ao+ A —=0)ydr + -+ (1 —6)y,A4,
= 0A(x) + (1 — ) A(y)
< 0.

This proves the convexity of ®¢. Similarly, we can show the convexity of ..
Next, let us show the openness of ®g. Arbitrarily choose x* € @, then

A(x*) < 0.
Let
T
Ax=[Ax1 Axy o - Axy]
then
A(x* + Ax) = AGx™) + AA(Ax),
with

AA(Ax) = Ax1A1 + - - - + Ax, A,
Since AA (Ax) is linear with respect to Ax, we obviously have

lim |JAA(Ax)| = 0.
| Ax]|—0

Further, noticing Amax (A(x*)) < 0 and the fact that the eigenvalues of a matrix
are continuous with respect to the matrix elements, we can conclude that there exists
a scalar € > 0, satisfying

A (A" + Ax)) <0, [ Ax|| < .
This is equivalent to

Ax) <0, [x—x*| <e.
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This states that
e llr— '] <} € @0

thus @ is an open set. _
Finally, we can sifnilarly verify that &, = {x |]A(x) > 0} is an open set.
Therefore, ®, = R"\®, is closed. The proof is completed. |

It follows from the earlier result that the optimization problem (3.38) with an
LMI constraint is in fact a convex one; it thus eventually possesses the feature that
any local minimum is a global one, or it has a unique globally optimal point when
the objective function fy(x) is strictly convex.

3.5.2 Extreme Result

The following result tells us that an LMI holds over a compact and convex set if and
only if it holds on the extreme points of the compact and convex set.

Theorem 3.12  Let F be a compact and convex set, 4; € S, i = 0,1,...,n,
and A (x) = Ag + x141 + - - - + x,A4,. Then,

Ax) <0, xeFe=AKx) <0, xelg

Proof  The necessity is obvious since Fr C F. To show the sufficiency, we
arbitrarily choose x € I, x ¢ Fg. Since IF is compact and convex, it follows from
Theorem 3.2 that IF. = conv (IFg) . Therefore, there existe; € Fg, i =1,2,...,4,
such that

x =161 +oger + -+ opey,

where
k
@ =0, i=1,2..,k > a;=1
i=1
Since A(x) is linear, and by assumption A(¢;) < 0,7 =1,2,..., 4, we have

k
Alx) = ZaiA(ei) <0.

i=1

Thus, the condition is sufficient. The proof is completed. [ |
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With the aforementioned result, we know that, when Fg is further required
to be bounded, the optimization problem (3.38) with an LMI constraint is
equivalent to

min ﬁ)(x)
{ st. x € {x] A(x) < 0} NTFg. (3.39)

We point out that in certain cases the constraint set in the aforementioned problem
is a finite one.

Remember that in Section 1.2 we have turned some algebraic problems into
ones related to LMIs. Now we can recognize that these formulated problems (1.13),
(1.15), and (1.17) are all convex optimization problems with LMI constraints.

3.5.3 Standard Problems

In this section, we introduce briefly the three standard problems involving LMIs.
Many problems can be transformed into one of these standard forms. In the fol-
lowing, A(x), B(x), C(x) and L(x), R(x) are assumed to be matrix functions of
appropriate dimensions, which are all linear in vector x.

3.5.3.1 Feasibility Problem

Problem 3.7 Find a solution'x € R” satistying the following LMI:
A(x) < B(x).
The corresponding function for solving this feasibility problem in the

MATLAB® LMI Toolbox is feasp, which solves the following auxiliary convex
optimization with LMI constraints:

min ¢
{ s.t.  A(x) < B(x) + ¢, (3.40)

where x and the scalar ¢ are the decision variables.

3.5.3.2 Convex Minimization Problem

Problem 3.8 Given aconvex function f'(x), find asolution x € R” to the following
minimization problem with LMI constraints:

min  f(x)
st. AW < B(). (3.41)
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The corresponding function for solving this problem in the MATLAB LMI
Toolbox is mincx, which solves the LMI problem:

min  ¢lx
{ s.t. L(x) < R(x), (3.42)

where x is the vector of decision variables.

3.5.3.3 Generalized Eigenvalue Problem

Problem 3.9 Find a solution x € R” to the following minimization problem

min A

s.t. A(x) < AB(x)
B(x) >0 (3.43)
C(x) <0,

where x is the vector of (scalar) decision variables.

The corresponding function for solving this problem in the MATLAB LMI
Toolbox is gevp.

In practical applications, many problems involving LMIs can be classified into
these three types. The MATLAB LMI toolbox provides a very efficient and conve-
nient package for solving these three types of problems involving LMIs. For details
please refer to the appendix or the user’s guide on LMI Control Toolbox for Use
with MATLAB (Gahinet etal. 1995).

3.6 Notes and References
3.6.1 About This Chapter

This chapter introduces some basic facts and results about optimization theory. This
chapter is necessary because, as we have seen from Section 3.5.3, LMI problems are
generally optimization problems, and moreover, with this chapter we can fulfil the
task to reveal theoretically the reasons behind the advantages of LMI problems.
The first two sections introduce convex sets and convex functions, respectively.
An important fact we learn in these two sections is that a convex function defined
over a compact convex set is less than zero if and only if it is less than zero on
all the extreme points of the convex set. With sufficient preliminaries provided in
these two sections, general mathematical optimization and convex optimization are
presented in Sections 3.3 and 3.4, respectively. As we have seen in Section 3.4
that convex optimization problems possess an extremely good property, that is, any
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locally optimal point is globally optimal! It is such a property that really makes
convex optimization so useful, so appealing and popular.

Finally, in Section 3.5, we turn to look into the LMI problems. It is shown that
LMI constraints form a convex set, and an LMI holds within a compact convex
set if and only if it holds on the extreme points of this set. Such facts tell us that
an optimization problem with LMI constraints and a convex objective is a special
convex optimization problem. So no wonder LMIs today have attracted so much
attention in the control community.

For those readers who want to learn more about optimization theories and
techniques, we recommend, among the many books on optimization, Torn and
Zilinskas (1989) and Boyd and Vandenberghe (2004). Torn and Zilinskas (1989)
stresses on global optimization and many of the methods that have been proposed
for locating the global minimum of a function numerically are described. Boyd and
Vandenberghe (2004) is about convex optimization, which includes least-squares
and linear programming problems. It is well known that these problems can be
solved numerically very efficiently, while this book has demonstrated to us that the
same can be said for the larger class of convex optimization problems.

3.6.2 Open Source Software CVX

The open source software package, CVX, was designed especially for convex opti-
mization by Michael Grant and Stephen Boyd and was implemented by Michael
Grant (Grant et al. 2000). It incorporates ideas from earlier work by Crusius (2002),
Wu and Boyd (2000), and some other researchers. The modeling language follows
the spirit of AMPL (Fourer et al. 1999) or GAMS (Brooke et al. 1998). How-
ever, unlike these packages, CVX was designed from the beginning to fully exploit
convexity. The specific method for implementing CVX in MATLAB draws heavily
from YALMIP.

CVX is very easy to learn, and very easy to use, yet it is quick, reliable, and
powerful. It works very efficiently and solves almost all of the convex optimization
problems that one can formulate. Since most of the LMI problems are convex,
instead of using the MATLAB LMI toolbox, one can also use CVX to solve LMI
problems, but generally the reverse is not realizable. The latest version of CVX and
the user’s guide can be respectively retrieved from the following websites:

m heep://www.stanford.edu/~boyd/cvx
m  heep://evxr.com/cvx/cvx_usrguide.pdf

3.6.3 Counterexample for Numerical Reliability

Numerical reliability is a very important issue in both computational theory and
applications. Regarding numerical reliability, we need to understand the following:
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m  Numerical reliability is a very important issue in numerical computation.

m Certain problems are good-conditioned (e.g., singular value decomposition),
which may be solved efficiently using certain existing numerical methods with
acceptable precision.

m Certain problems are ill-conditioned (e.g., some matrix inverses), solutions
with acceptable precision to such problems are difficult to derive numerically.

While emphasizing the fact that convex optimization with LMI constraints is very
numerically reliable, here we demonstrate by a pole assignment benchmark problem
thatill-conditioned problems do exist. With this particular pole assignment problem,
we will find that a solution with an acceptable precision to this problem is difficult
to derive using the best algorithms at present.

The following problem is a well-known one and has been considered by several
investigators (e.g., Mahmoud et al. 1998, Petres et al. 2007, Duan 2008).

Problem 3.10 Given the following single input benchmark system

x=Ax+ Bu

with

20 1

20 19 0

A= , B= >
20 1 0

find a matrix

K=k k- k]
such that

AA+ BK) = {s1,52,-..,50}

where 5;, i = 1,2,...,20, are a set of arbitrarily given self-conjugate complex
numbers.

For this problem, we consider 14 different groups of prescribed closed-loop
eigenvalues. They are selected in a most “natural” way and are listed in Table 3.1
(Duan 2008).

There are two well-known functions in MATLAB for solving pole assignment,
place and acker. place is produced based on the pole assignment method
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Table 3.1 Prescribed Closed-Loop Eigenvalues

Case Set of Eigenvalues, T

1 1,2..., 20

2 (-1, =2,..., =20}

3 {(1£i, 2£i,..., 10£}

4 (=14i, —2+i,..., —10£ i}

5 (1+i, 242i,...,10 £ 10}

6 {=1%i —=2%2i,..., =10 =10/}
{1,2,...,10, 1+i, 2+1i,..., 5+1i}

8 (-1, =2,..., =10, =1xi, =2+i,..., 5%}

9 (=1, =2,..., =10, 140, 2+i ..., 5+

10 (1,2,...,10, —14i, —2+i 0., =54}

11 (1,2,...,10, 1+i, 2+2i,..., 545/}

12 (-1, =2,...,-10, =1+, —2+£2j,..., =5+ 5i}

13 (=1, =2,..., =10, 1+, 24+2j,...,5£5i}

14 {1, 2,...,10, =1xi, —2+£2i,...,-5%5i}

proposed by Kautsky et al. (1985), which suits both single-input and multi-input
systems, while acker is based on the well-known Ackermann’s formula, which
suits only single-input systems.

We have tried both functions for the 14 different cases, and the results are
outlined as follows:

m For Case 1, both functions place and acker work well. In terms of
precision, place gives slightly better results than acker when the derived
gain matrix X is rounded off to nine digits.

m For Cases 2 through 14, place works for Cases 5, 6, and 14. It refuses to
produce a result for all the other cases. Furthermore, although place works
for Cases 5, 6, and 14, it produces very poor results for these case. More
precisely, for these three cases, even when the gain matrix X is not rounded
off, the closed-loop eigenvalues produced by this function have gone far away
from the prescribed ones.

m Unlike function place, acker works for all Cases 2 through 14. However,
like function place, it actually produces for each case a completely different
set of closed-loop cigenvalues from the prescribed one.
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To sum up, for the aforementioned simple and neat pole assignment problem,
the two well-known functions in MATLAB for solving pole assignment, namely
place and acker, in fact gives correct results for only one case out of 14 ones. These
results can be very easily checked, and readers are strongly encouraged to try the
solutions by themselves, the eigenvalues of the matrix A+ BK can be easily obtained
using the MATLAB function eig. For a more detailed discussion on this example,
please refer to Duan (2008).

These results tell us that the MATLAB functions place and acker for solv-
ing pole assignment, although have been quite complete, are not generally quite
numerically reliable. On the other hand, this also indicates that this particular pole
assignment problem is an ill-conditioned one. With this example, we wish to remind
the readers to realize the fact that many numerical methods work theoretically but
may not always practically!

Now come back to LMIs, unlike this problem, almost all convex optimization
problems with LMI constraints can be solved efficiently and reliably.

3.6.4 Numerical Examples in the Book

Generally speaking, with complicated numerical computations, no matter how
reliable an algorithm is used, there is always a computational error. The problem is
really how large the computational error is.

From the next chapter on, we'will encounter in this book some numerical
examples related with the various proposed LMI problems. Although these problems
are convex and can be solved numerically reliably, some of the produced results may
still possess relatively large errors. Therefore, for some of the numerical examples in
the book, the results maybe not repeatable by readers.

Taking Example 10.4 forexample, it treats the problem of mixed robust Hoo/H>
designs with desired pole region. Using the function mincx in the MATLAB LMI
toolbox, we produced a set of numerical results. Yet with the same MATLAB codes
running on a different machine, we obtained a different set of results. It can be
observed from Table 3.2 that these two sets of results really differ from each other
withsome degree. However, in spite of the considerable differences in these two sets
of results, it is interesting to note that both sets of results produce the same feedback
gain matrix

—1 —1.0000 0.0000 —1.0000
K=wx—= [ ~2.0000 —1.0000  0.5000 ] '

We point out that, besides Example 10.4, there are also some other ones, such
as Examples 9.3 and 10.3, whose results maybe also not repeatable to a very high
precision.

With the numerical examples in the book, there is also another problem, that is,
the effective number of digits in display. Say, for example, with the values of the
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Table 3.2 Two Different Sets of Results for Example 10.4

Variables

23553  —2.6201 0.4250
X=10% x| _26201 66853 1.0505
04250  1.0505 1.0143

—2.7803 1.5696 —1.4393
Results in the book W =108 x

—-1.8779 —-0.9198 —1.3935

Z=11777 x 1074

(yoo, y22) — (0.0316, 0.0002)

(@, B) = (2.6639 x 108, 2.6618 x 108)

23724 227203 03856
X=10% x| 227203 64923 0.8691
03856  0.8691 0.8908

—2.7580 1.8512 —1.2764
The different results | W = 108 x

—-1.8317 —0.6171 —1.1948

Z =9.5608 x 10~°

(v, v2) = (©.0224, 0.00002)

(@, B) = (2.8086 % 108, 2.8030 x 108)

matrices W and X in Table 3.2 how many number of digits should be used? Maybe
at least 10! From this point of view, please bear in mind when reading this book
that some of the numerical results displayed in this book with a specific number of
digits have only some format sense, while their real values with a proper satisfactory
precision are really stored in the computer and are used in computation. This is why
with the two sets of matrices W and X given in Table 3.2 the finally computed gain
matrix K could be the same.

Coming back to the numerical reliability problem, the aforementioned phe-
nomenon appeared in Example 10.4 does not contradict with our theory that LMISs,
as a type of convex optimization problems, can be solved numerically reliably. The
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two sets of results are still close to each other, and the gain matrix X in which
we are really interested is the same. We have seen with the aforementioned pole
assignment benchmark problem in the aforementioned section that the solution to
some bad-conditioned problems may have really gone meaning]ess.

After all, the phenomenon discussed in this section again highlights the impor-
tance of numerical reliability. It does exist in many numerical computations. It
is partially the problem of numerical reliability that makes LMI techniques so
important and attractive.

Exercises

3.1

3.2

3.3

3.4

3.5

3.6

3.7

Let X be a linear space, E; C X, i = 1,2,...,n, are convex sets. Find out
n n

whether (J E; (or M E;: ) is convex or not.

i=1 i=1
Prove Proposition 3.1, that is, let f;, 7 = 1,2, .., m be a group of convex
functions defined over the convex set 2, then for arbitrary scalars or; > 0,
i=1,2,...,m, the combination ¢ = szzl a;f7 is also a convex function
over Q2.
Prove Proposition 3.2, that is, let /" be a convex function defined over the
convex set €2, then for arbitrary scalar @ the set 2, = {x | f(x) < o} is
convex.

(Feng 1995, p. 1) Given 4; € R”, B; e R, let
M; = {xeR”|b}x§ﬁi}, i=1,2.

Show that M N M, is a convex set.
(Feng 1995, p. 100)-Let / : R” — R be a positive homogeneous function,
that is,

flax) = af (x), foraeR, xeR”.
Show that /" is a convex function if and only if
f+y <f@+1( (3.44)

for any x,y € R”.
Prove that the following functions are convex

fx)=¢", a€R a#0,
f(x) = |x|P> = 1.

Show that Problem 3.4 is a convex optimization problem.
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Chapter 4

Stability Analysis

Stability is the most important property of control systems. In this chapter, we
examine the stability of control systems using LMI techniques. These problems
include the well-known Hurwitz stability and Schur stability, and also the robust
stability of uncertain systems as well as the stability of time-delay systems.

4.1 Hurwitz and Schur Stability

Stability is the most important property of dynamical systems. In this section, we will
present LMI conditions for stability of both continuous- and discrete-time systems.

4.1.1 Hurwitz Stability

Consider a continuous-time linear system in the form of
x(2) = Ax(2), (4.1)

with A €R”*”. It is said to be stable if all the cigenvalues of the matrix 4 have
nonpositive real parts; in this case, we also say that the matrix 4 is Hurwitz crit-
ically stable, and it is said to be asymprotically stable if all the eigenvalues of the
matrix A have negative real parts, and in this case we also say that the matrix 4 is
Hurwitz stable.

The problem of Hurwitz stability analysis can be stated as follows.

Problem 4.1 Given A € R”*”, check the Lyapunov stability of the continuous-
time linear system (4.1), or equivalently, the Hurwitz stability of the matrix A.

95
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According to the well-known Lyapunov stability theory, the solution to this
problem can be immediately given.

Proposition 4.1 The continuous-time system (4.1) is Hurwitz stable if and only
if there exists a matrix P € S”, such that

(4.2)

P>0
ATP + PA < 0.

Proof Let the continuous-time system (4.1) be stable, then by well-known results
in linear systems theory, for arbitrarily given Q € S” and Q > 0 there exists a matrix
P € §”, P> 0 such that the following Lyapunov equation holds:

AP+ PA=—Q. (4.3)

This implies the relations in (4.2).
Conversely, let the relations in (4.2) hold. Define

Q=—(4"P+P4),

then Q > 0 holds, and the Lyapunov matrix equation (4.3) holds. Again applying
the Lyapunov stability theory we conclude that the continuous-time system (4.1) is
stable. With this we complete the proof. |

By the aforementioned proposition, the problem of checking the stability of a
continuous-time linear system is converted equivalently to a problem of finding a
symmetric matrix satisfying a pair of LMIs.

Example 4.1

Consider the yaw/roll channel attitude system of an unrotating missile, whose
linearized model at certain time is

-0.5 1 0 0 0 0 O
—62 -0.16 0 0 30 0 O
x(=1 10 0 -50 40 5 | x®+1]10 0 [u®.
0 0 0 —40 0 4 0
0 0 0 0 =20 0 20

This model has been considered by Duan and Wang (1992) and Jiang (1987).
Applying the MATLAB® function feasp in MATLAB LMI toolbox to the
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corresponding LMIs problem (4.2) gives the following solution

2.3840 -0.0134 0.0014 0.0027 —-0.1635
—0.0134 0.0386  0.0001 0.0002 0.0483

P=1| 0.0014 0.0001 0.0124 0.0071 0.0013 | > 0.
0.0027 0.0002 0.0071 0.0219 0.0015
—0.1635 0.0483 0.0013 0.0015 0.1021

Therefore, the system is stable. In fact, by the MATLAB function eig, it can be
verified that the system poles are —50, —0.3300 £ 7.8722j, —40 and —20, which
are all stable ones.

4.1.2 Schur Stability

Parallely, the stability analysis problem for a discrete-time linear system can be stated
as follows.

Problem 4.2 Given A € R"*”, check the Lyapunov stability of the following

discrete-time linear system
x(k+ 1) = Ax(k). (4.4)

This is equivalent to check the Schur stability of the matrix 4; in other words, this
is equivalent to check if all the eigenvalues of the matrix 4 are located within the
unit circle of the complex plane.

Again, according to the well-known Lyapunov stability theory, we have,
corresponding to Proposition 4.1, the following result about solution to the
aforementioned problem.

Proposition 4.2  The system (4.4) is Schur stable if and only if there exists a matrix
P € S”, such that one of the following three LMIs holds:

P>0
{APAT —pP<o, 45)
—P PAT
M1=[AP _P} <0, (4.6)
—P AP

Proof  Similar to the proof of Proposition 4.1, the first condition (4.5) can be easily
shown according to the Lyapunov stability theory for linear discrete-time systems.
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Since the Schur complement of the element —P (the (1,1) position) in the matrix
appearing on the left-hand side of (4.6) is

—P — AP(—P)"'PAT = APAT — P,

condition (4.6) can be easily shown to be equivalent to (4.5) with the help of the
well-known Schur complement lemma. Using the Schur complement of the element
—P (the (2,2) position) in the matrix appearing on the left-hand side of (4.7) we
can also show the equivalence between (4.7) and (4.5). [ |

Example 4.2
Consider the following discrete-time linear system:
-0.5 2 0
xk+1hH=| 0 =025 0 |xtk).
1 0 —0.5

Applying the MATLAB function feasp in<the MATLAB LMI toolbox to the
corresponding LMIs problem (4.6) gives the following solution

9.6315 1.2549 0.1157
P=11.2549 1.0367 +—0.1235 | > 0.
0.1157 —0.1235 22.7700

Therefore, the system is stable. In‘fact, by the MATLAB function eig it can be
easily verified that the system poles are —0.5000, —0.5000, and —0.2500, which
are all stable ones.

Remark 4.1 * Ttis obvious that AT is Schur stable if and only if A is Schur stable.
Substituting A by A' in Proposition 4.2, we obtain another set of LMIs on the
stability as follows:

P>0
ATPA—P <0,

P PA
M = [ATP —P] <0

—P A'p
M4—|:PA _P]<0.

Remark 4.2  After going over the results in this section, readers might ask the
following question: While the eigenvalues of a matrix can be obtained as easily
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as typing eig in the MATLAB window and then pressing the enter key, then
why LMIs?

The answers to this question are really of two aspects:

1. Solving the eigenvalues of a matrix is not generally a good-conditioned prob-
lem, and hence checking the stability by finding eigenvalues may have the
risk of leading to wrong conclusions, while the LMIs can be always solved
numerically efficiently and reliably, and hence can be fully trusted.

2. The LMI conditions proposed in this section can indeed be used to verify
the Hurwitz or Schur stability of a given matrix as proven, while the more
important point is that, as is demonstrated in Chapter 7, these LMI conditions
are also useful in solving the problem of stabilization.

4.2 D-Stability

In the last section, we have presented LMI conditions for the well-known Hurwitz
and Schur stability of matrices. In this section, we will introduce the concept of
D-stability, which is a generalization of Hurwitz stability and Schur stability. As
in the sequential section, our main task is to establish the LMI conditions for the
D-stability of a matrix with different given ID-regions.

Definition 4.1  Let D be a domain on the complex plane, which is symmetric
about the real axis. Then, a matrix A € R”*” is said to be [D-stable if

rAeD, i=1,2,...,n (4.8)

4.2.1 Special Cases

In the following, we consider a few typical cases.

Case . D=Hyp={x+jy| —B <x < —a}

In this case, the D-stability condition (4.8) requires that all the eigenvalues of the
matrix A are located in the strip region shown in Figure 4.1.

Proposition 4.3 The matrix A € R”*” is [H g-stable if and only if there exists a
matrix P € S” satisfying

P>0
AP+ PA+2aP <0 (4.9)
ATP+ PA+2BP > 0.

Vl&,’/
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i

Figure 4.1 Strip region Hy g.

Proof*  The sufficiency holds obviously. Then, we only prove the necessity.

That the matrix A € R"” is H, g-stable is equivalent to the fact that both
A+ of) and — (A + BI) are Hurwitz stable. According to Lyapunov stability
theory, (A+ /) is Hurwitz stable if and only if for any Q >0, there exists a
P, € S", P, > 0, such that

A+aD) Py + Py (A+el)=—Q,
which can be converted to
APy 4 PyA = —2aP, — Q, (4.10)

while — (A + B1) is Hurwitz stable if and only if there exists a Pg € S”, Pg > 0,
such that

(=A— BN Py + Py (~A = BI) = —Q,
which can be converted to
ATPg 4 PgA = —2BPs + Q. (4.11)
Adding (4.10) and (4.11), we have
A" (Py + Pg) + (Pu + Pg) A= —2aP, — 2Pp.
Letting
P=Py+Pg >0,
yields

AYP + PA= —2aP, — 28Ps,
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which means

ATP + PA+2aP =2 (o — B) Pg,
and

ATP 4+ PA+2BP =2 (B — ) Py.

Since « — B < 0, then (4.9) holds obviously. With this we complete the proof of
the result. u

When B = o0, denote Hy, = Hy 0o = {x +jy | x < —a}. In this case, the last
inequality in (4.9) vanishes obviously.

Case I.D =Dy, = (x+jy | (x+ q)° +y? <%

In this case, the D-stability condition (4.8) requires that all the eigenvalues of the
matrix A4 are located in the circle shown in Figure 4.2.

Proposition 4.4 The matrix A € R”*"is D, ,)-stable if and only if there exists
a matrix P € S”, such that

—rP qP + AP
|:qP+PAT P :| < 0. (412)

Proof The matrix A € R”” is ]D)( o) -stable is equivalent to the fact that the
matrix

I
A=;M+ﬂ)

Figure 4.2 Disk region D (g ).
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is Schur stable. Therefore, the problem has a solution if and only if there exists a
matrix P € S”, such that

P>0
(A+ gD TPA+ qI) — #P < 0.

By the well-known Schur complement lemma, this is easily shown to be further
equivalent to the LMI in (4.12). [ |

Remark 4.3 In the case of D = H, N ]D(q’,), both conditions (4.9) and (4.12)
should be satisfied. Therefore, for this case, the matrix A4 is D-stable if and only if
there exists a matrix P € S”, such that

A+aDIP+PA+al) <0

—rP qP + AP 0 (4.13)
gP+PAT = | T

Example 4.3

Consider the D-stability of the following linear system:

—4.2386 -~ —0.2026 0.7193
x(t) = 2.6649 —2.8342 0.0175 | x(v),

0.0344 0.0005 —3.1772

where D = Hy N Dig, with =2, g=3, and r=3. Applying the MATLAB
function feasp in the MATLAB LMI toolbox to the corresponding LMI problem
(4.13) gives the following solution

0.0270 0.2376 —0.0042

0.2046 0.0270 0.0211
P= > 0.
0.0211 —0.0042 0.3462

Thus, we can conclude that the system is D-stable. In fact, by the MATLAB function
eig it can be easily verified that the system poles are —3.5184, —3.4806, and
—3.2510, which are indeed located within the region D = Hy N D(g,r)-

4.2.2 General LMI Regions

Besides the two types of regions, we have a more general type of regions, which are
called LMI regions.
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Definition 4.2  Let D be a region on the complex plane. If there exist matrices
L eS™” and M € R”*" such that

D={s|seC, L+sM~+3M" <0}, (4.14)
then I is called an LMI region and is usually denoted by Dz ar),
Fp(s) = L+sM+35M"
is called the characteristic function of the LMI region D7 7).

The following proposition reveals a fundamental property of LMI regions.
Proposition 4.5 An LMI region is convex and symmetric about the real axis.
Proof  The symmetry property is obvious. To show the convexity, we choose
arbitrarily two points 51,5, € D, and define

S =0s5+(1—-0)s5, 0<0<1.
By definition, we have
L+saM+5M" <o,
and
L+oM+5M' <o.
Using these relations we can derive
Lt M +57M"
=L+ O+ A=) M+ +(1—0)5)M"
=LA+ O0sM+05 M +(1—0) M+ (1—0)5,M'

=0 (L+sM+5M")+ (1 —0)(L+oM+5M")
<0, V0O<6<I.

This shows the convexity of the set D in (4.14). [ |

Example 4.4

The halfplane

Hy ={x+jy | x < —a <0}
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is an LMI region because

Hy = {x+jy | x < —a}
= {s | Re(s) < —a}

:{s

that is, Hy is an LMI region with L = 2e, M = 1. Thus, the characteristic
function is

%(5+§)<—a},

Fi, () =20 +5s+5.

Example 4.5

The strip
Hyp={x+jy| -8 <x<—a <0}
is also an LMI region because

Ha/ﬂ:{x+jy|—ﬁ<x<—a}
={s| —B < Re(s) < —a}

={5|—l3<%(5+§)<—a}

={5

that is, Hy, g isan LMI region with

o 0 1 0
S

Thus, the characteristic function is

« 0], 1 O 1 0],
FHa,ﬁ(S)ZZ[O —,3]+[0 —1]5+[0 —1]5‘

%diag(s, —s) + %diagG, —5) + diag(er, =) < 0 } ,

Example 4.6

The disk

D(q,r) ={x+jyl (X+q)2 +y2 < r2}
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is an LMI region. In fact,
Dign = +jy | (x+q)* +y> <)

={s1(s+q)G+aq) <r’)
-l 2l
5l alle o] <o}
that is, D (4, is an LMI region with
wel2 1]

=[5
q —r

Example 4.7
The sector, shown in Figure 4.3,
Dg = {x+jy | |y| < —xtan6},
with0 <0 < %, is an LMl region. In‘fact,
Dy = {x+jy||y| <—xtan6}
= [x+jy‘y2 <x’*tan’6, xtanf < 0]

e [x—i—jy‘y2 cos® 6 < x*sin®6, xsinf < O}

ImA

Figure 4.3 Region Dy.
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I xsing iycosé 0
Y —iycosf  xsinf =

_ (s+3)siné (s —3)cosb
B {5’[(—5+5)cos9 (s+§)sin9] = O}/

that is, Dy is an LMI region with

=0, /\/I:[ sin@ cos@].

—cosf  siné

The following proposition further shows an important property of an LMI region.

Proposition 4.6 LetD; and D, be two LMI regions with characteristic functions
Fp, and Fp,, respectively. Then, D = D; N D, is also' an LMI region whose

characteristic function is

Fp = diag(F]]])1 , FDz) S

Proof It follows from the given conditions that
Dy = {s'| Fp;(s) < 0},
D, = {s| Fp,(s) < 0},

and
D=D,ND,
={s | fp, (s) < 0, Fp,(s) < 0}
= {s | diag(Fp, (), v, (5)) < O}.
Thus, the conclusion clearly follows. [ |

4.2.3 Generalized Lyapunov Theorem

Recall that the Kronecker product of a pair of matrices A € R”*” and B € R/*7 is
defined as follows:

anB  apB - a,B

B B ... B
Agp=|"" DT e mrexn

ﬂmlB 4m2B e ﬂmnB

The following lemma lists some manipulation rules related to Kronecker products.
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Lemma 4.1 Let 4, B, C be matrices with appropriate dimensions. Then, the
Kronecker product has the following properties:

1 ®A=A4;

A+BR®C=AR C+BRC
AR B)(CQ®D)=(AC) ® (BD)
A® BT =AT @ BT

A®B) '=A"1g B!

LA ® B) = {1 (ADA;(B)}

In terms of Kronecker products, the following theorem gives the D-stability
condition for the general LMI region case.

Theorem 4.1 Let D =Dy be an LMI region, whose characteristic
function is

Fp=L+sM+3M".

Then, a matrix A € R”*” is D7 as)-stable if and only if there exists a symmetric
positive definite matrix P such that

RoA,P)=L®P+M® (AP)+ M' @ (AP)T <0, (4.15)

where @ represents the Kronecker product.

The aforementioned theorem can be viewed as a generalization of the well-
known continuous- and discrete-time Lyapunov theorems. We remark that this
result is really amazing since it not only covers both the well-known continuous-
and discrete<time Lyapunov theorems, but also gives truly essential generalization
to both of them. For a proof of this theorem, please refer to Appendix A. Although
the proof is a bit lengthy, we strongly encourage the reader to go it over since this
result is so important.

According to the definition of the Kronecker product, the generalized Lyapunov
inequality (4.15) can also be written in the following form:

Rp(A, P) = [@P + myj (AP) + my, (AP)T] <0, (4.16)

(vn) X (un)
where
n ll-]- and m;; are the 7th row and jth column element in the matrices L and M,

respectively
m v is the number of rows in L
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Lemma 4.2 Given two LMI regions D; and D, a matrix 4 is both ID;-stable
and D,-stable if and only if there exists a positive definite matrix P, such that
Rp,(4, P) < 0 and Rp, (4, P) < 0.

Proof Denote the associated characteristic functions of the LMI regions ID; and
D, respectively as

Fp, = Ly + sMy +3M{,
and
F]DJ2 =1Ly +sM, —I-}M;.

According to Proposition 4.6, the characteristic function of the LMI region D =
D; N'D; can be represented by

Fp = diag(Fp,, Fp,) = L +sM +3M",
where

L = diag(Ly, )5 M = diag(M;, M).
Then,

Ry(A,P) =L®P+MQ(AP) + M @ (4P)T
= diag(L1,42) ® P+ diag(My, M3) @ (AP) + diag(M1, M2)" ® (AP)T
= diag(L; ® P + M) ® (AP) + M ® (AP)",
Ly®P+ M, ® (AP) + M," ® (AP)")
= diag(Rp, (4, P), Rn, (4, P)),

which means
Rp(A,P) <0< Rp,(4,P) < 0and Rp, (4, P) < 0.

Thus, the conclusion holds. |

Example 4.8
Consider the following LMI region

Ste, r,0) = {(x, y) |x < —a <0, [x+jy| <r, |y| < —xtano} 4.17)
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Figure 4.4 LMl region S(«, r, ).

shown in Figure 4.4. We will show that a matrix'A is S(e, r, 6)-stable if and only if
there exists a symmetric matrix P, such that the following three LMiIs are satisfied:

2aP + AP+ PAT <0, (4.18)
—P. AP
[PAT _rP] <0, (4.19)

(AP + PAT) sin® (AP - PAT) cosf

< 0. (4.20)
(PAT — AP) cos 6 (AP + PAT) sinf
This example has clearly a practical meaning. It is known that the transient
response of a linear system is related to the location of its poles. By constraining
poles to liein a prescribed region, specific bounds can be put on these quantities
to ensure a satisfactory transient response. Confining the closed-loop poles to
S(e, r,0) region ensures a minimum decay rate «, a minimum damping ratio
¢ = cosf, and a maximum undamped natural frequency wy = rsin 6. This in turn
bounds the maximum overshoot, the frequency of oscillatory modes, the delay
time, the rise time, and the settling time.
Note that the region S(e, r, 0) in (4.17) can be represented in the intersection
of three LMI regions, that is,

S(a, r,0) = Hy "Dy N Dy, (4.21)
where their associated characteristic functions are
Fr, = L1 +sMy +3M],

Fp, = L +sMy +3MJ,
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and
Fp, = L3 +sM3 +3M3,

with

—-r 0 0 1
sin@  cos 0]

l3=0, Ms= |:—c059 sin@

According to Proposition 4.6, the characteristic functions of LMI region S(e, r, 6)
can be represented by

FS(,r,0) = diag(Fu,, Fp,, Fp,) = L +sM +5M?,
where

L = diag(Ly, L, 13), M= diag(M;, Mo, M3),
and it is easily shown that

Rp, (A,P) = 2aP + AP+ PAT,

—rP AP
Rp, (A P) = [PAT —rP] '

and

(AP n PAT) sind (AP - PAT) cosf
Ro, (4 P) = (PAT=AP)cose AP+ PAT)sing

Therefore, a matrix A is S(e, r, 6)-stable, according to Lemma 4.2, if and only if
there exists a symmetric matrix P satisfying the three LMIs (4.18) through (4.20).

4.3 Quadratic Stability

In this section, we treat the quadratic Hurwitz and Schur stability analysis problem.
Different from the previous sections, here the stability of families of systems is
considered instead of a single one.
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4.3.1 Family of Systems

Consider the following uncertain system
px(t) = A8(2)x(2), (4.22)

with p being chosen as in one of the following two cases:

Case 1: p represents the differential operator. In this case, the system is a continuous-
time one, and possesses the following form:

x(2) = A8())x(2),

and here ¢ is a continuous variable.
Case 2: p represents the one step forward shift operator. In this case, the system is
a discrete-time one, and possesses the following form:

x(t+ 1) = A6 (2))x(2),

and here ¢ is a discrete variable.
The system coefficient matrix takes the form of

AS(2)) = Ao + AAGS(2)), (4.23)

where Ag € R”*” is a known matrix, which represents the nominal system matrix,
while

AAS(2)) = 81(1)A1 + 82(£) Ay + - - - + 84 (£) Ay, (4.24)

is the system matrix perturbation, where

m A; € R i = 1,2,...,k are known matrices, which represent the
perturbation directions.

m 8,(r), i = 1,2,...,k, are arbitrary time functions, which represent the
uncertain parameters in the system.

m §(r) = [81(1‘) S2(t) - Sk(t)]T is the uncertain parameter vector,
which is often assumed to be within a certain compact and convex set A,
that is

() =[81() &) -+ )] €A, (4.25)

and this set A is called the set of perturbation parameters.
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d5

Figure 4.5 Set A, case of k = 3.
In practical applications, often two types of perturbation parameters sets are used.
One is the following regular polyhedron:
Ar={8@) [8:(r) € [6;7,8 ) i=1,2,...,k}. (4.26)

In this case, the system (4.22) through (4.24) is called a type of interval systems.
The other type of perturbation parameter set is the following polytope

k
ZSi(t)=l, §:(1)>0, i=12... k¢, (4.27)
i=1

Ap = {S(t)

which is clearly a regular polyhedron in R* (see Figure 4.5). In this case, the system
(4.22) through (4.24) is called a type of polytopic systems.

4.3.2 Quadratic Hurwitz Stability

Fora family of systems, the so-called quadratic Hurwitz stability is defined as follows.

Definition 4.3  The system (4.22) through (4.24), with V§(z) € A, is called
quadratically Hurwitz stable if there exists a symmetric positive definite matrix P,
such that

AT ()P + PAB(1) <0, V8(2) € A. (4.28)

The following theorem reveals the relation between quadratic Hurwitz stability
and Lyapunov stability.
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Theorem 4.2  Let the system (4.22) through (4.24), with V§(z) € A, be quadrat-
ically Hurwitz stable. Then the system (4.22) through (4.24) is uniformly and
asymptotically stable in the Lyapunov sense for every 8(¢) € A.

Proof  1fthe system (4.22) through (4.24), with V8 (¢) € A, is quadratically Hurwitz
stable, then (4.28) holds for some P > 0. It thus follows from (4.28) that V(x) =
x1 Px is a quadratic form Lyapunov function of system (4.22) through (4.24) and
satisfies

L dV(x()

Y=

= x' [AT ()P + PA(1))] x
< 0.

Therefore, V' (x) is a monotone decreasing function and satisfies
V(x) < x' (1) Pr(to)-

So V(x) is bounded. On the other hand, since P is a symmetric positive definite
matrix, we have V(x) = x1Px > 0. Finally, in view of the fact that V(x) is
independent of time #, it follows from the well-known Lyapunov stability theories
that the system (4.22) through (4.24) is uniformly and asymptotically stable in the
Lyapunov sense for every §(¢) € A. |

The following result reveals the fact that a family of systems is quadratically
Hurwitz stable over a compact and convex set of parameters if and only if it is
quadratically Hurwitz stable on all of the extremes of the set of parameters.

Theorem 4.3  The system (4.22) through (4.24) is quadratically Hurwitz stable
if and only if there exists a symmetric positive definite matrix P, such that

AY(8)P + PAGS) <0, V8 e Ap. (4.29)

where Af represents the set of all the extreme points of A.

Proof Choose
V(x) = x" Px,
then

V(@) = x' [A"(8(2)P + PAG (1)) ] x.
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It is easy to see that V(8(#)) is linear in 8(#), and thus convex with respect to §(z).
Thus, it follows from Theorem 3.5 that for Vx # 0,

V(1) <0, V8e A= V(©@#) <0, Y5eApg.

This equivalently implies that (4.28) holds if and only if (4.29) holds. The proof is
then completed. [

In view of the fact that, when A = A, we have
Ap={8=[81 & - &]|6i=6; orsl,i=1,2,....k}.

Thus, the following result for the quadratic Hurwitz stability of interval systems
immediately follows from the Theorem 4.3.

Corollary 4.1 The system (4.22) through (4.24), with A = A given by (4.26), is
quadratically Hurwitz stable if and only if there exists a symmetric positive definite
matrix P, such that

AY(S)P+PABS) <0, V8 =587 or8Fy i=1,2,...,k (4.30)

When A = Ap, it is easy to see, referring to Figure 4.5, that
Ap = {elT’ e}, e ez} c R, (4.31)

where ¢; € R¥ is the vector with the ith element being 1 while all the others being
zero. Further, recalling

A1) = Ao + 81() A1 + - -+ + 8p(D) Ay,
we clearly have
Ale) =Ao+A;, i=1,2,...,k

Again following from Theorem 4.3, we now have the following result for the stability
of polytopic systems.

Corollary 4.2 The system (4.22) through (4.24), with A = Ap given by (4.27),
is quadratically Hurwitz stable if and only if there exists a symmetric positive definite
matrix P, such that

(Ao +A) P+ PAy+A4) <0, i=1,...,k (4.32)
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The importance of the two corollaries lies in the fact that an infinite problem is

now converted into a finite problem.

Example 4.9

Consider the following continuous-time linear system:

X = AGO)X®,

with
A@B(D) = Ag + 81 (DA7,
where
-3 0 1 1 0 1
Ag=| 0 =3 0|, Ar=10 =1 0],
1 0 -4 0 T 1
and

81(t) e [=0.1,0.1].

Applying the MATLAB function feasp in the MATLAB LMI toolbox to the
corresponding LMI problem (4.30) gives the solution

0.2623 —0.0000 0.0677
P = |=0.0000 0.2393 0.0001 | > 0.
0.0677 0.0001 0.1944

Thus, the system is quadratically Hurwitz stable.

Example 4.10

Consider a mass-spring-damper system with unit mass. The state-space represen-
tation of the system is (Gahinet et al. 1996, Yu 2002)

X0 = A (d®), k@®) x(®), A(d,k):[_l?(t) _C}(O], (4.33)

where the viscosity d(t) and stiffness k(t) are uncertain and possibly time-varying,
and their values are assumed to be within certain intervals:

k(t) € [k],kz], d(t) e [d1/d2] .
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According to Corollary 4.1, the system is quadratically stable if and only if there
exists a symmetric positive definite matrix P satisfying

AT(d, k)P + PA(d, k) < 0, (4.34)

for
(d, k) = (d1, k1)
(d, k) = (da, k1)

(d, k) = (d1, k)
(d, k) = (da, kp).

(4.35)

Thus, to verify the quadratic stability of the system, we need only to solve the
feasibility problem (4.34) and (4.35). And to do this, the function feasp in the
MATLAB LMl toolbox can be readily used.

For the case of

k(t) € [9.51,12.49], d(t) € [0.451,0.749],
using feasp in the MATLAB LMI toolbox, we obtain a feasible solution

p— 26.7632  0.5439 -0
| 0.5439  2.4332 ’

Thus the system is quadratically stable according to Corollary 4.1.
Unfortunately, for the case of

k(t) € [4,8], d() €1[0.1,0.3],

using feasp in the MATLAB LMI toolbox, we failed to find a feasible solution to
(4.34) and (4.35). Therefore, in this case, the system is not quadratically stable.

Remark 4.4 = When the coeflicients # and 4 are constants, it is well known that the
system (4.33) is asymptotically stable for arbitrary #> 0 and 4 > 0, and hence for
k € [4,8], d € [0.1,0.3] . However, it can be seen that the system with % € [4, 8]
and 4 € [0.1,0.3] is not quadratically stable. Such a fact demonstrates that the
converse of Theorem 4.2 is not true.

4.3.3 Quadratic Schur Stability

In this subsection, we treat the quadratic Schur stability analysis problem, which
is concerned with the stability of the uncertain discrete-time linear system (4.22)
through (4.24). For this family of systems, the so-called quadratic Schur stability is
defined as follows.
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Definition 4.4 The system (4.22) through (4.24), with V§(z) € A, is called
quadratically Schur stable if there exists a symmetric positive definite matrix P,
such that,

AB()PAT(8(2)) — P <0, V8(z) € A. (4.36)

The following theorem reveals the relation between quadratic Schur stability and

Schur stability.

Theorem 4.4  Let the system (4.22) through (4.24), with V§(z) € A, be quadrat-
ically Schur stable. Then, the system (4.22) through (4.24) is Schur stable for every
8(¢r) € A.

Proof  1f the system (4.22) through (4.24), with V§(z) € A, is quadratically Schur
stable, then (4.36) holds for some P > 0, which means, according to Proposition
4.2, that the system (4.22) through (4.24) is Schur stable for every §(z) e A. N

The following result reveals the fact that a family of systems is quadratically Schur
stable over a compact and convex set of parameters if and only if it is quadratically
Schur stable on all of the extremes of the set of parameters.

Theorem 4.5 The system (4.22) through (4.24) is quadratically Schur stable
if and only if there exists a symmetric matrix P, such that one of the following
conditions holds:

P>0
{A((S(t))PAT((S(t)) —P <0, Y8 eAp (4.37)
[ )8 AT_(é) ) A(‘S_(;f)]) ] <0, V8(r) € Ag, (4.38)
_ T
[A(a(S)P A _(i)(t))] <0, V8() € Ap (4.39)

Proof  Ttis easy to see that the LMI (4.36) is equivalent to, according to the Schur
complement lemma,

-P A8 ()P

[PAT(S(t)) _p ] <0, Vé(@) €A, (4.40)
which is linear in §(¢), and thus convex with respect to 8(#). Thus, it follows from
Theorem 3.5 that (4.40) is equivalent to (4.38).
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Using the Schur complement of the element —P (the (1,1) position) in the matrix
appearing on the left-hand side of (4.38) we can show the equivalence between (4.37)
and (4.38). Similarly, using the Schur complement of the element —P (the (2,2)
position) in the matrix appearing on the left-hand side of (4.39) we can show the
equivalence between (4.37) and (4.39). Then the conclusion holds. [ |

The following result for the quadratic Schur stability of interval systems

immediately follows from Theorem 4.5.

Corollary 4.3 The system (4.22) through (4.24), with A = A given by (4.26),
is quadratically Schur stable if and only if there exists a symmetric matrix 2, such

that one of the following conditions holds for §; = §; or 83, i = 1,2,..., k:
P>0
A(8)PAT(8) — P < 0,
—P AP

—P  PAY(¥)
[A(a)P "y ]<0'

Again following from Theorem 4.5 we now have the following result for the
quadratic Schur stability of polytopic systems.

Corollary 4.4 The system (4.22) through (4.24), with A = Ap given by (4.27),
is quadratically Schur stable if and only if there exists a symmetric matrix P, such
that one of the following conditions holds

P>0
(Ao +A)P(Ay+ANT —P <0, i=1,...,k

P (Ao +A4) P

_P(AO+A1‘)T _p ]<0, i=1,...,k (4.42)

N P(Ay + A)T
| (Ao +A4) P ~P

i|<0, i=1,...,k

The importance of the two corollaries lies in the fact that an infinite problem is
now converted into a finite problem.



f
| C——

& controlengineers.ir]
© @controlengineers

Stability Analysis m 119

Example 4.11

Consider the following discrete-time linear system

x(k+ 1) = A@(k)x(k),

with
A(Kk) = Ag + 81 (AT + 82 (KA,
where
9 6 —6 0o -1 1 | 1
Ao=|-5 =2 25|, Aj=|-2 -1 1|, A=| 2 1 -1
7 7 65 —4 -4 4 00
and

81(k) €[1.2,1.8], 8y(k) e [4.2,4.8],

Applying the MATLAB function feasp in the MATLAB LMI toolbox to the
corresponding LMI problem (4.41) gives the solution

2.3466 —1.5238. 1.1474
P=|-1.5238 3.3631 1.8344 | > 0.
1.1474 1.8344  4.4675

Thus, the system is quadratically Schur stable.

Example 4.12

Consider the following discrete-time linear system

x(k+ 1) = A@(k)x(k),

with
A (k) = Ag + 81 (KA1 + 82 (A2,
where
-35 1.2 5 =2 6 -2
Ao = [ -9 3.1]' A= [15 —6]’ Ar = [15 —5]
and

81(k) =0, 8(k) =0, 81k +3dk =T.

Applying the MATLAB function feasp in the MATLAB LMI toolbox to the
corresponding LMI problem (4.42) gives the solution

p_[ 354036 —12.5823]
= 1-12.5823 46416~

Thus, the system is quadratically Schur stable.
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4.4 Quadratic D-Stability

In this section, we continue to investigate the stability of the family of systems in
(4.22) through (4.24). For families of systems, the so-called quadratic D-stability
is introduced, which is indeed a combination of D-stability and quadratic stability.
As in the previous sections, we aim to establish LMI conditions for quadratic
D-stability of families of systems with different ID regions.

4.4.1 Definition and Main Results

In view of Theorem 4.1, we can introduce for families of systems the so-called
quadratic D-stability as follows.

Definition 4.5 Let D=1 ) be an LMI region, whose characteristic
function is

Fp=1L+sM+3M".

The system (4.22) through (4.24), with ¥é(z) € A, is called quadratically Dz 7)-
stable if there exists a symmetric positive definite matrix 2, such that

Rp(A(8(1)), P) = LR P+ M ® (A(8(1))P)

+ MY @ AGH)P)T <0, V5(r) € A. (4.43)

The following theorem reveals the relation between quadratic D-stability and
D-stability.

Theorem 4.6  Let the system (4.22) through (4.24), with V§(z) € A, be quadrat-
ically D-stable. Then, the system (4.22) through (4.24) is D-stable for every
8(r) € A.

Proof If the system (4.22) through (4.24), with V§(z) € A, is quadratically D-
stable, then (4.43) holds for some P > 0. It thus follows from Theorem 4.1 that
the system (4.22) through (4.24) is D-stable for every §(z) € A. [ |

The following result reveals the fact that a family of systems is quadratically
D-stable over a compact and convex set of parameters if and only if it is D-stable on
all of the extremes of the set of parameters.
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Theorem 4.7  The system (4.22) through (4.24) is quadratically Dz ap-stable if

and only if there exists a symmetric positive definite matrix P, such that
Rp(A8(#),P) = LR P+ M Q (A(5(2))P)
+MT @ UAGEH)P)T <0, 8(2) € Ap. (4.44)

Proof It is easy to see that Rp(A(§(¢)), P) is linear in §(¢), and thus convex with
respect to 8(#). Further recalling that A is a compact and convex set, thus it follows

from Theorem 3.5 that for matrix P (4.43) holds if and only if (4.44) holds. Then,
the proof is then completed. n

Lemma 4.3 Given the system (4.22) through (4.24), with V6(#) € A, and two
LMI regions Dy and . Then, the system (4.22) through (4.24) is both quadrat-
ically D;-stable and quadratically I);-stable if and only if there exists a positive
definite matrix P, such that

Rp,(A(5(2)),P) <0 and Rp,(A@B(#),P) <0, §8(z) € A.
Proof  Denote the associated characteristic functions of the LMI regions D and
D, as
Fp, =1L + M +3M1T,
and
Fp, = Ly + sMy +5M;,

respectively. According to Proposition 4.6, the characteristic function of the LMI
region D =1; NI, can be represented by

Fp = diag(Fp,, Fp,) = L+ sM +5M",
where

L =diag(Ly, Ly), M = diag(M, M>).
Then,

Rp(AG(1)),P) = L® P+ M ® (AS())P) + MT @ (AB()P)"
= diag(L1 ® P+ M; ® (AB()P) + M T & (AB(1)P)T,
Ly ® P+ M, ® (AB(1)P) + My" ® (AB(2)P)")
= diag(Rp, (A(8(2)), P), Rp, (A(5(2)), P)),
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which means
Rp(A(8(2)),P) < 0 < Rp, (A(6(2)),P) <0 and Rp,(A(S(),P) < 0.

Thus, the conclusion holds. |

The following result for quadratic D-stability of interval systems immediately
follows from Theorem 4.7.

Corollary 4.5 The system (4.22) through (4.24), with A = A/ given by (4.26),
is quadratically Dz a)-stable if and only if there exists a symmetric positive definite
matrix P, such that

LROP+MQAGBP) +M" @ AP <o,

Si=8; or8t, i=1,2,...,k (4.45)

When A = Ap, following from Theorem 4.7, we now have the following result
for the stability of polytopic systems.

Corollary 4.6 The system (4.22) through (4.24), with A = Ap given by (4.27),
is quadratically Dz a7)-stable if and only if there exists a symmetric positive definite
matrix P, such that

LROP+M® (Ag+ ANV + MY ® (Ao +A)P)T <0, i=1,... k
(4.46)

Example 4.13

Consider again the system in Example 4.9 and the following LMI region
Hys={x+jyl-5<x<-1<0}L
It is easy to find that the characteristic function of Hj 5 is
Fi, 5(5) = L+ sM+35M"

with
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Applying the MATLAB function feasp in the MATLAB LMI toolbox to the
corresponding LMI problem (4.45) gives the solution

0.0003 0.5037 —0.0004

0.4183 —0.0003 0.0680
P=1]- > 0.
0.0680 —0.0004 0.3489

Thus, the system is quadratically Hy 5-stable.

Example 4.14
Consider the following LMI region
Dag) = x+jy | x+4% +y* <8},

and a system in the form of (4.22) through (4.24), with'A = Ap given by (4.27),
where

A _[-21333 —1.3333] 027 0.1 A, _[01 02
0= 1-0.6667 —1.4667|" "1 ]01 02" "2~ |02 o1l

Further, let us assume that the set of perturbation parameters form a polytope in
the form of (4.27), with k = 2.
It is easy to find that the characteristic function of D4 g) is

Fp, 5(8) = L+ sM +3M"
with
-8 4 0 1
=[5 el o)

Applying the MATLAB function feasp in the MATLAB LMI toolbox to the
corresponding LMI problem (4.46) gives the solution

p— 0.0945 0.0091 0
~[0.0091T 0.0862 ’

Thus, the system is quadratically D4 g)-stable.

4.4.2 Some Special Cases

In this subsection, we further examine the quadratic D-stability of system (4.22)
through (4.24), with V8(z) € A, and D being some special LMI regions.
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Corollary 4.7 Given the system (4.22) through (4.24), with V§(¢) € A, and the
LMI region

Hy ={x+jy|x < —a},

the system (4.22) through (4.24) is quadratically H -stable if and only if there exists
a positive definite matrix P, such that

20P + AS(2)) P+ PAY (8(2)) <0, V8(¢) € Ap.

Proof  For the H,, region, it has been shown in the earlier equations that the
associated matrices in its characteristic function are

L=2a, M=1,
thus
Ry, (A8(2)), P) = 2aP +A(5(2))P + PAT 8(2)).

Then, the conclusion holds according to Theorem 4.7. [ |

Corollary 4.8 Given the system (4.22) through (4.24), with V§(#) € A, and the
LMI region

Dy = bty | 49 +57 <),

the system (4.22) through (4.24) is quadratically D(, ,y-stable if and only if there
exists a symmetric matrix P, such that

[ —rP qP + A ()P

o PAT(5()) P i| <0, Vé@) € Ag.

Proof  For the ]D)(q,,) region, it has been shown earlier that the associated matrices
in its characteristic function are

_|-r q _ 10 1
= 2] o]
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thus
—7P qP + A ()P
R A(5(2)),P) = .
D) (ACE). P) L’P + PAT(8(2)) —rP }
Then, the conclusion holds according to Theorem 4.7. [ |

Corollary 4.9 Given the system (4.22) through (4.24), with V§(z) € A, and the
LMI region

Dy ={x+jy| |)/| < —xtanf},
the system (4.22) through (4.24) is quadratically Dg-stable if and only if there exists

a positive definite matrix P, such that
(A ()P + PAT(8(2))) sin®  (A(3(2)P — PAL(5(2))) cos & .
(PAT(8(2)) — AB(£)P) cos®  (A(S(1))P.+ PAT(8(r))) sin 6 RS

Vé(t) € Ag.

Proof*  For the Dy region, it has beenshown earlier that the associated matrices in
its characteristic function are

L2 M=|: sin @ c039i|’

—cosf sinf

thus

Ry, (A(5(2)),P)
= M® (AG))P) + MT ® (AB(1))P)T

_[ sin 0 cos O sinf — cosf

| —cosf sin® cosf®  sinf

} ® (A(8(1)P) + [ } ® (AGBHNP)"

[ (A@@)P + PAT (1)) sin®  (AB(1))P — PAT(S(2))) cos
| (PAT (1) — AGB())P) cos&  (A(S(2))P + PAT(8(2))) sin6 |

Then, the conclusion holds according to Theorem 4.7. [ |

Corollary 4.10 Given the system (4.22) through (4.24), with V8(z) € A, and
the LMI region S(w,7,0) defined in (4.21), the system (4.22) through (4.24)
is quadratic S(«, 7, 0)-stable if and only if there exists a symmetric matrix P,
such that
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20P + A(5(£))P + PAT(5(r)) <0, V8() € Apg,

Lﬁ&mlﬁﬁﬂ<QVW”Aﬁ
(AP + PAT(8(2))) sin®  (A(3(2)P — PAT(8(2))) cos O .
(PAT(8(2)) — A(8(1))P) cosO  (A(8(£))P + PAT(3(r))) sin6 =0

Vé(t) € Ag.

Proof The conclusion directly follows from Theorem 4.3 and Corollaries (4.7)
through (4.9). [ |

4.5 Time-Delay Systems

The problem of stability analysis for a time-delay system can be stated as follows.

Problem 4.3 Given matrices A, 4 € R"*”, check the stability of the following
linear time-delay system

{ﬂﬁ=AMO+AMU—d) (4.47)

x(t) =¢@), t€[—4d,0], 0 <d < a_i,

where
¢ (¢) is the initial condition
d represents the time-delay
d is a known upper bound of 4

4.5.1 Delay-Independent Condition

The following theorem gives a sufficient condition for the stability problem in terms
of an LML

Theorem 4.8  The system (4.47) is asymptotically stable if there exist two
symmetric matrices P, S € S”, such that

P>0
|:ATP +PA+S PA,;] (4.48)
T < 0

AL P =S
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Proof  Let (4.48) hold, then both P and S are positive definite. Therefore, we can
define the following Lyapunov function

V(%) = x1 (2) Px(2) + f <1 (1) Sx(7) dt,
t—d

with
X =x(t+0), 0¢€l[—d 0]
Again using (4.48), we have
V () = x" (8) AT Pr(r) + xT (r — d) A} Px(2)
+ 2T (2) PAx(2) + x" (1) PAge(r — d)
+ x1 (8) Sx(t) — x¥ (¢ — d) Sx(r = d)
=x' (t) (ATP + PA+ S) x() + x' (1) PAyx(t — d)

+xT (¢ — d) AL Px(t) = x¥(t = d) Sx(t — d)

[ s Y [4ae+pars pag|[ =0
| x(r—d) ALp =S || x(t — d)
<0, Vx(#) 20, £ > 0.
The conclusion clearly follows from Lyapunov stability theory. [ |

Remark 4.5 By the Schur complement lemma, the second inequality in (4.48) is
clearly seen to be equivalent to the following Riccati inequality

AP+ PA+ PA,STIATP 4+ S < 0. (4.49)

Example 4.15

The following time-delay linear system has been considered in Fu et al. (2004):

X(t) = [_(1) _g] X(6) + [2) ?] X(t—d(®) + [2)] u(t + B] w(b).

For this system, applying the function feasp in the MATLAB LMI toolbox to the
corresponding LMI problem (4.48) yields the following solutions:

p_ [6176.6157 0 -
- 0 4325.0202|
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and

s _[6176.6157 0 -
- 0 8650.0405 | ~

Thus, this time-delay system is asymptotically stable.

Example 4.16

Consider the following time-delay linear system:

-2 0 1 -1 1 1
o= 0 =3 o|x®O+| 2 -1 1|xt=d. (4.50)
1T 0 =2 0 0 -1

Applying the function feasp in the MATLAB LMI toolbox verifies that the cor-
responding LMIs problem (4.48) is infeasible with respect to the two symmetric
matrices P, S € S°. Thus, for this system condition, (4.48) fails to give a definite
conclusion about the stability of the system.

4.5.2 Delay-Dependent Condition

In the last section, we have considered the delay-independent condition for the
stability of the time delay system (4.47). In this section, we further present a
delay-dependent condition. For this purpose, we first rewrite the system as

x(t) = Ax(t) + Agx(t — d)
= A+ Apx(t) = Ag (x(2) — x(t — d))

=@+ ADx(t) —Ag | x(z+9)ds

= A+ A)Nx(t) — Ay | [Ax(t +5) + Agx(t — d + 5)] ds. (4.51)

gl\Ho ;\%o

The main result in this section is given as follows.

Theorem 4.9  The time-delay system (4.47) is uniformly asymptotically stable if
there exist a symmetric positive definite matrix X and a scalar 0 < 8 < 1, such that

O (X) dXAT  dXA}
dAX —dBI 0 <0, (4.52)
dA,x 0 —dQ-p)1
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where

O (X) =X(A+A)" + (A+ A X + dAA}.

Proof  Introduce the following positive definite functional
V (%) = x (1) Px(2)

0 ¢
+lJIJ@MM@wm
'Bfa't+5

0 t
1
+—— | | O] 4010 ds
1-p
—d t—d+s
then the time-derivative of V' (x,) along the solution of (4.51) is given by

V () = 51 (0) (PUA+ Ag) (A +42) " P) x(2)

t
— 25T () PAy j Ax(#+ 5)ds
t—d

— 2% (1) PAy f Agx(t —d + 5)ds + % T AT Ax(z)
t—d

XL ()AL Ay (2)

0
1 T T
_E_fdx (¢ + A Ax(e + e + S —

. i IBxT(t —d+ A Agx(t — d +5). (4.53)

Applying Lemma 2.1, we have, forany 0 < 8 < 1,

0
2T (5)PAy fo(r + 9)ds
“d

0
< dBx" () PAZAL Px(t) + % fxT(t + 9AT Ax(t + 5)ds,
“d
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and
0
— 2T (H)PAy JAdx(t +5—d)ds
—d

<d(1 — B)xT (1) PALAL Px(2)

0

1

+—— [ s — d) A A + 5 — d)ds.
=5

Substituting the two relations into (4.53), and using 0 < & < d, yields

V (x) <27 (PA+ Ag) + (A+ A0 P) x(r)

d
+xT(p) (dPAdA}P + EATA + A}Ad> x(2)

1—-p
<x'(0) (PA+ A2) + A+ AD) " P) x(2)

- d d
+x1(9) (dPAdA}FP - EATA + ﬂA}Ad> x(2)
Thus, it follows from the Lyapunov’s method that the system (4.51), or equivalently,
the system (4.47), is uniformly asymptotically stable if

- d
PA+A) + (A4 A P+ dPAALP + EATA + AVAy < 0.

1-p

Pre- and postmultiplying the aforementioned inequality by P~! and letting
X = P! yields

; T d T

that is
- -1 r 5
® 00 + [dx4 dXAd][ 0 —Z/(l—ﬂ)l] [dAdXi|<0‘

Finally, applying Schur complement lemma to the aforementioned inequality, gives
the equivalent condition (4.52). The proof is then completed.

It is important to note that the condition (4.52) implies

®X) = XA+ A)" + (A+ A X + dAA} < 0.
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This is to say that the Hurwitz stability of the matrix A+ A is necessary for condition
(4.52) to hold true.

Example 4.17

Consider the time-delay linear system (4.50) again with 0 < d < 0.3. Applying the
function £easp in the MATLAB LMI toolbox to the corresponding LMIs problem
(4.52) yields the following solution:

0.0574 0.4290 -0.0024
—0.0199 —-0.0024 0.2615

B =0.5261.

0.3500 0.0574 —0.0199
X = >0,

Thus, it follows from Theorem 4.9, that this time-delay system is uniformly
asymptotically stable with 0 < d < 0.3.

Remark 4.6 In Example 4.16, we have verified that there do not exist two
symmetric matrices P, S € S”, such that LMI (4.48).is satisfied. Thus, with (4.48),
we cannot judge the delay-independent stability of the time-delay system. But in
Example 4.17 we know it is uniformly asymptotically stable when 0 < 4 < 0.3.

4.6 Notes and References

4.6.1 Summary and References

This chapter provides LMI conditions for certain types of stability. Relations among
these several types of stability are shown in Figure 4.6, and the criteria in terms of
LMIs are given in Tables 4.1 through 4.3.

Stability is a huge topic in control theory. It has such a diverse content since
stability itself is composed of different types, and meanwhile there are so many
different types of systems. In the last two decades, a huge amount of results
on stability analysis based on LMIs have been reported. Here, we can only
mention a few.

LMI techniques have been applied to prove the stability of various types of
systems, such as time-delay systems (Gu 1997, Jing et al. 2004, Han 2005, Xu and
Lam 2006, Kwon et al. 2008, Zhu et al. 2009), time-varying polytopic systems (He
et al. 2004c, Zhong and Duan 2007, 2009), pendulum-like systems (Lu and Yang
2009), 2-D systems (Dumitrescu 2008, Kaczorek 2009), and stochastic systems with
time-varying delay, nonlinearity, and Markovian switching (Yue and Han 2005).

For robust stability analysis using LMIs, a great amount of work is also concen-
trated on time-delay systems (Li and deSouza 1997, Geromel et al. 1998, Park 1999,
Kim 2001, Wu et al. 2004a,b, He et al. 2004b). Meanwhile, we also have LMI

Vl&,’/
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Generalization along the matrix direction

M C ?——

A A(S(2), e

Hurwitz stability Quadratic Hurwitz stability

Dy Schur stability Quadratic Schur stability

Generalization along the
region direction
Q

LMI regions D-stability Quadratic D-stability

Figure 4.6 Relations among different types of stability.

criteria for robust stability of discrete-time systems (de Oliveira et al. 1999), interval
systems (Gahinetetal. 1996), linear time-varying systems (Xie et al. 1997), stochastic
systems with time delay and nonlinear uncertainties (Yue and Won 2001), uncertain
continuous-time linear systems (Ramos and Peres 2002), uncertain continuous-time
delayed fuzzy systems (He et al. 2006b), and discrete-time descriptor polytopic sys-
tems (Gao et al. 2011b). In Particular, Peaucelle et al. (2000) investigate the robust
D-stability condition for systems with real convex polytopic uncertainty.

4.6.2 Affine Quadratic Stability

As we have seen from Sections 4.3 and 4.4, quadratic stability of a set of systems
requires to seck an associated common constant positive definite matrix P, or a
common Lyapunov function for the set of systems, while affine quadratic stability of
a set of systems seeks a Lyapunov function that is dependent on the perturbations.
A consequence of such a Lyapunov function is certainly the less conservatism.

The following is a brief statement of the main result about affine quadratic
stability, which is due to Gahinet et al. (1996).

Consider the following uncertain system

x=A(@))x, (4.54)
with
A((r)) = Ao + 81(0)A1 + 82()Ax 4 - - - 4+ 8, (1) A, (4.55)
where A; € R"™", i =0,1,2,...,k, are known matrices, and

Sy =[610 8@ - &O],
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Table 4.1 Criteria for D-Stability of Matrix A

Regions Criteria Variables

Hy P>0
(Hurwitz) | ATP+PA <0

P>0

Hy P
ATP+ PA+2aP <0
P>0

Heg, ATP 4+ PA+2aP <0 P

ATP 4+ PA+28P >0

ID)(()/']) P> 0 p
(Schur) ATPA—P <0
P AP
<0 P
PAT —P
D P>0 p
r
(@ (A+qhTPA+ gl =r2P <0
—rP qP + AP
<0 P
qP -+ PAT —rP
P=>0
Dt,my P
LR®P+M® AP)+ MT® (AP)T <0
with-8;(#), i'= 1,2,...,k, being some time functions, represent the uncertain

parameter vector in the system. The uncertain parameter vector § and its variation
rate 0 are restricted to be within two rectangles €2 and o, that is,

8()eQ=1{8(0)|8:(r) €187, 8}1, i=1,2,...,k}, (4.56)
and
3(1) € Qo ={8(0) [8:;(0) e [k, k1, i=1,2,...,k}, (4.57)

where 877, 8;", K7, Kl-+, i=1,2,...,k, are groups of given scalars.
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Table 4.2 Criteria for Quadratic Stability of Matrix A

“S——
olengineers.ir]
© @controlengineers

Stabilities Criteria Variables
P>0
Hurwitz P
AT@S)P+ PAS) <0, ¥8 € Af
P>0
P
AB®)PATS(t) — P <0, V8(t) € Af
—P AP
Schur 0®) <0, V8 e Af P
PATG()  —P
-P PAT((t
0®) <0, V8 e Ap P
AP —-P
P>0
D-stability P
LOP+ (MR AGBD)P)s <0, §(t) € Ap
Table 4.3 Stability Criteria for Time-Delay Systems
Conditions Criteria Variables
P>0
Delay T
A'P+PA+S PAy 0 P, S
. <
independent ALP _s
0<p<1
IxXAT AxaT
Delay d_)(X) d)iA dXAd X, 8
dependent dAX  —dgl 0 <0
dAgX 0 —d(1-p)I
@ (X) = XA+ ANT + (A+Ag) X + dA4A]

A parameter-dependent Lyapunov function for the system (4.54) and (4.55) can

be chosen as

where

P@@#) =Po+ 61 1+ -+ 8() P > 0,

V(x) = x P(S())x,

Vé(t) € Q,

(4.58)

(4.59)
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with P;, i =0, 1,...,k, being a group of symmetric matrices, and
%V(x) =x'Q())x < 0, (4.60)
where
Q(8,8) = AT (8(1))P(S(1)) + P(3(1))AG(r)) + dp(jt(t))

= A" (6())P(3(2)) + PS(£)AB(1) + P(8(2) — Po.

In view of the equivalence of (4.60) with Q(8(¥)) < 0, we can _introduce the
following concept of affine quadratic Hurwitz stability.

Definition 4.6  The system (4.54) and (4.55), with V8(z) € @, §(r) € Qu,
is called affine quadratically stable if there exist a group of symmetric matrices

P, i=0,1,...,k satisfying (4.59) and

Q(5,8) = AT(8)P(8) + P(5)A(S) + P(8) — Py <0, V8 €, §e Q.
(4.61)

It is clearly seen from the aforementioned equation that affine quadratic stability
implies Lyapunov asymptotical stability. While the following reveals its relation to
quadratic stability.

Let the system (4.54) and (4.55), with § € €, be quadratically stable. Then,
by definition, there exists a symmetric positive definite matrix P, satisfying (4.28).
Now, for system (4.54) and (4.55) with § € Q, taking

Py=P, Pi=0, i=12,...,k
gives
P@B() =P > 0.
Further, using (4.28) we also have

Q) = AT (3(2)P(S(2)) + PB(1))AB(1) + Po — Po
= AT(8(:))P + PAG (1))
<0, Vé@) € A.
This shows that quadratic stability implies affine quadratic stability.

The following theorem gives the LMI conditions for the affine quadratic stability
of the uncertain linear system (4.54) and (4.55).



136 m [Mils in Control Systems

Theorem 4.10  Consider the linear system (4.54) and (4.55), with the uncertain
parameter vector § satisfying (4.56) and (4.57). Denote the set of extreme points of
€2 and Q¢ by QF and Qg , respectively, and define

— st g— ot - st
Simean = [51 o L +E M} (4.62)
2 2 2
Then, the system is affinely quadratically stable if A (Smean) is stable, and there exist
a group of symmetric matrices P;, i =0, 1,.. ., 4, satisfying
AP+ PA >0, i=1,2,...,k (4.63)
and

Q. 1) = AT (8)P(S) + P(O)AB) + P(t) — Py < 0, V6. QF, 1 e Qf,
(4.64)

where P(8) is defined as in (4.59).

For a proof of the result and many other related helpful results and comments,
one can refer to the original paper by Gahinet et al. (1996).

Exercises

4.1 What are the relations among the concepts of robust stability, quadratic
stability, and afline quadratic stability?

1
4.2 Let Ae R™"and B = z(A + AY). Show that

1. If B is Hurwitz stable, then A is also Hurwitz stable.
2. If B'is Schur stable, and A is symmetric positive definite, then A is also
Schur stable.
4.3 Verify using the LMI technique the stability of the following continuous-time
linear system

—0.0180 —0.2077 —0.7150
x(z) = | —0.5814 —4.2900 0 x(2).
1.0670 4.2730  —6.6540

4.4 Show that the following regions are LMI ones:
Dy={x+yi| —r<y<r, r>0},
Dzz{x—i—yi|x>¢zy2—|—c, a > 0},

D3 = {x+yi | (x+q)2 +p2y2 < ).
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4.5 Consider the following advanced (CCV-type) fighter aircraft system (Syrmos
and Lewis 1993, Duan 2003):

x(t) = Ax(t) + Bu(z)
with

[—1.3410 09933 0 —0.1689 —0.2518
43.2230 —0.8693 0 —17.2510 —1.5766
A= 13410 0.0067 0  0.1689 0.2518 |,
0
0

0 0 —20.0000 0

|0 0 0 —20.0000
0 0
0 0
B=|0 0
20 0
| 0 20

Judge the open-loop stability of the aforementioned system.
4.6 Consider a system in the form of (4.22) through (4.24), with A = Ap given
by (4.27), where

—2.1333 .—1.3333 0.2 0.1 0.1 0.2
Ao = [—0.6667 —1.4667}’ A _[ : } A= [0.2 0.1]‘

Further, let usassume that the set of perturbation parameters form a polytope
in the formof (4.27), with # = 2. Judge the quadratic stability of the system.
4.7 Verify using the LMI technique the stability of the following time-delay

linear system

-3 0 1 1 0 1
x(¢) = 0 -3 O[x(r)+ |2 1 1| x(r —4d).
1 0 —4 0 0 -1

4.8 Judge the stability of the following time-delay linear system

a'c(t)=|:_(5) _1(1):|x(t)+|:§ (6):|x(t—d(t))+|:gj| ().
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Chapter 5

H../H; Performance

In this chapter, we introduce the Hoo norm and Hy norm of rational matrices. Par-
ticulatly, for the transfer matrix function of a linear system, we give LMI conditions
for these norms to be bounded by a certain level. The results in this chapter form a
base for Hoo and Hj control systems design problems addressed in the next part.

5.1 Ho and H; Indices

We are aware of norms of constant matrices, while Hoo and Hy norms are defined
for rational matrices. A rational matrix G(s) is a matrix function in the form of

G(s) = N(s)D™1(s),

G(s) = L™ () H(s),
where

m s is a complex variable
m N(s), D(s), L(s) and H (s) are polynomial matrices of appropriate dimensions

Furthermore, these polynomial matrices satisfy
deg(N(s)) < deg(D(s)),
deg(H(s)) < deg(L(s)).

139
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5.1.1 Hy Index

For a constant matrix 4, we know that its spectral norm is defined as
1/2
1Al = (emax (447))"? = 0mar ().

As an extension, the Hyo norm of a rational matrix is defined as follows.

Definition 5.1 Let G (s) be a rational matrix. Then, its Hoo norm, denoted by
[|G (5) |loo> is given by

1G (5)loo = sup {Omax (GGw))} .

The following proposition gives an equivalent condition for the Ho norm of
a rational matrix.

Proposition 5.1 Let G (s) be a rational matrix, which does not have poles on the
closed right-half complex plane. Then,

1G(D)loo = sup{Omax (G(s)) | Re(s) > 0}.

Proof  Let
f(-‘) = Omax (G(f)) .
Since G(s) does not have poles on the closed right-half complex plane, it is analytic in

the closed right half complex plane. Therefore, by the maximum modulus principle,
that is, Lemma 2.14, we have

supf(S) = Sup{amax (G(s)}

over C* = {5 | Re(s) > 0} must be reached on the boundary of C", that is,

SUp{Omax (G(5)) | Re(s) > 0}
= SUP Opmax (G(ja)))

= [1G®)|loo-

The proof is then completed. |
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Remark 5.1 The condition in the aforementioned proposition, that is, G(s) does
not have poles on the closed right-half complex plane, is not a constraint since we
will soon find out that ||G(s)||cc does not exist if G(s) has poles on the closed
right-half complex plane.

5.1.2 H; Index

Like Hoo norm, Hy norm is also defined for rational matrices. The strict definition
is as follows.

Definition 5.2  Suppose G(s) is a matrix function such that
o0
f G(ja))GH(ja))da) < 00,
—00

then the H; norm of G(5) is defined as

00 1/2
|G (5)]]2 = (trace (%_f G(ja))GH(]’a))dw>>

0 1/2
- (trace (%_{o GH(jw) G( jw)dw)) . (5.1)

For a constant matrix A € R”*”, we know that its Frobenius norm is defined as
I14][7 = (trace (AAT))U2 = (erace (ATA))I/Z '

Thus it is clear that the Hy norm for a matrix function is a generalization of the
Frobenius norm for a constant matrix.

Remark 5.2 If u(s) is a vector function such that the integral ffooo uH

(jw)u(jw)dw exists, then, obviously the Hy norm of #(s) reduces to

0 1/2
[l (s) || = (trace (% f u(]a))uH(]a)) da)))

—0oQ0

00 1/2
1
= (E f uH(ja))u(ja))da)> .

—00
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In control systems context, we need to consider the following transfer function
G(s)=C(I—A)"'B+D, (5.2)
where 4 € R"*”, B e R™", C e R”"*", D € R™*".
Before presenting the expressions for the Hy norm of this function, we first give a

preliminary result which can be found in many textbooks for control systems theory,
for example, Duan (2004a).

Proposition 5.2 Let 4, Q € R”*”, and A be stable, Q semi-positive definite,
then the following Lyapunov algebraic equation

AP+ PA=—-Q

has a unique positive definite solution, which can be expressed as

pe Offfqmt.

Based on this proposition, we can prove the following result.

Lemma5.1 Let G(s) be given by (5.2).

1. ||G (s)||» exists if and only if A is stable and D = 0.
2. When A is stable and D = 0, there holds

|G ()13 = trace (CXCT)

with X >0 being the unique solution to the following Lyapunov matrix
equation:

AX +XA" + BB" =0, (5.3)
or
|G (9|13 = trace (B' YB)

with ¥ > 0 being the unique solution to the following Lyapunov matrix
equation:

ATy +vA+CTCc=o. (5.4)
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Proof By the well-known Parseval lemma,

||G(s)||§ = trace (%_f G(]’w)GH(]‘a))da))

o0

= wace | (C/*B+ D) (C#B+ D) dr. (5.5)
0

From this we see that || G (5)|| exists only if A is stable and D = 0. Thus, the first
conclusion is proven.
Let A be stable and D = 0, we have

I1G (5)]]3 = trace (%_L G(jw)GH( ja))da))

o
= tracef CeAtBBTeATtCTdt
0

= trace (CXCT) ) (5.6)
where
< T
X= feAfBBTeA ‘dr. (5.7)
0

X happens to be the solution of the Lyapunov matrix equation (5.3) in view
of Proposition 5.2.
Parallely, when A is stable and D = 0, we have

16 (5)]]3 = trace (%_L GH(jw)G( ja))da))

o0

— trace f Bt CTCABd:
0
= trace (BT YB) , (5.8)
where
0
Y = feATfCTCeAf d. (5.9)
0

This happens to be the solution of the Lyapunov matrix equation (5.4) in view
of Proposition 5.2. Thus, the second conclusion also holds. |
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5.1.3 Equivalent Definitions
5.1.3.1 Hy Index

The following gives an equivalent definition for the Hoo norm of a rational matrix
G (s) based on the Hy norm of vector signals.

Theorem 5.1 Let G (5) be a stable m x r transfer function matrix. Then,

1G ) lloo = sup {IG 5) 2 )l
() ll2=1, u(s)€H2

{ 1G () u(s)ll, }
p —_—,
lli(s) |, 740, u(s)€Ho ll2 ()l

where

Hy = {u@) [lu ()l < oo}.

For a proof of this theorem, please refer to Section A.2 in Appendix A. In view
of this fact, we also say that the Hoo norm of a rational matrix G (s) is induced from
the Hy norm of vector signals. This is parallel to the fact that the spectral norm of a
matrix is induced from the Euclidean norm of vectors.

This theorem obviously gives the following corollary.

Corollary 5.1  Let
() = G()uls), (5.10)

then

Iy ©], < 1G©lloo 4Gl - (5.11)

Remark 5.3 The aforementioned corollary clearly tells us that || G(s)| 0o can be
viewed as an amplifier between the Hy norms (energy) of the input #(¢) and the

output y(#).

5.1.3.2 Hy Index
Let # (¢) be a function of time. The power of the signal  (¢) is defined as
12

T
1
oy = | Jim = [ o)) de
=T
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The following gives an equivalent definition for the H, norm of a rational matrix
G (s) based on the power of vector signals.

Theorem 5.2 Let G (5) be a stable 7 x 7 transfer function matrix. Then,

GG, = sup {1G () u(s)| p}
()l p=1,u(t)eP

{ G (5) u(f)||p}
lu(2) ]| p£0, u(r)eP llze ()]l p ’

where P = {f (1) || f ()| p < o0}

For a proof of this theorem, please refer to Section A.3 in‘Appendix A. In view
of this fact, we also say that the Hy norm of a rational matrix G (s) is induced from
the power of vector signals.

This theorem obviously gives the following corollary.

Corollary 5.2  Given (5.10), then
ly ], < IG @l ). (5.12)

Remark 5.4 The aforementioned corollary clearly tells us that ||G(s)||2 can be
viewed as an amplifier between the power of the input #(7) and the output y(z).

Remark 5.5 Theorem 5.1 shows that || G(5)|| oo is an induced norm, but Theorem
5.2 shows that ||G(s)||2 is not because ||« (¢)|| p , unlike ||z (2)]|, , is not a norm.

Due to Remarks 5.3 and 5.4, in the next two sections we will examine the
conditions for the Hyo norm and the Hy norm of the rational matrix G(s) in the
form of (5.2) to be bounded by a given level.

5.2 LMI Conditions for Hy, Index

In this section, we consider the condition for the Hoo norm of the following transfer
function matrix

Gs)=CGI—A"'B+D (5.13)
to be bounded by a given level y, that is,
G ()lloo < ¥ (5.14)
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This problem has a clear practical meaning. Let a realization of the transfer
function be

(5.15)

x = Ax + Bw
y= Cx+ Duw,

where x, y, and w are the system state vector, output vector, and the disturbance
vector, respectively. Thus, in the frequency domain, we have

() = G()w(s).

Therefore, by Remark 5.3, the scalar y represents a level for the attenuation of the
disturbance in the system.

5.2.1 Basic Conditions

Theorem 5.3  Let G (s) be given by (5.13). Then, [|G (5)||cc < y if and only if
there exists a matrix P > 0, such that one of the following three inequalities holds:

(ATP+PA PB G

BTp —yI D' | <o, (5.16)
i C D —yl |
[PA+A"P PB  CTT]
BTp —y2I D' | <o, (5.17)
C D -]

and

PA+A'P+C'C PB+C'D
B'P+DTC  D'D—y2r| =Y (5.18)

Proof . First, let us show the equivalence between the conditions (5.17) and (5.18).
Rewrite condition (5.18) as

[PA +ATP  PB } |:CT

Applying Schur complement lemma, the inequality can be equivalently converted
into (5.17).

Second, let us show the equivalence between the conditions (5.17) and
(5.16). Let

T:diag(yfl/zl, y V2, )/1/21), P=y7'p,
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then it is easy to verify

PA+ AP PB CT PA+ATP PB (T
7| B'P —y21 DV | TT = BT —yI DU |. (5.19)
C D =] C D —yI

Thus, the equivalence between conditions (5.16) and (5.17) is obvious.
In the rest of the proof, let us show that ||G(5)||co < ¥ if and only if there exists
a matrix P > 0 satisfying (5.16).

Sufficiency: Suppose that there exists a matrix 2 > 0 satisfying (5.16). From (5.16),

we clearly have
Q& —(PA+A"P) >0,

which indicates, in view of the Lyapunov stability theorem, that 4 is stable. Further,
it again follows from (5.16) that

—yI DV
|: D —)/1:| <0,

which implies
Oomax(D) < y.

Since (5.16) is equivalent to (5:18), and by Schur complement lemma again, it
can be shown that these two conditions are further equivalent to

PA+ AP +CY'C+(PB+ CTD)R"'(B'P+ D'C) < 0,
with
R=y*I1—-D'D > 0.
Adding
—jwP — joP = (—jw + jo) P =0
to the left-hand side of the aforementioned inequality, gives
—P(jwl — A) — (jol — AUP+ CTC+ (PB+ CTD)RTY(B'P 4+ DT C) < 0.

For any nonzero vector #, pre- and postmultiplying the aforementioned formula
with «' B (jwl — A) ™M and (jwl — A)~' Bu, respectively, implies that

||C(jl — A) ™" Bul|?
< u'BY(jol — A" PBu+ u" B P(jwl — A) "' Bu
—|R™V2(BTP + DY C)(jwl — A) "' Bul|?. (5.20)
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Since
det (jwl —A) #0, VoweR,

then the equality in the aforementioned formula holds only if B« = 0. Further,
adding

u'[D'D+ D' C(jwl — A)~' B+ B' (jol — AN C'Dlu
to both sides of the aforementioned formula (5.20), and using
D'D=7y?1—R,
yields
IG()ull* < ¥ lul > — [|IR72W (joo)ul P, (5.21)
with
W) =—(B'P+D'C) ([ =A) ' B+R

Similar to the case of inequality (5.20), the equality in (5.21) holds only if
Bu = 0, that is,

= y2||u|lF = ||R"V2PW(jw)u||>, Bu=0
Gliwyal? [Z V2P = [IRTV2W oyl 2, . 520
166G {2 e i e, megor 6
Therefore, when Bu # 0, we clearly have
IGjw)ul|* < y*[ull. (5.23)

Further, noting that
IIR™V2W (jw)ul|* > 0, when Bu =0,

we know from (5.22) that (5.23) still holds when Bx = 0. Therefore, (5.23) holds
for arbitrary @ and # # 0. From this and the definition of Hoo norm, we get

NG $)loo <.
Necessity: Now suppose ||G(s)||oo < ¥. Then, obviously, the matrix A is stable.
Note that limy,— 00 G(jw) = D, by the definition of Hyo norm, we have

which implies that

R=y*I1—-D'D > 0.
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Define the following Hamiltonian matrix

o A+ BR™'DTC BR™'BT
“|-CTU+DR'DHYC —A+BR'DTOT |

Then, we can obtain, after some deduction, that

D) £ y2 — G(—9)TG()

—B

=[ D'C BT]F_1(5)|: T

i| + R, (5.24)

with

-4 0
F(°’)=[$CTC EI+AT:|’

and the zeros and uncontrollable or unobservable polesof @ (s) are just the eigenval-
ues of A. Since A is stable, then ®(s) does not have uncontrollable or unobservable
poles in the imaginary axis. Further, it follows from (5.24) that [|G(s)||cc < ¥ is
equivalent to @ (jw) > 0. Thus, under the given assumption, ® (s) does not possess
zeros in the imaginary axis, and hence the matrix A does not have eigenvalues in the
imaginary axis. In addition, in view of the stability of A4, it is easy to show that the
matrix pair (4 + BR'DYC, BR™1/?) is stabilizable in the imaginary axis. Thus,
according to the theory about Riccati algebraic equations, the following Riccati
equation

(P(A+ BR™'D"C)), + PBR™'BP+ C'(I + DR™'D")C =0

has a real symmetric solution P > 0, where (A), represents the sum of matrix A and
its transpose, that is, (4), = A + A'. It is important to note that, through some
simplifications, the Riccati equation can be turned equivalently into

PA+ AP+ CTC+ B P+D 'O)'R B P+ DC)=0. (5.25)

Now consider
G(s) = [f[} I —A7'[B eI+ [13 g].

It is clear that, if € > 0 is small enough, GG)|]oo < y when ||G(5)||co < y. Thus,
by the same reasoning, we know that the Riccati equation in the form of (5.25)
corresponding to G(s) appearing as
PLA+ AP+ CTC+ B'P +DTO)TR(B P 4+ DT C)
= _8y2p12 — &’ <0, (5.26)
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has a symmetric solution P; > 0. Further, we show that this solution P; is in
fact a positive definite one. Otherwise, there exists a nonzero vector z such that
Pz = 0, then, pre- and postmultiplying both sides of the earlier formula by 21 and
z, respectively, yields

2'CT(I 4+ DR'DYHYCz < 0,

which turns out to be a contradiction. Thus P; > 0 must hold. This is to say that
the inequality (5.26) has a symmetric positive definite solution P; > 0.

By Schur complement lemma, it is easily shown that the inequality (5.26) is
equivalent to

PIA+ AP+ CT'C PB4+ C'D “0
B'p,+ DTC DD —y2I ’

that is,

PIA+ AP, PB ct
|: BTPI —]/2[ + DT [C D] <0,

which becomes, when multiplied by the scalar y=!

, the following with P = Py /y :
PA+A'P PB cT 1
[ BTp _ﬂ] + [DTj| (yD~'[C D]<o.

Finally, using Schur complement lemma again, the aforementioned inequality can
be shown to be equivalent to (5.21). Therefore, the inequality (5.21) also possesses
a symmetric positive definite solution. The necessity is proven. The whole proof

is done. [ |

Parallel to the first two LMI conditions in the aforementioned theorem, we also
have the following result.

Theorem 5.4 Let G (s) be given by (5.13). Then, ||G (s)||oo <y if and only
if there exists matrix X > 0, such that one of the following three inequalities holds:

XAT+4Ax B XCT
BT —yI D' | <o, (5.27)
CX D —yI

AX+x4AT B XxCT
BT -y D' | <o, (5.28)
cxX D .y
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and

AX + XAT + BBY  xCT + BDT .
CX + DBT —y2I + DD

Proof  We first prove (5.27).

Define
Pl 0 0
=10 I 0],
0 0 I
then, noticing
A'p+pr4 pPB CT PlAY 4 AP~ B
7| B'P —yl DU |TT= BT —yI
C D —yI cp! D

we know that (5.16) is equivalent to

PlAY 4 4P~ B pTICT
BT -yl D' | <o.
cp! D —yI

(5.29)

Further substituting in the aforementioned inequality P~! by X gives (5.27).
(5.28) can be proven similarly. Now let us show the equivalence between (5.28)

and (5.29).
Let
124 0 0
s=|0 0 yIf,
0 y'r o0
then, in view of
AX+xA" B XCT y2(AX +x4Y) y2xC' B
S BT —y21 DU |ST= y2Ccx —y2I D,

cX D -1 BT DT

-/
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we know that (5.28) is equivalent to

y2(AX +x4%) y2xC' B
y:Cx —y? D | <o.
BT Jo L

Applying Schur complement lemma, the aforementioned inequality can be
equivalently converted into

2 T 2 T
y (AX—!—)G‘I ) y<XC B T T
B D 0.

Letting X’ = y2X in the aforementioned relation, yields, equivalently,

AX' +X'AT + BBT  X'C" + BD"
< 0.
CX' 4+ DB —y2[ 4+ DD*

This shows the equivalence between (5.28)-and (5.29). [ |

The following corollary immediately follows from the aforementioned theorem.

Corollary 5.3 Let G (s) be given'by (5.13). Then, ||G (5)||oc < ¥ forsomey > 0
only if the matrix A4 is asymptotically stable.

In practical applications; solving the minimal y satisfying || G () ||co < ¥ is often
of interest. Following Theorem 5.3, such a problem can be equivalently converted
into the following minimization problem with LMI constraints:

min Y
st. P>0
A'P+pPA4 PB CT (5.30)
BTp —yI D' | <o,
C D -yl
or
min p
st. P>0
A"™P+pPA PB CT (5.31)
BTp —pl D' | <o,

C D I
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with y = ,/p. Optimization problems corresponding to the third condition of
Theorem 5.3 and those in Theorem 5.4 can be presented similarly.

Example 5.1

(Yu 2002, p. 32) Consider the following second-order system:

k

CGs)= 5V,
© $2 4+ 2¢ws + w?

where
¢ is the natural frequency
w is the damping factor

A state-space representation of this system is
s =20 = o[ 1 Tu
1 0 0 .
yo=[ 0 k ]x®

When the system parameters are given, we can solve the corresponding LMI
problem (5.30) with the MATLAB® function mincx in the MATLAB LMI toolbox.

Casel: ¢ =0.1, o=1,and k=1
The solution is obtained as

y = 5026, P= [1'005 0'101] - 0.

0.101  1.005

Casell: ¢ =1, w=3,and k=20
The solution is obtained as

V22222, P= [13.334 19.985] -0

19.985 120.007

5.2.2 Deduced Conditions

Using Theorem 5.3 and the projection lemma (Lemma 2.11), we can further give
another pair of alternative conditions for ||G (5) ||co < ¥ .

Theorem 5.5  Given an arbitrarily positive scalar y, the transfer function matrix
Gs)=CGl—A'B+D (5.32)
satisfies

HG)loo < ¥ (5.33)
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if and only if there exist a symmetric matrix X > 0, and a matrix €2, such that

O+ oTQU +vTQTe <0 (5.34)
with
[0 X 0 0 0
X —-X 0 0 0
®=|0 0 —yI, 0 0
0 0 0 -X 0
0 0 0 0 vl

(5.35)

Proof  According to the first condition in Theorem 5.3, (5.33) is satisfied if and
only if there exists P > 0, such that

A'P+pPA. PB  CT
BTp —yI DV | <o, (5.36)
C D —yI

which can be turned, via exchanging the last two rows and the last two columns,
into

A'P+prPA CU  PB
C —yI D | <o. (5.37)
BTp DY —yI

Applying the Schur complement lemma to the LMI (5.37), we obtain

[ATP+PA CT]+1 |:PB
v

c 1 D] [B'P D'] <o,

which is equivalent to

ATP + PA+ %PBBTP ct+ %PBDT .
C+ LDB'P —yl+ DD"
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Letting X = P!, and multiplying both sides of the aforementioned LMI by
diag(X, 1,), gives

XAT + AX + %BBT XcT + §BDT .
C+ 1DB" —y+1ippt |7

which can clearly be written, according to Lemma 2.9, as

XAT+AX—X+§BBT XCT+§BDT X
CX + 5DBT —yl+ %DDT 0 | <o. (5.38)
X 0 -X

On the other hand, with the matrices defined in (5.35), we can easily verify that

AT ct o, 0 0 0
1, 0 0 I, 0 0
No = 0 L, 0 and = Ny = o L, O R
0 I, 0 0 I,
L gT 5DT 0 0 0 0

are the right orthogonal complements of ® and W, respectively. Furthermore, we
can show that

XAT 4 AX — X + ;BBT xcT + %BDT X

NEONg = CX + 1 DB" —yI+DD" 0|,
X 0 X
and
-X 0 0
N{®ONy=| 0 —yI, ©
0 0 —X

Therefore, the inequality (5.38) is equivalent to N;g ®Ng < 0. Considering the
definition of X, we also have N};@N\y < 0. Then, by applying the projection
lemma (Lemma 2.11), we know that there exists P > 0 satisfying (5.36) if and only
if there exist a symmetric matrix X > 0 and a matrix Q satisfying (5.34). Thus, the
proof is completed. |
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Corollary 5.4 Given a positive scalar y, the transfer function matrix (5.32) satisfies
(5.33) if there exist a symmetric matrix X, and a matrix V/, such that

—v—=vT vigqt4+x vTct vT o
AV +X -X 0 0 B
cv 0 —y1, 0 D <0, (5.39)
1% 0 0 -X 0
0 BT DT 0 —yl,
or
—Vv-vT viuT4+x vIct yT 0
AV +X -X 0 0 B
cv 0 -1, 0 D | <o. (5.40)
1% 0 0 -X 0
0 BT DT 0 —y2

Proof  Particularly choosing

gives

O+oTQu+vulQle

Vvt w4l +x vict vt o
AV + X -X 0 0 B
| < 0 —yI, 0 D
1% 0 0 —X 0
0 BT DT 0 —yl
Therefore, the inequality (5.39) implies (5.34).
Further, the condition (5.40) can be shown to be equivalent to (5.39). [ |

Regarding solving the problem of minimizing y satisfying ||G (s) ||co < ¥ using
Theorem 5.5 and its corollary, optimization problems similar to (5.30) and (5.31)
can also be easily presented.

5.3 LMI Conditions for Hy Index

Now let us focus on the rational matrix in the form of (5.2), but with D = 0. The

problem we are interested in is to find criterion in terms of LMIs for the following
H; norm condition:
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C (L —A)" B, <y, (5.41)

where y > 0 is a given scalar.

5.3.1 Basic Conditions

Theorem 5.6 Let A € R”*”, B e R™, C € R, and y > 0 be a given
scalar. Then, condition (5.41) holds if and only if one of the following statements
holds true:

1. 3X > 0,s.t.
AX + XA" + BB" <0, trace (CXCT) < y% (5.42)
2.3Y > 0,s.t.

A"Y + YA+ C'C <0, wace(B'YB) <y~ (5.43)

Proof  Sufficiency. Suppose that the two relations in (5.42) hold. Let
Q = AX+ XA" + BB" <0,

and recall the fact that the matrix 4 is stable, we know that the Lyapunov matrix
equation

AE + EAT = Q,
has a unique solution £ > 0. Note that

AX —E)+ (X —E)A" + BBT
= (AX + XA" + BB") — (AE + EA")
=Q-Q
:0’

the matrix
P=X-F
thus satisfies the Lyapunov matrix equation

AP+ PAT + BBT = 0. (5.44)
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It thus follows from Lemma 5.1 that
IG ()13 = trace (CPCT)
= trace (CXCT) — trace (CECT)
< 7/2 — trace (CECT)
< )/2,
which gives |G (5) [|2 < .

Necessity. Suppose ||G (s) ||2 < y holds, and let P be the solution to the Lyapunov
matrix equation (5.44), then it follows from Lemma 5.1 again that

trace (CPCT) = ||G 9113 < v* (5.45)
On the other hand, since A is stable, there exists Py > 0 satisfying
APy + Py AT < 0.

It clearly follows from (5.45) that there exists a sufficiently small scalar € > 0, such
that the matrix

X=P+€Py>0
satisfies
trace (CXCT) < yz,
meanwhile, it can be verified that
AX + XAT + BBT

= AP + PA" + BB" + € (APy + PoAT)

=€ (APy + PyA")

< 0.
The necessity is thus done. |

It is clearly seen from this theorem that condition (5.41) holds only if the matrix
A is stable.

Based on Theorem 5.6, the problem of solving a minimal y satisfying condition
(5.41) can be equivalently converted into the following LMI problem

min p

st. AX +XAT +BBT <0
trace (CXCT) <p
X>0

(5.40)
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or

min o

st. ATY4+YA+C'C <0
trace (BT YB) <p
Y >0,

(5.47)

while the attenuation level y = p!/2.

Example 5.2

Consider Example 5.1 again. Our purpose is to solve the corresponding LMI
problem (5.47) with the MATLAB function mincx in the MATLAB LMI toolbox.
When ¢ = 0.1, w =1, k =1, the solution is obtained as

= 2.500, Y=|:2.500 O.SOO] 0

0.500 2.600
When ¢ =1, w = 3, k =20, the solution is obtained as

0 =3.703, Y=[3.704 22.222] 0

22222 166.667

5.3.2 Deduced Conditions

Based on the aforementioned theorem, we can further give another pair of conditions

for (5.41).

Theorem 5.7  Given a positive scalar y, the transfer function matrix
G@s)=CGI—A'B
satisfies
NGOI2 <y (5.48)

if and only if there exist symmetric matrices Z, P and a matrix V, such that

trace (Z) < y?
-7 C
CT —P] <0
q(+-vT viA+p viB vT
V+P —-P 0 0 | _,
B'v 0 -1 0 ’
i 1% 0 0 -P
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or

trace (Z) < y?
[~z BT
B —P:| <0
—(v+vh) viat+p vict v?
AV + P ~P 0 N
cv 0 - 0 '
i 14 0 0 -P

Proof  According to the first condition in Theorem 5.6 that (5.48) is satisfied if
and only if there exists X > 0, such that

AX + XAT + BB" <0, trace (CXCT) < 2. (5.49)
It follows from Lemma 2.12 that the first inequality in(5.49) is equivalent to

BBV 4+ X —(Wh+w) Ax+w?t

with X being an arbitrary symmetric positive definite matrix. Letting
J = diag(W ", X7,
and pre- and postmultiplying both sides of (5.50) by J and /7, respectively, yields

w-TIBBTw—1 4+ w-Txw1—w'!1-—wT wTg4x!
ATW_I +X_1 _X_1 < 0.

Further, denote V. = W™, P = X~!, we can write the LMI equivalently as
follows:

VIBBTV + vIPp-lv —(v+ VD) vIiAd4+p
[ ATV 4 p ( ) > <0. (5.51)
Since
VIBBTV + VIP~lv — (Vv 4+ VT) vIA+P
Afv+p —P
(TV+ vl vid+rp N VIBBTV + vIp~ly o
AV 4+ P -P 0 0
(Tv+ vh vid+rp
ATV + P —P

+VTBVT1 0 1BV o
0 0 |lo p! Vool
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according to Schur complement lemma, inequality (5.51) is equivalent to

(TV +Vvh) vi4+p vip VT
v +P —P 0 0
Ty 0 - 0

v 0 0 -P

< 0. (5.52)

By now, we have verified that the first inequality in (5.49) is equivalent to (5.52).
Next let us consider the second inequality in (5.49). In view of Lemma 2.13,
trace (CXC T) < y? is equivalent to

CXC' < Z, trace (2) < y?,
which is clearly equivalent to

|: E,% E'Xfl j| <0, trace(Z) <yt

Recalling that P = X —1 we obtain

-7 C
ct —p

] < 0, trace(”2) < yz.

With this, the proof of the first conclusion is completed.
The second one can be verified similarly using the second condition in

Theorem 5.6. [ |

Regarding solving'a minimal y satisfying condition (5.41) using Theorem 5.7,
optimization problems similar to (5.46) and (5.47) can be similarly formulated.

5.4 Notes and References

Chapter 5 provides the LMI conditions for Hoo and Hj indices. We have
summarized these conditions in Tables 5.1 and 5.2, respectively.

The Hoo norm of a transfer function is the supremum of the maximum singular
value of the frequency response of the system. For a stable system, the Hoo norm
of the transfer function coincides with the Z;-induced norm of the input—output
operator associated with the system (Theorem 5.1).

The squared Hy norm of the transfer function coincides with the total “output
energy” in the impulse responses of the system. The Hy norm also has an inter-
pretation that coincides with the Lp-induced norm of the input—output operator
associated with the system (Theorem 5.2).

What we have given in this chapter about Hoo and Hj indices are very basic. Asa
matter of fact, these concepts have generalizations in many directions. For example,
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Table 5.1 Criteria for |G(s)[|oo <V

Criteria Variables
P>0
] ATP+pPA PB  CT ,
BTP —yl D' |<0
C D -yl
X>0
(XAT4ax B xCT
2 BT -yl D' | <0 X
CcX D -yl
(v VT VAT x VIET Voo ]
AV + X —X 0 0 B
3 cv 0 —ylm 0 D [<0 | XV
v 0 0 =X 0
0 BT DT 00—yl

Oliveira et al. (2002) extends H> and Hy norm characterizations for discrete-time
systems, and Zhou et al. (1995) generalizes robust Hy performance to systems with
structured uncertainties.

Exercises

5.1 Prove Corollary 5.3, that is, let G(s) = C(s/ — A)~! B+ D, then the matrix
A is Hurwitz stable if || G(5)||oo < ¥ for some 0 < y < o0.
5.2 (Scherer and Weiland 2000) Let

sin cosa
A= . , 0<a<m.
—cosa sino

Show that the solution X of the Lyapunov equation ATXX +XA+1=0
diverges in the sense that det(X) — oo whenever ¢ — 0.
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Table 5.2 Criteria for |G(s)|l, <y

Criteria Variables

X>0
1| trace (CXCT) < y? X
AX 4+ XAT +BBT <0

Y>0
2 | trace (BTYB) <2 Y
ATY +YA+CTC <0

trace (2) < y2

-Z C
<0
ct -p
31 - (v+vT) via+p VIB VT P,ZV
ATV p —P 0 0
< 0.
BTV 0 -1 0
L Vv 0 0 —-P
5.3 Consider the following system
x =Ax + Bu
y = Cx + Du,
where
[—5 1 2 0
A= 1 -9 11, B=|1],
-1 —-10 -3 0

[1 0 0 1
Y |
Find a minimal y such that the system transfer function
G(s) = C(sI — A~ 'B+D

satisfies [|G (5) ||oo < V.
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5.4 Consider the system in Exercise 5.3 again. Find a minimal y such that the

system transfer function

satisfies ||G (5) |2 < y.

GGs)=CGI—A)~'B

5.5 Consider a jet transport aircraft system studied by Liu et al. (2000a) and
Grace et al. (1992), whose model is in the form of (5.15) with D = 0, and

[—0.0558
0.5980
—3.0500
i 0
[ 0.0729
—4.7500
1.5300

0

—0.9968  0.0802 0.0415
—0.1150 —0.0318 0
0.3880 —0.4650 0]’
0.0805  1.0000 0
0.0001
1.2300 C_[o 10 0}
10.6300 | ~7J0 0 0 1]
0

Find a minimal y such that the system transfer function

G(s)=CGI—A) 'B+D

satisfies

G () loo < 7.

5.6 Consider the system in Exercise 5.5. Find a minimal p, such that

G ()1 < p.

5.7 Consider the transfer function

G(s) = CV(sI — A)~'B,

with

—1
e

_(1)] B=m, c=[1 1].

First find || G(s) ||, using Lemma 5.1, and then compute it via solving (5.46)
or (5.47), and compare the values of ||G(s)||, obtained through the two

different ways.



Chapter 6

Property Analysis

In this chapter, we examine certain properties of control systems, which include
the stabilizability and detectability, dissipativity, passivity and positive-realness,
nonexpansivity, and bounded-realness.

In the first two sections, we consider the stabilizability and detectability of the
following linear system

{px:Ax+Bu ©6.1)

y = Cx + Du,
where

m p represents the differential operator (when the system is continuous-time),
or the one step forward shift operator (when the system is discrete-time)

m x € R”, y € R” and # € R” are the state vector, the output vector, and the
input vector, respectively

m A, B, C, and D are the system matrices of appropriate dimensions

6.1 Hurwitz Stabilizability and Detectability

Corresponding to the continuous-time systems and the discrete-time systems, respec-
tively, we have the concepts of Hurwitz stabilizability and detectability and Schur
stabilizability and detectability. In normal linear systems context, for example, Duan
(2004a), Hurwitz stabilizability and detectability are simply termed as stabilizability
and detectability.

165
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6.1.1 Hurwitz Stabilizability
6.1.1.1 Definition and the PBH Criterion

Hurwitz stabilizability is a very important concept in linear systems theory, which
is defined as follows (Duan 2004a, 2010).

Definition 6.1  The system (6.1), or the matrix pair (4, B) , is said to be Hurwitz
stabilizable if there exists a real matrix K such that A + BK is Hurwitz stable.

For condition of Hurwitz stabilizability of a given matrix pair (4, B), we have
the following well-known PBH criterion (Duan 2004a, 2010).

Theorem 6.1  The system (6.1) is Hurwitz stabilizable if and only if
rank [5[ —A B] =n VseC, Re(s)=>0;

or

rank[s/ —A B]=n, Vse€A(d), Re(s)>0.

The PBH criterion tells us that the system (6.1) is Hurwitz stabilizable if all its
uncontrollable modes are Hurwitz stable.

6.1.1.2 LMI Conditions

In chis section, we present a few LMI conditions for Hurwitz stabilizability.

Theorem 6.2 The system (6.1), or the matrix pair (4, B) , is Hurwitz stabilizable
if and only if there exist a symmetric positive definite matrix P and a matrix W

satisfying
AP+ PA" + BW + W BT < 0. 6.2)

Proof'Necessity: Following the definition of Hurwitz stabilizability and the well-
known Lyapunov stability theory, we know that the first stacement holds if and only
if there exist a matrix X and a matrix P > 0 satisfying

(A+ BK)P+ P(A+ BK)" < o. (6.3)

Letting

W = KP,

and substituting this into (6.3) gives (6.2).
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Sufficiency: Suppose that there exist a symmetric positive definite matrix P and
a matrix W satisfying (6.2). Then by letting
K =wp,

we obtain (6.3). With this we complete the proof. |

The condition in the aforementioned theorem is clearly an LMI. Using the
well-known projection lemma, we can further show the following result.

Theorem 6.3  System (6.1) is Hurwitz stabilizable if and only if there exists a
symmetric positive definite matrix P satisfying

Nf (AP + PA") N, < 0, (6.4)

with IV}, being the right orthogonal complement of BY.

Proof It suffices to show the equivalence between (6.2) and (6.4). To do this, we
make use of the projection lemma (Lemma 2.11).

Let
H=AP+PA, X=W, Q=B', P=1I,
then the inequality (6.2) can be written as
H+P'XTQ+Q"xP <o,
By Lemma 2.11, this is equivalent to
NJHNp <0,  N{HN, <0.

Since P = Iy, N; is of zero dimension, and thus the condition NATHNIA) <0

vanishes, while the second one is identical to (6.4). Thus, the equivalence directly
follows from Lemma 2.11. |

Theorem 6.4  System (6.1) is Hurwitz stabilizable if and only if there exists a
symmetric positive definite matrix P such that

AP+ PA" < yBBT, (6.5)

for some scalar y > 0.
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Proof  Necessity: Let the system (6.1) be Hurwitz stabilizable, then it follows from
theory of linear quadratic optimal control that, under the stabilizability condition,
there exists a positive definite matrix X satisfying the following Riccati matrix
equation (Duan 2004a)

A"X +XA— yXBB'X +1=0.

Pre- and postmultiplying by P=X"! both sides of the aforementioned
equation gives

PAT + AP — yBB" = —PP < 0.

This shows that (6.5) holds.
Sufficiency: Now suppose that there exists a symmetric positive definite matrix
P satisfying (6.5), then by choosing

K:-%ﬂﬁ{ 6.6)
we have
(A+ BK)P+P(A+ BK)T =AP + PAT — yBB" < 0.
Therefore, the system (6.1) is stabilizable. The proof is then completed. |

Remark 6.1 It is suggested that in applications we can simply take y = 1 in the
inequality (6.5). In this case, (6.5) turns into

AP + PAT < BBT, 6.7)

and the corresponding gain matrix is given by
Lot
K = —EB P (6.8)

This is not only because that this case is simple but also due to the fact that it would
be in vain to adjust the parameter y. In fact, once (6.5) has a solution P, (6.7) has a
solution Py = P/y. Thus, for arbitrary scalar y > 0, there holds

4

K=—=-
2

_ 14 _ 1 _
B'p~! = —EBT (yPy) "' = —EBTPO L

This clearly shows that different choice of y really does not change the value of the
feedback gain matrix X
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It is clear that the conditions (6.2), (6.4), and (6.5) in the three theorems are
all LMIs. Compared with the second-rank condition in Theorem 6.1, the LMI
conditions have an advantage in computation. For some high-order systems, the
rank condition may not be reliable, while the LMI conditions have good numerical

Duan (2003) and Kimura (1977) considered a linear system in the form of (6.1)

reliability.
Example 6.1
with D =0 and
(=1 0 1
0 0 1
-1 =2 1
0 0 0
A=l o o0 -1
0 0 0
0 0 0
-1 2 o0
17
C=| 3
-2

0
-3
-3

-3

oNoNeNolNolNolNoR

23 3
-3

N

0o -1 2
-1 0 0
-1 0 0

0 0 0

0 4 2

0o 1 0

0 0 1
-1 =1 2]
14 155

3 -2 2
—1 2.0

10
070
0 1
0 0
r B=To0
0 0
0 0
0 0o
25 5
-3 -6
1 4

el eoNeoR S ololoNo]

el oNoloNoleNoNe]

Applying the function feasp inthe MATLAB® LM toolbox to the corresponding
LMI problem (6.7) gives the following solution

75.8772
—21.1790
40.3367
—22.1019
8.6120
—28.3812
5.0920

| 24.3097

8.6120
2.9424
17.8700
—5.0391
12.0971
—5.8385
5.1002
—1.4904

—-21.1790
36.1906
11.6049
13.9642

2.9424
14.2712
15.7686

—29.2853

—28.3812
14.2712
—21.5186
13.7992
—5.8385
23.7600
—10.5280
—9.2869

40.3367
11.6049
79.7923
—4.5277
17.8700
—21.5186
36.8485
—7.3904

—16.0292

—22.1019
13.9642
—4.5277
12.3702
—5.0391
13.7992
2.4367
—11.6437

5.0920 24.30977]
15.7686  —29.2853
36.8485

24367 —11.6437

5.1002 —1.4904

—10.5280
27.9910 —16.0292

—7.3904

—9.2869

26.3990 |

> 0.
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Thus, the system is Hurwitz stabilizable. On the other hand, it can be obtained
that

A(A) = {—4.1259,2.0444 £ 2.0378i,0.0038 + 1.3685/, —0.5280
+0.6694i, 0.0855}

and it can also be easily verified that
rank[s/—A B] =8,
for s =2.0444 4+ 2.0378i,0.0038 £ 1.3685/, 0.0855. Thus, the conclusion is true

following the PBH criterion.

6.1.2 Hurwitz Detectability

Hurwitz detectability is a dual concept of Hurwitz stabilizability and is defined as
follows (Duan 2004a, 2010).

Definition 6.2  The system (6.1), or the matrix pair (4, C) , is said to be Hurwitz
detectable if there exists a real matrix L such that A + LC is Hurwitz stable.

Note that
MA) = (4D,
and
A+ LO)T =4 + C'k,
with K =LT, we know immediately that there exists an L such that (4 + LC) is

Hurwitz stable if and only if there exists a K such that AT + CTK is Hurwitz stable.
This implies the following duality principle.

Proposition 6.1 A linear system (4, B, C) of appropriate dimensions is Hurwitz
stabilizable if and only if its dual system (AT, cT, BT) is Hurwitz detectable.

It follows from Theorems 6.1 through 6.4, and the duality principle, we
immediately have the following results for Hurwitz detectability.

Theorem 6.5 The system (6.1) is Hurwitz detectable if and only if one of the
following condition holds:
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1. All the unobservable modes of system (6.1) are stable, that is,

rank [‘[ EA] = Vs, Re(s)>0. (6.9)

2. There exist a symmetric positive definite matrix P and a matrix W satisfying
A'P+PA+W'C+C'w <. (6.10)

3. There exists a symmetric positive definite matrix P satisfying
NI (A"P+PA) N, <0, (6.11)

with IV, being the right orthogonal complement of C.
4. There exists a symmetric positive definite matrix P such that

AP+ PA<yCTC, (6.12)

for some scalar y > 0

Example 6.2
Consider a jet transport aircraft system sstudied by Liu et al. (2000a) and
Grace et al. (1992), whose model is in the form of (6.1) with D = 0 and

—0.0558 —0.9968 0.0802 0.0415
0.5980 -0.1150  —0.0318 0.0000

A= —3.0500 0.3880 —0.4650 0.0000 |’
0.0000 0.0805 1.0000 0.0000
0.0729  0.0001
B— —4.7500 1.2300 Cc— 0O 1 0 O
K 1.5300 10.6300 |’ ~l0 0 0 1

0.0000  0.0000

Applying the MATLAB function feasp in the MATLAB LMI toolbox to the
corresponding LMI problem (6.12), with y = 1, gives the following solution

0.9581 —-0.2349 0.0996 0.1333

P —0.2349 1.2111  —-0.0202 0.0314 0
o 0.0996 —0.0202 0.1933 —0.1444 |~

0.1333 0.0314 —-0.1444 0.3248

Thus, the system is Hurwitz detectable.

6.2 Schur Stabilizability and Detectability

Corresponding to Schur stability of discrete-time linear systems, we have the con-
cepts of Schur stabilizability and detectability. They are a pair of very important
concepts in linear systems theory.
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6.2.1 Schur Stabilizability
6.2.1.1 Definition and the PBH Criterion

First, let us investigate Schur stabilizability, which is defined as follows.

Definition 6.3  The system (6.1), or the matrix pair (4, B) , is said to be Schur
stabilizable if there exists a real matrix K such that A + BK is Schur stable.

For condition for Schur stabilizability, we have the following well-known PBH
criterion.

Theorem 6.6  The system (6.1) is Schur stabilizable if and only if
rank[s/ —A B]=n VseC, [=1,
or

rank [/ —A B]=n, Vse kA, Is|>1

The aforementioned result states that all the uncontrollable modes of a Schur
stabilizable system (6.1) must be Schur stable.

6.2.1.2 LMI Conditions

In this section, we will present three LMI conditions for Schur stabilizability of
system (6.1).

Theorem 6.7  The system (6.1) is Schur stabilizable if and only if there exist a
symmetric matrix P and a matrix W satisfying
-P AP + BW
|:PAT+WTBT _p j| < 0. (613)

Proof  Necessity: Following Proposition 4.2, we know that the system (6.1) is
Schur stabilizable if and only if there exist a matrix X and a symmetric matrix P

satisfying

_p A+ BK) P
[P(A+BK)T ( +_p) ]<o. (6.14)



Property Analysis ®m 173

Letting
W = KP,

and substituting it into (6.14) gives (6.13).

Sufficiency: Suppose that there exist a symmetric matrix P and a matrix W satisfying
(6.13). Then by letting

K = wp,

we obtain (6.14). Thus, the system (6.1) is Schur stabilizable. With this we complete
the proof of the theorem. |

Corresponding to Theorem 6.3, the following theorem further gives another
LMI condition for Schur stabilizability of linear systems.

Theorem 6.8  System (6.1) is Schur stabilizable if and only if there exists a
symmetric matrix P satisfying

—N/}PN, NJAP
<0, (6.15)

PATN, ~P

with IV}, being the right orthogonal complement of BT.

Proof Tt suffices to show the equivalence between (6.13) and (6.15). To do this we
make use of the projection lemma (Lemma 2.11). Corresponding to the notations
in Lemma 2.11, here we take

—P. AP R
H:|:PAT _p}’ X=[0 W], Q=[BT 0], P=h,

then the inequality (6.13) can be written as
H+P'XTQ+Q"xP <o,
By Lemma 2.11, this is equivalent to
NJHNp <0, N,/HN, <0.

Let N, be the right orthogonal complement of BT, then it is easy to verify that

_|Ny O
=[5 )
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is the right orthogonal complement of Q. Since P = I,, N} is of zero dimension,
and thus does not exist. Correspondingly, the condition NI:EHNﬁ < 0 vanishes,

while the second one is identical with

r[-P AP
Ny [pAT —P] Ny =0,

which is equivalent to (6.15) in view of the format of V. Therefore, it follows from
Lemma 2.11 that (6.13) and (6.15) are equivalent. The proof is done. |

Corresponding to Theorem 6.4, we have the following theorem that gives a
different LMI condition for Schur stabilizability of linear systems.

Theorem 6.9  System (6.1) is Schur stabilizable if and only if there exists a
symmetric matrix P such that

|:—P PAT

AP —p— )/BBT:l <0, y>1. (6.16)

Proof* Necessity: Let the system (6.1) be Schur stabilizable, it then follows from the
Riccati equation theory for discrete-time linear systems that, under the Schur stabi-
lizability condition, there exists a positive definite matrix X satisfying the following
Riccati matrix equation

1 —1
AT (X—XB<—1+BTXB> BTX>A—X—|—[=O.
Y

Pre- and postmultiplying by P = X ~! both sides of the aforementioned equation
gives

1 —1
PAT (X — XB (—1 + BTXB> BTX> AP —P=—PP < 0. 6.17)

14

Using Corollary 2.1, we have
1 ! -
X — XB (—1 - BTXB> B™X = (x ' +yBB") . (6.18)
14

Substituting this relation together with P = X! into (6.17) yields

PAT (P+yBB") AP —P <0, (6.19)
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which can be easily shown to be equivalent to (6.16) with the help of the Schur
complement lemma.

Sufficiency: Now suppose that there exists a symmetric positive definite matrix P
satisfying (6.16). Choosing

) —1
K=— (—1 + BTPIB> BIP~ 14
y

) —1
=— (—1+ BTXB> B'x4, x=r"', y>1, (6.20)
Y

then for this gain K, we need only to show
(A+ BK)' X (A+ BK) — X < 0. 6.21)
First, with the help of Corollary 2.1, again, we have

A+ BK

2 —1
—A—B (— + BTP13> BIp=4
%

%) —1
=P<P—1 —P—IB<—+BTP—IB> BTP—1>A
Y

—1
—p (P n %BBT) A,
thus

A+ BK)' P~ (A+ BK) — P!

—1 —1
AT (P + gBBT> P (P + %BBT> A—p!
2 —1
= A" (p + yBB' + %BBTP_IBBT) A—r7L (6.22)

Second, noticing P > 0, ¥ > 1, and BBT > 0, we clearly have

)/2
zBBTP*lBBT >0,

hence

2
P+ yBB' + VIBBTP*BBT > P+ BB’
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With the help of the aforementioned relation and (6.16), we further have

—P PAT -P PAT
2 - < T < 0,
AP —P—yBB' — L-BBTP~BBT P —P—yBB
which is equivalent, according to the Schur complement lemma, to
y2

-1
PAT (P + yBB' + ZBBTP_IBBT) AP—P < 0.

Pre- and postmultiplying both sides of the aforementioned inequality by P! yields

2 -1
AT (P + yBB" + VZBBTPIBBT> A-P7' <o. (6.23)
Combining (6.22) with (6.23) yields (6.21). The proof is then completed. |

Remark 6.2 It is suggested that in applications the scalar y in the inequality
(6.16) be simply chosen to be 1. In this case, the inequality turns out to be

P PAT
{AP —P—BBT] <0, (6.24)

and the corresponding gain matrix is given by
K=—Q[+B"P '8 BTP 4
This is not only because that this case is simple but also due to the fact that it is in

vain to adjust the parameter y. In fact, once (6.24) has a solution P, (6.16) has a
solution Py = P/y. This fact gives

2 —1
K=— (—1 + BTP_IB) BIp14
14

2 —1
= — (—1 + B (yPy)~! B) BT (yPy) "' 4
%
-1
=—(r+82;'B) B'R;'A

This clearly states that the gain matrix X, although has a relation to y in expression,
is invariant with y in value.
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It is clear that the conditions given in the aforementioned three theorems are all
LMIs. Compared with the second-rank condition in Theorem 6.6, the LMI condi-
tions have an advantage in computation. For some high-order systems, the rank con-
dition may not be reliable, while the LMI conditions have good numerical reliability.

Example 6.3

The following discrete-time linear system

0O 1 0 0
xtk+1) = T 1 0fxtk)+|1|uk)
-1 (6.25)

0 O 0
o =lo o 9]

has been considered by Duan et al. (2003). For this system, applying the MATLAB
function feasp in the MATLAB LMI toolbox to the corresponding LMI problem
(6.24) yields

0.1085 0.2421_ 0.0000
0.0000 0.0000  1.1178

0.4088 —0.1085< 0.0000
P=]- > 0.
Thus, the system is Schur stabilizable. In fact, it can be obtained that
M(A) =10, 1.6180, —0.6180}
and it can also be easily verified that

rank[s/—A B]=3, s=1.6180.

Thus, the conclusion is true following the well-known PBH criterion.

6.2.2 Schur Detectability

Schur detectability is a dual concept of Schur stabilizability and is defined as follows.

Definition 6.4 The system (6.1), or the matrix pair (4, C), is said to be Schur
detectable if there exists a real matrix L such that A + LC is Schur stable.

Following Theorems 6.7, 6.8, and the duality principle, we immediately have
the following results for Schur detectability.

Theorem 6.10  The system (6.1) is Schur detectable if and only if one of the
following conditions holds:
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1. All the unobservable modes of system (6.1) are Schur stable, that s,

rank [XIE,A] =n VseC, |s>1.

2. There exist a symmetric matrix P and a matrix W satisfying

—P ATp+ cTwT 0
PA+ WC _p =

3. There exists a symmetric matrix P satisfying

~NIPN, NTATP 0
PAN, Y :

with IV, being the right orthogonal complement of C.
4. There exists a symmetric matrix P such that

-P PA
[ATP —P—yCTCj|<0’ y > 1 (6.26)
Example 6.4
Consider the discrete-time linear system (6.25) studied in Example 6.3. For this

system, applying the MATLAB function feasp in the MATLAB LMI toolbox to the
corresponding LMI problem (6.26) yields

3.4186 —2.2241 -0.3139

P=|-2.2241 1.9483 1.0138 | > 0.
—-0.3139 1.0138 2.3788

Thus, the system is Schur detectable.

6.3 Dissipativity

The concept of dissipativity is related to the linear system of the following form:

=x:Ax+Bu 6.27)

y = Cx+ Du,
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where

m x € R”, » € R’ and y € R” are the system state vector, input vector, and
the output vector, respectively

m A, B, C,and D are the system coeflicient matrices of appropriate dimensions.
Obviously, the transfer function of the system is G(s) = C(s] — A)"'B+ D

For strictness, in this section, the control input u() is restricted to be piece-wise
continuous vector functions defined on [0, 00).

6.3.1 Definition

The definition of dissipativity is associated with a so-called supply function. Consider
a general quadratic supply function

T
s(u,y) = H Q [y ] , (6.28)

U

where Q is a real symmetric matrix of dimension (74 r) . We emphasize that the
matrix Q is not assumed to be symmetric positive or negative definite.

Definition 6.5  The linear system (6.27) with x(0) = 0 is said to be dissipative
with the supply function s(#, y) given in (6.28) if

T

fs(u,y) de>0 (6.29)
0

holds for all 77> 0, all piece-wise continuous input # (¢) and the corresponding
output y ().

The following proposition gives an equivalent definition for dissipativity of the
linear system (6.27).

Proposition 6.2 The linear system (6.27) with x(0) =0 is dissipative with the
supply function (6.28) if and only if there exists a matrix 2 > 0, such that

js(u, yde = % (1)) Pe(r1) — %" (1) Px(t0) (6.30)

0]

holds for all 5 < #;.
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Proof  Sufficiency: Let (6.30) holds all 5y < #. Choosing 1 = 0, #; = T in (6.30)
we can immediately see that (6.30) implies (6.29) if x(0) = 0.

Necessity: Let the linear system (6.27) be dissipative with the supply function
(6.28), then (6.29) holds. Further, noting that the supply function s(u,y) is
quadratic, we know that it suits for the optimal cost of a linear quadratic
optimization problem. Let the optimal solution to the optimal control problem

131
min f s(u, y)de
“ o

s.t. x = Ax+ Bu, x(0) =0
y=Cx+ Du

be denoted by
u*(r) = Kx(2),

then it is well known from optimal control theory that there exists a matrix 2 > 0
such that

|

min j s(u, y) de

]
e js(u*,y*) dr
)
LT 1T
==x (29)Px(xy) — Ex (t1)Px(#1), (6.31)

2

where y* is the optimal system output corresponding to the optimal control #*.

Since (6.29) holds, we also have

|

min j s(u, ) de > 0.

]
Otherwise, we can construct

~ o Ju@), t=1
u(t)_{o, 0<t<t,

which gives, in view of x (0) = 0, the system output

~ _ _)’(t)’ t=1
y(t)_{o, 0<t<t,
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and hence

| |

[s@pde= [ s@zde<o.

0 0]

This clearly contradicts with the assumption (6.29).
Combining this with (6.31) gives

<V (1) Px (1) — x" (1) Px(#1) > 0.
Hence,
%L (1) Px(t;) — x¥ (#) Px(tp) < 0. (6.32)

Finally, combining (6.29) with (6.32) yields (6:30). The proof is then
completed. |

For convenience, (6.30) is often called the dissipativity inequality.

6.3.2 Equivalent Conditions
6.3.2.1 Frequency Domain Condition

The following gives a necessary and sufficient condition for dissipativity of linear
system (6.27) in terms of its transfer function.

Theorem 6.11  Suppose that the linear system (6.27) is controllable. Then the
linear system (6.27) is dissipative with the supply function defined by (6.28) if and
only if

H
[G;s)} Q [G;‘)} >0, VseC, Re(s) > 0. (6.33)

The proof of this theorem is rather lengthy and is given in Appendix A.

6.3.2.2 Matrix Inequality Condition

For dissipativity of the system (6.27), we can also derive a criterion based on a matrix
inequality in terms of the system coefficients. This derivation requires the following
preliminary result.
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Lemma 6.1 Suppose that the linear system (6.27), with x(0) =0, is control-
lable, and

x(0)]" . [x()
Lol 0[50 20, v 650

holds for some ® € S”*” and arbitrary piece-wise continuous input #(z) and the
corresponding state x(¢). Then ® > 0.

Proof It follows from the definition of positive definiteness of matrices, it is
sufficient to show that, for arbitrary z € R”*", there exist a time moment 7, and a
pair of input vector #(#) and state vector x(#) of the linear system (6.27) satisfying

[’?(“)] _ . (6.35)

u(t)

Partition the vector z as
Z1
z = |:z:|’ z1 €eR”, 2z eR".
2

Then, by the controllability assumption, there exists an input #(#) which drives x(¢)
to 21, that is,

¥ep) = IeA(t_r)Bu (1) dr = 2. (6.36)
0

Define a new piece-wisely continuous input as

u(t), 0<tr<mn
225 1 =t

u(t) = {

Then, we have #(1) = z. While the corresponding state vector at this time
moment #] is

w(#) = jeA(’_’)Bﬁ(r) dr = f/“f—f)Bu(z) dr = 2.
0 0

Therefore, we have found a pair of input vector # (¢) and state vector x () of the
linear system (6.27) satisfying (6.35). The proof is done. [ |
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Theorem 6.12  Suppose that the linear system (6.27) is controllable. Then, the
system (6.27) is dissipative with the supply function defined by (6.28) if and only if

there exists a matrix P > 0 such that

ATp+pra PBl [c DY ¢ D
[ o o}_[o 1] Q[o 1]50' (6.37)

Proof  Sufliciency: Let the linear system (6.27) be dissipative, then the dissipativity
inequality (6.30) holds, which clearly can be rewritten as

|

d
| (st = = [0 Peto] ) dr = 0. (6.38)

)

Using the system equations, we have

OIS
)= _u(t)] Q[uo)]

_ [Cx() + Du(e)]", TCx(2) + Dur)
u(t) Q u(t)

_[x»1'[¢ DY [c D][x)
= luo] Lo 1] Qo 1]|uw]

% [x() T Px(1)] = 2D Pe(2) + x(2) T Px(2)

and

= (Ax(t) + Bu(t)) " Px(¢) 4+ x(¢) ' P (Ax(¢) + Bu(z))

= x(1)" (A"P + PA) x(¢) + u(2)" B Px(z) + x(1)" PBu(z)
_[x()]"[A"P+ P4 PB][x()

B E0) BTP 0 ||u»]

Thus, we obtain

oy — L o] = [FO] ke [7© (6.39)
I PR TR L) () |’ '

where

ATP+ PA PB ¢ pl' [c D
F(p)z_[ BTP o} [o 1] Q[o 1]'
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Therefore, (6.38) is equivalent to

|

O oo [*(®)
f [u (t)] F(P) [u (t)] dr > 0. (6.40)

1)
Further, in view of the arbitrariness of #y and #, (6.40) is clear seen to be
equivalent to

OIS x(2)
[u (;)] F(P) [u(t)} ~0, Vt>0.

Since the aforementioned inequality holds for all input # (), and also the system
is controllable, by Lemma 6.1 we know that (6.40) is equivalent to-F(P) > 0.
Therefore, we have shown that (6.30) implies (6.37).

Necessity: This is actually a reverse process of the sufficiency part. Suppose that
there exists a matrix 2 € S” such that (6.37) holds, then we have (6.40), which
is equivalent to (6.38) in view of (6.39). Hence we further have the dissipativity
inequality (6.30). Therefore, the system (6.27) s dissipative with the supply function
s(#, y). Thus, the conclusion is true in view of Proposition 6.2. [ |

Example 6.5

Consider an advanced (CCV-type) fighter aircraft system (Syrmos and Lewis 1993,
Duan 2003) in the form of (6.27) with the following coefficients:

—1.3410 0.9933 = 0 —-0.1689 —-0.2518 0 0
43.2230- —-0.8693 0 —-17.2510 —1.5766 0 O

A= 13410 0.0067 0O 0.1689 0.2518 |, B=| 0 O0Of,
0 0 0 —20.0000 0 20 O
0 0 0 0 —20.0000 0 20

C=[s 0], D=0.

For this system, we choose

-3 2 1 0 -1

2 1 1 0 0

Q= 1 1 2 -1 0
0 0 -1 1 0

-1 0 0 0 1

Since

A(Q) = {—4.0539,0.0470, 1.0000, 1.4961, 3.5108}
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contains both positive and negative values, the matrix Q is neither positive definite
nor negative definite.

Solving the LMI in (6.37) with the MATLAB function feasp yields a positive
definite solution

2.7598 —0.0841 0.7253 —-0.0315 —0.0408
—0.0841 0.0359 0.0301 0.0135 —0.0029

P=1| 0.7253 0.0301 13723 —-0.0553 —-0.0077 | > 0.
—0.0315 0.0135 —0.0553 0.0735 —0.0009
—0.0408 —0.0029 —-0.0077 —0.0009 0.0637

Therefore, the system is dissipative with respect to this particular supply function.

6.4 Passivity and Positive-Realness

In the proceeding section, we have introduced for the linear system (6.27) the
concept of dissipativity and also given some equivalent conditions. In this section,
we further require that the dimension of the input vector and that of the output
vector of system (6.27) are the same, that is, 72 = 7.

It is seen from the definition that dissipativity varies with the supply function

T
sQ(uy) = H Q m :

0 I
Q=Qp=[1 0}, (6.41)

Specially choosing

leads to the concept of passivity.

6.4.1 Definitions

With the choice of Q matrix given in (6.41), the supply function becomes

sp(uy) = 2u" (D)y(0).
In this case, the dissipativity condition (6.29) turns into

T

fuT(t)y(t) dr > 0. (6.42)
0

Definition 6.6  The linear system (6.27), with the same number of input and
output variables, is called passive if (6.42) holds for arbitrary 7" > 0, arbitrary input
u(z), and the corresponding solution y(¢) of (6.27) with x(0) = 0.
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Obviously, passivity describes a property of a linear system in the time domain.
While the following definition, which has a close relation to the concept of passivity,
describes a property of a linear system in the frequency domain.

Definition 6.7  The transfer function matrix
Gs)=CGI—A'B+D
of system (6.27) is called positive-real if it is square and satisfies

GH5)+ Gis) >0, VseC, Re(s)>O0. (6.43)

6.4.2 Positive-Real Lemma

Passivity and positive-realness are two very important concepts in linear control
systems theory. The following well-known positive-real lemma reveals the relation
between passivity and positive-realness.

Theorem 6.13  Let the linear system (6.27) be controllable. Then, the system
(6.27) is passive if and only if its transfer function is positive-real.

Prooff  When the Q matrix is specially taken as in (6.41), the inequality (6.33)
reduces to (6.43). Thus, we can easily obtain the conclusion from the equivalence

of (6.29) and (6.33) in Theorem 6.11 (see Figure 6.1). [ |

DS |=———=| (629) |[—————| (642) |=<——| PA

(6.33) |[/——————| (643) |=——— PR

(6.37) ———| (6.44)

Figure 6.1 Relations among dissipativity (DS), passivity (PA), and positive-
realness (PR).
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The aforementioned theorem tells us that passivity and positive-realness in fact
describe the same property of a linear system, one gives the time-domain feature of
this property, while the other gives the frequency-domain feature.

6.4.3 LMI Condition

The following theorem gives an LMI condition for passivity of linear systems.

Theorem 6.14  Let the linear system (6.27) be controllable. Then, the system
(6.27) is passive if and only if there exists a matrix P > 0, such that

T AT
[A P+PA PB Ci|§0' (6.44)

B'p—Cc -DV'—-D

Proof It is known from earlier text that, when the Q matrix is specially chosen
as in (6.41), the dissipativity of the linear system (6.27) becomes the passivity
of the system. Meanwhile, the inequality (6.37) can be easily seen to reduce
to (6.44). Therefore, we can easily obtain the conclusion from Theorem 6.12
(see Figure 6.1). [ |

It is obvious that (6.44) implies ATP 4 PA < 0, thus the following conclusion
immediately follows.

Corollary 6.1 The linear system (6.27) is passive only if the matrix 4 is stable or
critically stable.

Using the Schur complement lemma, we can also get the following corollary.

Corollary 6.2 Let the linear system (6.27) be controllable, and D + DY > o.
Then, the linear system (6.27) is passive if and only if there exists a matrix 2 € S”
satisfying the following Riccati matrix inequality:

AP+ PA+ (PB—CT) (D+ D) (B"P—C) <.

Example 6.6

Consider a continuous-time linear system in the form of (6.27) with

o[ e

C=[-100 10], D=1.
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Applying the MATLAB function feasp in the MATLAB LMI toolbox to the cor-
responding LMI problem in (6.44) with these parameters gives the following
solution

p_[260514 18531
=1 1.8531 19.9938|

By Theorem 6.13, this linear system is passive.

6.5 Nonexpansivity and Bounded-Realness

In this section, we also consider the controllable linear system (6.27) with 7 = 7.
As in Section 6.4, specially choosing

-1 0
Qzszz[o 1]’ (6.45)

in the definition of dissipativity, or equally, in the supply function

T
sQu,y) = M Q H ,

leads to the concept of nonexpansivity.

6.5.1 Definitions
With the choice of Q matrix given in (6.45), the supply function becomes to
s (my) = u' (Du(e) =y ().

In this case, the dissipativity condition (6.29) turns into

T T
f YL () dr < fuT(t)u(t) d. (6.46)
0 0

Definition 6.8  The linear system (6.27) is called nonexpansive if (6.46) holds for
arbitrary 7 > 0, arbitrary input #() and the corresponding solution y(#) of system
(6.27) with x(0) = 0.

Clearly, nonexpansivity is a property of linear systems in the time domain. The
following definition describes a property of a linear system in the frequency domain.
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Definition 6.9  The transfer function matrix
Gs)=CGl—A'B+D
of the system (6.27) is called bounded-real if it satisfies
G (5)G(s) <1, VseC, Re(s) > 0. (6.47)
The following proposition gives another interpretation for the concept of
bounded-realness.
Proposition 6.3 The bounded-real condition (6.47) is equivalent to

G0 < 1. (6.48)

Proof It is obvious that (6.47) is equivalent to
Omax (G(s)) <1, Vse €, Re(s) > 0. (6.49)
Thus, by Proposition 5.1, the aforementioned condition is equivalent to
[1G(9)loo = sup{omax (G(5)) | Re(s) > 0} < 1.

With this we complete the proof. |

6.5.2 Bounded-Real Lemma

Like passivity and positive-realness, nonexpansivity and bounded-realness are also a
pair of concepts describing a property of a linear system in the time-domain and the
frequency=domain, respectively. The following well-known bounded-real lemma
reveals this relation.

Theorem 6.15  Let the linear system (6.27) be controllable. Then, the system
(6.27) is nonexpansive if and only if its transfer function is bounded-real.

Prooff  When the Q matrix is specially taken as in (6.45), the inequality (6.33)
reduces to (6.47). Thus, we can easily obtain the conclusion from the equivalence

of (6.29) and (6.33) in Theorem 6.11 (see Figure 6.2). [ |

The aforementioned theorem tells us that nonexpansivity and bounded-realness
in fact describe a same property of a linear system, one gives the time-domain feature
of this property, while the other gives the frequency-domain feature.



190 m [Mils in Control Systems

DS |=———| (629) [——————=| (6.46) |<<——=| NE

(6.33) ——=—| (647) |=——=| BR

(6.37) |=—==———| (6.50) or (6.51)

Figure 6.2 Relations among dissipativity (DS), nonexpansivity (NE), and
bounded-realness (BR).

6.5.3 LMI Conditions

Proposition 6.3 has linked the concept of bounded-realness of a linear system with
the Hoo performance of the system. Using such a relation and Theorem 5.3, we can
immediately get the LMI condition for bounded-realness of a linear system.

Theorem 6.16  Let thelinear system (6.27) be controllable. Then, the transfer
function of system (6.27) is bounded-real if and only if there exists a matrix 2 > 0
satisfying one of the following LMIs:

Aftp+pr4 PB CT
BTP -1 DV| <o, (6.50)
C D -1

and

(6.51)

PA+ AP+ C'C PB+C'D “o
B'P+DIC D'D—1 '

Proof  This directly follows from Proposition 6.3 and Theorem 5.3, where the
scalar y is simply set to 1. |

Remark 6.3 In fact, as a slight generalization of Proposition 6.3, we can easily
show that the transfer function matrix of the linear system (6.27), with x (0) =0,
satisfies ||G(s)]|oo < ¥ for some y > 0 if and only if the system input and output
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admit the following relation

T T
[y @prde < y? [ @ut s (6.52)
0 0

for arbitrary 7" > 0. Such an equivalent relation clearly reveals the meaning of Hqo
indices in the time domain.

The following is an immediate corollary of Theorem 6.16.

Corollary 6.3 The linear system (6.27) is nonexpansive only if the matrix A is
stable.

Further, using Schur complement lemma, we can also get the following corollary.

Corollary 6.4 Let the linear system (6.27) be controllable and 7 — DD > 0.
Then the transfer function of system (6.27) is bounded-real if and only if there exists
a matrix P > 0 satisfying the following Riccati matrix inequality:

AP+ PA+CTC+ (PB+C D) (1 —D'D) " (PB+CD)' <0

Example 6.7

Consider the linear system in Example 6.6 again. Applying the MATLAB function
feasp in the MATLAB LMl toolbox to the corresponding LMI problem in (6.51),
we find that this LMI constraint is infeasible. By Theorem 6.15, the system is not
nonexpansive. In fact, solving the corresponding Hoo optimization problem, we
actually obtain y = 372.2820 > 1.

To finish this section, we mention that, for simplicity and also for emphasizing
the relationship between dissipativity and nonexpansivity (bounded realness), we
have chosen to prove Theorem 6.15, the bounded-real lemma, using Theorem 6.11.
While this bounded-real lemma can also be proven directly. A direct proofis provided
in Appendix A .

6.6 Notes and References

This chapter investigates certain properties of linear systems, which include stabi-
lizability, detectability, dissipativity, passivity and positive-realness, nonexpansivity,
and bounded-realness.
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Table 6.1 Criteria for Stabilizability of (A, B)

Criteria Variables
P>0
P,W
AP+ PAT + BW + WTBT <0
P>0
Hurwitz P
N} (AP+PAT) Np <0
P>0
P
AP+ PAT —BBT <0
—-P AP + BW
<0 PW
PAT + wTBT —P
—NTPN, NTAP
Schur L A Y P
PATN,  —P
-p PAT
<0 P
AP —p - BBl

The LMI conditions of stabilizability and detectability of the linear system
(A4, B, C) are summarized in Tables 6.1 and 6.2, respectively, while those for pas-
sivity (positive-realness) and nonexpansivity (bounded-realness) of the linear system
(4, B, C, D) are given in Table 6.3.

Again, what we have presented in this chapter are very basic. For generalization
of the concepts of detectability to descriptor linear systems, one can refer to Duan
(2010) for detectability and observability of stochastic systems, to Li et al. (2009,
2010) for positive-realness of descriptor linear systems, and to Zhou et al. (2010b)
and Yang etal. (2007).

As we have seen in this chapter that passivity and nonexpansivity are both special
cases of dissipativity, which is defined for the linear system (4, B, C, D), with a

transfer function
Gs)=CGI—A'B+D

Conditions for dissipativity of system (4, B, C, D) with respect to the following
supply function

T
s%ﬁzB]QP} (6.53)

u
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Table 6.2 Criteria for Detectability of (A, B, C)

Criteria Variables
P>0
P,W
ATP+PA+WTIC+CTW <0
P>0
Hurwitz P
NE(ATP+PA)Ne <0
P>0
P
ATP+pPA—CTC <0
- ATP+CTWT
<0 P,W
PA + WC P
—NIPN: NIATP
Schur ce e <0 P
PANC —-P
P PA
<0 P
ATp —p—CTc

are composed of the following:

1. fOTs(u,y) de>0, V7T >0.
2 [ s(uy) de = x" (1) Px (1) — x" (90) Px (19), Vi1 = 19 > 0.

H
N [G(s)} 0 [G@] >0, Vs € C, Re(s) > 0.

I I
ATpy+pa pPB] [c DI .[c D
4‘[ B'p o]_[o 1] Q[o 1}50’ P>0.

We have seen that nonexpansivity is equivalent to ||G(s)||oo < 1. This gives a
clear meaning of the Hoo index. Also, it tells us that the Hoo norm of a stable linear
system admits an interpretation in terms of dissipativity of the system with respect
to a specific quadratic supply function.

Most of the results for dissipativity of linear systems presented in this chapter
are closely related to those in Willems (1971b) and Scherer and Weiland (2000).
These include result in Proposition 6.2 and those in Theorems 6.11 and 6.12.
However, the proofs given in Willems (1971b) and Scherer and Weiland (2000) are
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Table 6.3 Criteria for Passivity and Nonexpansivity

Problems Criteria

.
fuTtymdt >0, VT >0
0

GH(s) + G(s) >0, VseC, Re(s) >0
Passivity or

positive-realness | 3P > 0, s.t.

ATP+PA PB-CT
<0
B'P—C -D'-D

T T
[yToymdt < [uT(@®u)dt, ¥T >0
0 0

GH(9)G(s) < 1]

[G(S)|loo =1

3P >0, s.t.

Nonexpansivity or ATP+PA PB CT
bounded-realness

BTP -1 DT|<O
C D -1
3P >0, s.t.

ATP+PA+CTC PB+CTD

B'P+DTC DD -1

very brief and provide only some outlines. For the sake of most of the audience, we
have provided detailed proofs of these results in Section 6.3.

Finally, we mention that the concept of dissipativity has been extended to other
types of systems, for example, neural networks with mixed time-varying delays
(Cao et al. 20006), and smart dampers systems (Johnson and Erkus 2007).

Exercises

6.1 Prove Corollary 6.1, that is, the linear system

x = Ax + Bu
y=Cx+ Du

is passive only if the matrix A4 is stable.
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6.3

6.4

6.5

6.6

6.7
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Verify the Hurwitz stabilizability of the following linear system using LMI
technique:

S —= O

0 2 1
x=10 1 O0|x+ 0| u
1 1 1

Verify using LMI technique the Hurwitz detectability of the following system

-2 1 0
x = 0o -2 0fx
0 0o -2

1 0 4
J=12 o 8|™

Consider the following linear system (Duan 2003)

x = Ax -+ Bu
y=0Cx
with
0.5 0 0 1 0
A= 0 -2 10|, B=| -2 2 |, C:|:(1) 8 (1)]
0 1 -2 0 1

Determine whether or not this system is Hurwitz stabilizable and detectable.
Consider the following linear system

1

GG)=———"——.
© 243542

(6.54)

1. Determine whether or not this system is passive.

2. Determine whether or not this system is bounded-real.
Consider the jet transport aircraft system in Example 6.2.
1. Determine whether or not this system is passive.

2. Determine whether or not this system is bounded-real.
Prove Theorem 6.16 using Theorem 6.12.
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Chapter 7
Feedback Stabilization

In the previous three chapters, we have studied several types of analysis problems,
while from this chapter on we will look at certain control systems design problems.
We start with in this chapter the problem of state feedback stabilization.

The results in the first five sections are closely related to the stability analysis
results covered in Chapter 4. In Chapter 4, we have given various analysis condi-
tions for different types of stability. But in this chapter, we will first apply those
conditions to the state feedback stabilization system, and then, through a variable
substitution, we can turn the design conditions for stabilization into LMlIs, and
meanwhile get the expression of the gain matrix. Such a procedure is shown in

Figure 7.1.

7.1 State Feedback Stabilization

In this section, we examine the problem of state feedback stabilization. The purpose
is to present a solution to the problem based on LMIs.

7.1.1 Case of Continuous-Time Systems

The problem of state feedback stabilization for continuous-time systems can be
stated as follows.
Problem 7.1 For the following continuous-time linear system

x = Ax + Bu, (7.1)

199
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A+BK

i

Analaysis condition for stability (stabilizability)

W=KP

Design condition for stabilization K=wp!

Figure 7.1 Basic procedure for stabilization design.

design a state feedback control law # = Kx, such that the closed-loop system
%= (A4 BK)«x

is asymptotically stable.

By Lyapunov stability theory, the problem has a solution if and only if there
exists a symmetric positive definite matrix P, such that

(A+ BK)P+ P(A+ BK)" < o.

Thus, the following result immediately follows from Theorems 6.2 and 6.4 and
their proof.

Theorem 7.1  Consider the state feedback stabilization problem stated earlier.

1. The problem has a solution if and only if there exist a symmetric positive
definite matrix P and a matrix W satisfying

AP+ PA" + BW + W'B" <0. (7.2)
In this case, a solution to the problem is given by

K =wpL
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2. The problem has a solution if and only if there exists a symmetric positive
definite matrix P satisfying

AP + PAY — BBT < 0. (7.3)

In this case, a solution to the problem is given by

1
K=—-B'pP,
2

Remark7.1 InRemark 6.1, we point out that the inequality (7.3) canbe replaced
by the LMI
AP+ PA" < yBBY, y >o0.
In this case, the corresponding gain matrix is given by
K =-YBp,
2
which is actually invariant with the scalar y.

Example 7.1

Consider the following benchmark system, which has been introduced in
Problem 3.10,

20 0 0 - 0 :
20 19 0 - 0 0
xo=0 20 18 . lxo+|%uw
0 -~ 0 20 1 0
y=[0 0 -~ 0 1]x

Applying the MATLAB® function feasp in the MATLAB LMI toolbox to the
corresponding LMI problem (7.2), we obtain the parameters W and P > 0, and
the stabilizing feedback gain is obtained via

K= [k] ky .- /(20] =wp!.

Entries in the gain matrix K are given in Table 7.1.
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Table 7.1 Entries of Gain Matrix K
J k3j1 ksji2 ksjt3
0 —591.4762 —10314.5551 —92979.44209
1 —540566.8807 —2209854.2130 —6688509.0488
2 | —15474002.5449 | —27952786.7039 | —39997637.3117
3 | —45768927.4074 | —42125136.3660 | —31262321.5973
4 | —18691639.2974 —8961636.0608 —3411864.4338
5 —1013690.8962 —228097.5187 —36841.7712
6 —3836.6356 —196.2084

By using the MATLAB function eig, the set of closed-loop eigenvalues are

obtained as

A(A+ BK) ={—144.1706 4 238.9446i, —14.5740 £+ 58.0656i,
—5.4157 £ 33.3797i, —2.7601 £+ 23.2861/,
—1.4620+18.0273/, =1.6736 £ 15.3718i,
—3.1287 £11.5781/,=5.3042 4+ 8.5417i,

— 6.8075 £2.03473i, —5.4416 &+ 4.6807i},

which is clearly located on the left-half complex plane.

7.1.2 Case of Discrete-Time Systems

The problem of state feedback stabilization of discrete-time linear systems can be

stated as follows.

Problem 7.2  For the following discrete-time linear system

x(kB+ 1) = Ax (k) + Bu (),

design a state feedback control law

such that the closed-loop system

u (k) = Kx (k),

x(k+1)= A+ BK) x (k)

is asymptotically stable.
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By Lyapunov stability theory, the problem has a solution if and only if there
exists a symmetric positive definite matrix P, such that
(A+BK)P(A+ BK)T —P < 0.

Thus, the following result immediately follows from Theorems 6.7 and 6.9 and
their proofs.

Theorem 7.2  Consider the state feedback stabilization problem stated earlier.

1. The problem has a solution if and only if there exist a symmetric matrix P
and a matrix W satisfying

-P AP + BW} @ 7.5)

[PAT + wiBt —P
In this case, a feedback gain matrix is given by
K =Wwp~l.

2. The problem has a solution if and only if there exists a symmetric matrix P
satisfying

iy PAT

In this case, a feedback gain matrix is given by

K=-QI+B'P 'R~ 'BIp 1A

Remark 7.2 = In Remark 6.2, we point out that the inequality (7.6) can be replaced
by the following alternate LMI condition

-r PAT
ap —p—ypgT| =% V=0

In this case, the corresponding gain matrix is given by

2 1
K =— (-1 + BTP—IB> BT P14,
12

which is actually invariant with the scalar y.
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Example 7.2

Consider the discrete-time linear system in Example 6.3 again. For this sys-
tem, applying the MATLAB function feasp in the MATLAB LMI toolbox to the
corresponding LMI problem (7.5) yields

—0.0000 26.5366 —0.0000
0.0000 —0.0000 85.6691

W =[-482702 —26.5366 0].

48.2702 —0.0000 0.0000
P= >0,

Thus, a stabilizing feedback gain is obtained as
K=WpP~! =[-1.0000 —1.0000 —0.0000]:
It can be verified using the MATLAB function eig that the closed-loop eigenvalues

are (—0.1046 £ 0.1813/) x 1072 and 2.093 x 10~°, which.are all stable in the
discrete-time sense.

7.2 D-Stabilization

In this section, we examine several problems of D-stabilization of the following
system

x =Ax + Bu, (7.7)

where x € R” and # € R” are the state vector and the input vector, respectively.

7.2.1 Hq,p)-Stabilization

The problem of [H g, g)-stabilization of the linear system (7.7) is stated as follows.

Problem 7.3 For the linear system (7.7), design a state feedback control law
u = Kx such that the closed-loop system

x=(A+ BK)x

is H(a,ﬂ) stable.

It follows from Proposition 4.3 that the problem has a solution if and only if
there exists a symmetric positive definite matrix P satisfying

(A4 BK)P+ P(A+ BK)" 4+ 2aP < 0
—(A+BK)P—P(A+ BK)T —2BP < 0.

Based on this observation, the following result can be immediately obtained.
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Theorem 7.3  Problem 7.3 has a solution if and only if there exist a symmetric

positive definite matrix P and a matrix W satisfying

AP + PAT + BW + WTBT 4 2aP < 0
—AP — PAY — BW — WTBT —28P < 0.

In this case, a solution to the problem is given by

K =wp

Example 7.3

Consider the benchmark system in Example 7.1 again. Let the associated
region be

Hpy3)y=X+y | -3 <x<-1<0}

By using the MATLAB function feasp in the MATLAB LMI toolbox, the corre-
sponding LMI problem (7.8) is solved. Based on the obtained parameter matrices
W and P, the feedback gain is obtained by

K= [/q ko kzo] =wp',

Entries in the gain matrix K are given in Table 7.2.

Table 7.2 Entries of Gain Matrix K

J k3jt1 k3jyo k3j3
0 —247.2992 —3641.8033 —27720.8477
—150480.7997 | —588726.8296 | —1753787.5424
—4043652.1159 | —7366762.0268 | —10691261.2443
—12474312.3964 | —11723931.5461 | —8899960.6584
—5433676.2155 | —2659386.8988 | —1028572.6855
—310360.7401 —70269.3239 —11477.0865

—1184.2997 —61.5274
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By using the MATLAB function eig, the closed-loop eigenvalues are
obtained as

A (A4 BK) ={—=2.0033 £ 196.2688/, —1.9091 £ 64.4927i,
—1.7565 £37.7301i, —1.6236 £ 26.1631/,
—1.5371 £19.8647i, —1.6132 £ 16.3433/,
—2.0503 £ 13.8705i, —2.0603 £ 10.6065/,
—2.0475 £ 6.5857i, —2.0487 £ 2.2323i},

which are clearly located in the region Hy 3).

7.2.2 D(q,r-Stabilization

The problem of D, ) -stabilization is stated as follows.

Problem 7.4 Let
D=Dg, = {x + 7 ‘(x+ 9’ +5 < 72}

be a domain on the complex plane. Design a state feedback control law # = Kx for
the linear system

px = Ax + Bu,
such that the closed-loop system
px = (A+ BK) x

is D-stable. Here p represents either the differential operator (for continuous-time
system case) or the one-step forward operator (for discrete-time system case).

It follows from Proposition 4.4 that the problem has a solution if and only if
there exists a symmetric matrix P satisfying the following LMI:

—rP gP+ (A+ BK) P -0
qP+ P (A+ BK)" —7P '

Denoting
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we can convert the above inequality into the following equivalent one:

—rP qP + AP + BW <0
qP + PAT + wTBT —rP '

From the aforementioned deduction, we have the following resul.

Theorem 7.4  Problem 7.4 has a solution if and only if there exists a symmetric
positive definite matrix P satisfying the LMI (7.9). In this case, a feedback gain

matrix is given by

K =wp .

Example 7.4

Consider the following linear system

-5 1 0 0 0
x(t) = O 1T T[x®O+]0 1[u®.
T 1 1 1 0

This system has been used in Duan etal. (1990, 2001) and Duan and Chen (1995).
Let the parameters associated with the interested region D, ) beg =2andr=1,
that is,

Dy ={x+jy|x+22+y? <1},

Using the MATLAB function feasp in the MATLAB LMI toolbox, the cor-
responding LMI problem (7.9) is solved, and the parameter matrices are
obtained as

2.2026 5.7346 —0.0000
P= 5.7346  16.2965 —0.0000 | > O,
—0.0000 —0.0000 11.4349

and

W= —7.9372 —=22.0312 —-34.3047
~[—19.5344 —-51.3145 —11.4349]|"

Hence, a feedback gain is given by

= wp-T — [—1.0000 —1.0000 —3.0000]

—8.0032 —-0.3325 —1.0000

It can be verified that the corresponding closed-loop poles are —2.3302, —2.0023,
and —2.0000, which are indeed located in the region Dy, 1).
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7.2.3 General D-Stabilization

The problem of D-stabilization, with I being an LMI region, is stated as follows.

Problem 7.5 Let D = Dz a7) be an LMI region, whose characteristic function is
Fp=L+sM+3M".
Design a state feedback control law # = Kx for the linear system
px = Ax + Bu, (7.10)
such that the closed-loop system
px = (A+ BK) x
is Dz, ar)-stable.

It follows from Theorem 4.1 that the matrix (4 + BK) is (7 as)-stable if and
only if there exists a symmetric positive definite matrix P such that

RyAP)=LQP+M® (A+BK)P)+ M' ® (A+ BK)P)' <0,
where @ represents the Kronecker product. Let
W = KP,
the aforementioned inequality can be rewritten as
LOP+MROAP+ MY @PAT + M@BW +M @ WIBT <0. (7.11)
With this deduction, we now have the following theorem.
Theorem 7.5  The aforementioned Dz a7)-stabilization problem has a solution

if and only-if there exist a symmetric positive definite matrix P and a matrix W
satisfying the LMI (7.11). In this case, a solution to the problem is given by

K =wp

Example 7.5

Consider the LMI region S(«, r, 6) given in (4.17). In Example 4.8, we have shown
that (A + BK) is S(a, r, 6)-stable if and only if there exists a symmetric positive
definite matrix P, such that

20P+ (A+BK)P+P(A+BK)' <0,
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—rP A+BKP] _ o
P(A+BK)T —rP ’

((A +BK)P+P A+ BK)T) sin6 ((A +BK)P— P(A+ BK)T) cosé
0.
(P (A + BK)T — (A + BK) P) cos6 ((A L BK)P+ P (A + BK)T) sind |

Through introducing the relation
W =KP,

we immediately have the conclusion that the LMI region stabilization problem in
the case of S(e, r, 6) has a solution if and only if there exist a symmetric matrix P
and a matrix W, satisfying

2P+ AP+ PAT + BW + WTBT <0,

—rP AP+ BW]
PAT + WTBT —rP '

|:(AP + PAT + BW + WTBT) sing (AP=PAT + BW — WTBT ) cos 9}
<0

(PAT — AP+ WTBT — BW)cos6 - (AP + PAT + BW + WTBT) sino
In this case, the feedback gainis given by
K=wpl

Example 7.6

Consider the following linear system, which has been studied by Duan (2003):

-0.5 0 0 1 0
x(t) = 0 =2 10 |x®+]|-2 2]|u®.
0 1T =2 0 1

Let the matrices associated with the characteristic function of the LMI region D be

-1 2 1[0 3
= . M=-— .
2 -1 401 o0
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g
o

Figure 7.2 The LMI region in Example 7.6.

Y

Thus,

D:{s‘seC/L+sM+§MT<O}
seC -1 2 + 0 %5 + 3’ <0
L2 -1 |45 0 35 0
—1 2435413
seC, : N + 35+ 378 -0
24 1s1.35 1

1
X,y eR, (x+2)2—|—1y2<1},

o

=S

=S

= x+y

which is obviously an ellipsoid (see Figure 7.2).
With this system and the aforementioned given region, the corresponding
LMl is
3 1 T, 3 T\ TRT
[—P 2P+ AP+ zPAY + 2BW + zW'B ] <0,
* —P
where “*” denotes the symmetric entry in the matrix. Using the MATLAB function

feasp in the MATLAB LMI toolbox, the aforementioned LMI is solved, and the
parameter matrices are obtained as

7.9921 47.8959 6.0223

65.3429 7.9921 —14.5394
P = >0
—14.5394 6.0223 12.8421

and

W= —101.5266 —20.7431 51.3169
—26.7148 —-51.3939 —-9.0775|"
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Hence, a feedback gain is given by

K=wp = [—0.6521 —-0.7799 3.6234]

—-0.4885 —0.8853 —0.8448

Using the MATLAB command eig, the corresponding closed-loop poles are com-
puted to be —2.1039 £ 1.0842j and —2.0000, which are indeed located in the
LM region D.

7.3 Quadratic Stabilization

Quaderatic stabilization deals with the stabilization of a family of systems. It arises
from the problem of robust control.

7.3.1 Family of Systems
This is concerned with the stabilization of the following uncertain system

px = A (t)x+ B(8(2))u, (7.12)
with p representing the differential operator, or the one step forward shift operator.
Asstated in the beginning of Section 4.3, in the former case, the system is continuous-
time, and ¢ is a continuous variable; while in the latter case, the system is discrete-

time, and now ¢ is a discrete variable.
The coefficient matrices of the system take the forms of

A(8(z)) = Ao + AA(5(2)), B(6(r)) = By + AB(8(2)),
with

AAS(2)) = 81() AL + 62D A2 + -+ - + 8 (D) Ay,

AB(8(2)) = 81(5)B1 + 82(9) By + - - - + 84() By

where

m Ay € R”” and By € R"*” are the nominal system coefficient matrices

m AA(8(z)) and AB(§(z)) are the parameter matrix perturbations

m 4; e R, B, e R, i=1,2,...,k are known matrices that represent
the perturbation directions
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m §;(), i = 1,2,...,k, are arbitrary time functions, which represent the
uncertain parameters

m 5(r) = [31 (1) &) --- Sk(t)] is the uncertain parameter vector, which
is taken from a compact set A, that is,

8()=[81(1) 8a(r) -+ S(»)] € A.
Clearly, the uncertain system (7.12) can be written as

px =A6()x+ B(6(#)u, 6(2) € A. (7.13)

7.3.2 Quadratic Hurwitz Stabilization

First, let us treat the continuous-time case, and investigate the quadratic Hurwitz
stabilization of the uncertain continuous-time system (7.13).

7.3.2.1 Problem Formulation

The problem of quadratic Hurwitz stabilization can be stated as follows.
Problem 7.6 Find a fixed state feedback control law # = Kx for the uncertain
system (7.13) such that the set of closed-loop systems
x=A.(6())x, () € A, (7.14)
with
A (8(2) = AS(1) + B(6(0)K,

is quadratically Hurwitz stable, that is, there exists a symmetric positive definite
matrix P;such that

A(8())P + PACT((S(t)) <0, V() e A. (7.15)

In the following of this section, we seck solutions to the aforementioned quadratic
Hurwitz stabilization problem for the cases of interval systems and polytopic systems.

7.3.2.2 Case of Interval Systems

As in Section 4.3, we first consider the case of A = Ay, with

Ar={8)=[611) 82(8) -+ 8] 18:(e) €187, 81, i=1,2,....k}.
(7.16)
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In this case, the system becomes an interval system, and the set of the extremes of
Ajgis

Ap={8=[81 & -+ &]18=268 ordf, i=12,... k.

It follows from Corollary 4.1 that the system (7.14), with §(¢) € A = Ay, is
quadratically Hurwitz stable if and only if there exists a symmetric positive definite
matrix P, such that

A (8)P + PAY(5) <0, 8, =68 or &, (7.17)
that is,
[A(8) + B()K] P+ PIAG) + BOK]T <0, 8 =48 or 85  (7.18)

Following the typical treatment of this type of inequalities, we immediately have
the following theorem.

Theorem 7.6 With A = Aj given by (7.16), the aforementioned quadratic
Hurwitz stabilization problem (Problem 7.6) has a solution if and only if there exist

a symmetric positive definite matrix P and a matrix W satisfying the following set
of LMlIs:

AP + PAT(8) + BOW + WIBT(5) <0, 8, =36 ors;. (7.19)
In this case, a solution to the problem is given by

K =wpL

When the matrix B does not have perturbations, thatis, B; =0, =1,2,..., 4,
following Theorem 6.4 and its proof we further have the following result.

Theorem 7.7 When the matrix B does not have perturbations, and A = Ay
is given by (7.16), the aforementioned quadratic Hurwitz stabilization problem
(Problem 7.6) has a solution if and only if there exists a symmetric positive definite
matrix P satisfying the following set of LMIs

AS)P + PAT(8) — BoBL <0, 8, =67 ors;. (7.20)

In this case, a solution to the problem is given by

1
K=—-BlP7..
2
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Example 7.7

Consider the following continuous-time linear system:
X0 = A@O)x(O) + B@E)u(®),

with

A@BD) = Ap + 81 (DA,  B((®) = Bo +61(0)By,

-3 0 1 0 1
Ao=| 0 =3 0|, A= -1 0],
11
(11
Bo=|3 4|, B =
5 1

81(6) € [-0.1,0.1].

Using the MATLAB function feasp in the MATLAB LMI toolbox, the corre-
sponding LMI problem (7.19) is solved and the two parameter matrices are
obtained as

0.1269  0.9457 0.1456
0.1949 0.1456 1.1505

W= -0.0438 0.2574 0.8922
| 0.0476 03169 —0.8434|"

0.3429  0.1269  0.1949
pP= >0,

Thus, the feedback gain matrix can be obtained as

K= wp! = [—0.7059 0.2336 0.8655]

0.4812 0.4037 —-0.8657

7.3.2.3 Case of Polytopic Systems

As in Section 4.3, let us consider the case of A = Ap, with

k
Y 80 =1, 8() = 0,

i=1

Apzlﬂﬂzﬁdﬂ 82(2) - Sp(n)]

i=1,1.“,k}, (7.21)
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and in this case the set of extremes of A is
Ag={(1 0 -~ 0,0 1 - 0),....(0 0 --- 1)}.

It follows from Corollary 4.2 that the system (7.14), with §(#) € A = Ap, is
quadratically Hurwitz stable if and only if there exists a symmetric positive definite
matrix P, such that

[(Ado + A;) + (Bo + B:) K1 P+ P [(Ao + 4) + (Bo + B) K1" < 0,
i=1,2,...,k

Following the typical treatment of this type of inequalities, we immediately have the
following theorem.

Theorem 7.8 With A = Ap given by (7.21), the aforementioned quadratic
Hurwitz stabilization problem (Problem 7.6) has a solution if and only if there exist
a symmetric positive definite matrix P and a matrix W satistying the following set

of LMIs:

(Ao +A) P+ P (Ao + AT+ Bo + By W + WT (By + B)' <0,
i=1,2,...,k (7.22)

In this case, a solution to the problem is given by

K =wpL

When the matrix B does not have perturbations, that is, B, = 0, i =
1,2,...,4, following Theorem 6.4 and its proof we further have the following
result.

Theorem 7.9  When the matrix B does not have perturbations, and A = Ap
is given by (7.21), the aforementioned quadratic Hurwitz stabilization problem
(Problem 7.6) has a solution if and only if there exists a symmetric positive definite
matrix P satisfying the following set of LMIs

(Ao + AN P+ P(Ay+ AT — BB <0, i=1,2,...,k



controlengin

216 ®m [MIsin Control Systems

In this case, a solution to the problem is given by

1
K =—-BlP7..
2

Example 7.8

Consider the following continuous-time linear system with parameter
uncertainties:

x() = AGB®)x®) + BE®)u(d),
where

A1) = Ag +81(DA7 + 82 (DA,

B((1) = Bo + 81(0B1 + 82(1)Bo,

with

and let us assume that the set of perturbation parameters §i(t), i = 1,2, form a
polytope in the form of (7.21), with k = 2.

Using the MATLAB function feasp in the MATLAB LMI toolbox, the cor-
responding LMI_problem (7.22) is solved and the two parameter matrices are
obtained as

p_[ 83116 —1a787]
=1=1.1787 22.0326| "

and
W =[-20.8876 —0.0551].
Thus, the robust feedback control gain matrix can be computed as

K=wp! =[-2.5326 —0.1380].

7.3.3 Quadratic Schur Stabilization
7.3.3.1 Problem Formulation

The problem of quadratic Schur stabilization can be stated as follows.
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Problem 7.7 Find a fixed state feedback control law # = Kx for the uncertain
system (7.13) such that the set of closed-loop systems (7.14) is quadratically Schur
stable, that is, there exists a symmetric positive definite matrix P, such that

ABE)PAS()T —P <0, V8(r) € A. (7.23)

In the following of this section, we seek solutions to the aforementioned quadratic
Schur stabilization problem for the cases of interval systems and polytopic systems.

7.3.3.2 Case of Interval Systems

It follows from Corollary 4.3 that the system (7.14), with §(£) € A= Ay, is
quadratically Schur stable if and only if there exists a symmetric matrix 2, such that

[ —P AP

=8 +
PA.T  -p }<0’ 8 = 8 or i

that is,

—P [A(8) 4+ B(§)K] P
Pl

L — 8 +

Following the typical treatment of this type of inequalities, we immediately have
the following theorem.

Theorem 7.10 « With A = A; given by (7.16), the aforementioned quadratic
Schur stabilization problem (Problem 7.7) has a solution if and only if there exist a
symmetric matrix 2 and a matrix W satisfying the following set of LMIs:

—P A@B)P+ BOW e
|:PA(8)T+ WTBT(S) _p ] < 0, 5, —51- or 51' . (725)
In this case, a solution to the problem is given by

K =wp .

Example 7.9

Consider the following uncertain discrete-time linear system

x(k+ 1) = A@(k)x(k) + B3(k)u(k),
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with

A@(K) =Ag + 81 (KA1,  B((k) = By +81(k)By,

2 1 0 0 0 1
Ag=|1 -2 of, A =|1 -1 of,
0 -1 4 1T 10

2 1
Bo=| 0 2|, Bi=|-
13

31(k) € [-0.1,0.1].

Using the MATLAB function feasp in the MATLAB LMI toolbox to the
corresponding LMI problem (7.25), we obtain

0.9160 —0.1146 0.2421
P=1-0.1146 0.9031 —=0.5255(> 0,
0.2421 —0.5255 0.5795

W= —-0.5803 —0.6959 0.4364
| —0.5596 0.8327 —0.7482|"

Thus, the robustly stabilizing feedback gain matrix can be obtained to be

K = wi- N [—0.8730 —0.4891 0.6743]

—0.3611 0.4505 —-0.7317

7.3.3.3 Case of Polytopic Systems

It follows from Corollary 4.4 that the system (7.14), with () € A = Ap, is
quadratically Schur stable if and only if there exists a symmetric matrix P, such that

P[(Ay+ A;) + (By + B) K" ~P
i=1,2,...,k

[ —P [(Ao + 4;) + (Bo + B) K] P} <0,

Following the typical treatment of this type of inequalities, we immediately have the
following theorem.

Theorem 7.11  With A = Ap given by (7.21), the aforementioned quadratic
Schur stabilization problem (Problem 7.7) has a solution if and only if there exist a
symmetric matrix P and a matrix W satisfying the following set of LMIs:
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—P (Ao—I—Ai)P—f-(BQ‘FBZ')W <0
P (Ao +A)" + W (By+ B)" -P ’

i=1,2,...,k (7.26)
In this case, a solution to the problem is given by

K =wp

Example 7.10
Consider the following discrete-time linear system with parameter uncertainties:
x(k+ 1) = A@(k)x(k) + Bd(k)u(k),
where
AB(K)) = Ag + 81 (KA1 + 82 (KA,

B(8(k)) = B + 81(k)B1.+ 82 (k) By,
1 4 0 -1.5 -1 2
AOI[z _3] A1=[_1 0 ] /\2=[ ) 1],
1T O 0 O 0 -1
Bo=[0 1], &:[0 1], 32=[1 O],

and assume that the set of perturbation parameters §;(k), i = 1, 2, forms a polytope
in the form of (4.27).

Using .the MATLAB function feasp in the MATLAB LMI toolbox to the
corresponding LMI problem (7.26), we obtain

p_ 5.4590 3.0723 -0
~[3.0723  1.9068 ’

and

W= —15.8760 —8.6388
a 1.1703 1.1635]"

Thus, the robust feedback control gain matrix can be obtained to be

K =wp~! :[

—3.8466 1.6672
—1.3848 2.8415|"
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7.4 Quadratic D-Stabilization

In the aforementioned section, we have treated quadratic Hurwitz and Schur stabi-
lization using LMI techniques. In this section, we further investigate the problem
of quadratic D-stabilization.

7.4.1 Problem Formulation

The problem of quadratic ID-stabilization can be stated as follows.

Problem 7.8 Let D = Dz a7) be an LMI region, whose characteristic function is
Fp=L+sM+3M".

Find a fixed state feedback control law # = Kx for the uncertain system (7.13), such
that the set of closed-loop systems (7.14) is quadratically Dz ar)-stable, that is, there
exists a symmetric positive definite matrix P, such that

LOP+M® AGBE)P) +M" ® (ABE)P)" <0, Vs(r)eA. (7.27)

In the following of this section, we seek a solution to the aforementioned
quadratic Dz ap)-stabilization problem based on Theorem 4.7.

7.4.2 Solution

It follows from Theorem 4.7 that the system (7.14), with 8(¢) € A, is quadratically
Dz ar)-stable if and only if there exists a symmetric positive definite matrix P,
such that

LOPAM® (AL ())P) +MF @ (4.6 ()P <0, V8e A,
that is

LRP+MQRUAG (2)) + B(S (1)K) P)

+ M ® ((AGB (1) + BE )K)P)T <0, V8 e Ap. (7.28)

Following the typical treatment of this type of inequalities, we immediately have
the following theorem.

Theorem 7.12 Let A C R¥ bea compact convex set. Then, the aforementioned
quadratic Dz ps)-stabilization problem (Problem 7.8) has a solution if and only if
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there exist a symmetric positive definite matrix P and a matrix W satisfying the
following LMI:

LRP+M®AWG )P+ M' @ (AG (1)P)T
+ M BGEE)W)+M' @ BGS )W) <0, Vs@¢) €Az (7.29)

In this case, a solution to the problem is given by

K =wpL

Consider the specific LMI region

S(a,7,0) = {(x,y) |x < —a <0,

x—{—jy| <7, M < —xtan@ } (7.30)

It is seen in Example 4.8 that the characteristic function of the LMI region

S(ar, 7,0) is
Fsaroy(s) = L+sM+3M7,
where
L = diag(Ly, Layly), \ M = diag(My, M, M3),
with

Ll = 206, M1 == 13

—r 0 0 1
L=y 2] =y o)

sin @ cos 9]

L3 =0, Ma:[—cos@ sin @

Therefore, the following corollary follows from Theorem 7.12.

Corollary 7.1  The quadratic S(«, 7, 0)-stabilization problem has a solution if and
only if there exist a symmetric positive definite matrix 2 and a matrix W satisfying
the following set of LMISs:

AGB @) P+ PAT (5 () +BG (1) W+ WIBL (5 () +2aP < 0,
V8 (2) € Ag,  (7.31)
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—P AG@E)P+BOB ()W
[PAT 6 (1) + WTBT (8 (1)) —rP ] <0, Vé() €A,
(7.32)
and
Q1 (6())sinf@ 25 (5 () cosB
[Q} () cosh 2 (6 ()) sine] <0 Yo <Ar, 7.33)
with
Q@) =AG )P+ PA (S (1)+ BB (1) W+ WIBT (5 (1)),
DE@)=AG@)P—PA" ) +BO @)W - W B .G @).
In this case, a solution to the problem is given by
K =wp
7.4.3 Special Cases
7.4.3.1 Case of Interval Systems
Now let us consider the case of §(¢#) € A = Ay, with
Ar=1{8() [8:(r) €187, 811, i=1,2,... .k} (7.34)

In this case, we have
Ap={8=1[81 8 -+ &]|8i=6; or &, i=1,2,... .k}

With this observation, we immediately have, following from Theorem 7.12, the
following result.

Theorem 7.13 = With A = A; given by (7.34), the aforementioned quadratic
D(z,a1)-stabilization problem (Problem 7.8) has a solution if and only if there exist

a symmetric positive definite matrix P and a matrix W satisfying the following set
of LMIs:

LRP+M® AGS)P) +M' & (ABS)P)T
+M e BOW)+M o BEW)T <o,
Si=8; ordt, i=12,...,k (7.35)

In this case, a solution to the problem is given by

K =wp
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7.4.3.2 Case of Polytopic Systems
In the case of §(¢) € A = Ap, with

k
ZSi(t) =1,8() >0, i= 1,2,...,%}, (7.36)

i=1

Ap = {5(1’)

we have
Ap={el ef,..., e} R, (7.37)

where ¢; € R” is the vector with the ith element being 1 while all the others being
zero. Noticing that

Ale)) = Ao+ A, Ble)) =By+ B, i=1,2,...5k,
following from Theorem 7.12, we immediately have the following result.
Theorem 7.14 With A = Ap given by (7.36), the aforementioned quadratic

D(z,a)-stabilization problem (Problem 7.8) has a solution if and only if there exist a
symmetric positive definite matrix P and a matrix W satisfying the following LMI:

LOP+M® (Ao +A)P) A M ® (Ao +A) P)' +M & (Bo+ B) W)
+ MY @ ((By+B)W)T <0, i=1,2,...,k (7.38)
In this case, a solution to the problem is given by

K = wpL

Example 7.11

Consider a parameter-dependent interval system that represents a simplified and
linearized longitudinal dynamic model of the flight control system of a supersonic
cruise missile. The state-space representation of the system is as follows:

x(t) = A) x(t) + B(6) u(t)

7.39
{ y(0) = Cx(t), 739

where

4 4
ABWM) =Ao+ Y _8i(DA;, B©B®)=Bo+ Y 8it)Bj,

i=1 i=1
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with
[—5 0 0] -1 1 0
Ao=1| O o 1, A= 0o 0 O0f,
L0 0 0] 0 0 O
[0 0 O]
Ay=1|0 0 0f, A3=A4=0,
|1 -1 0]

Bo=[2 1 3]", Bi=By=0, B3=[1 0 0],
B4=[0 0 —1], C=[0 1 0],

and $; (t), i = 1,2,3,4, being the uncertain variables that take values in the
following regular polyhedron:

A;={-0.1<8; <0.2, 0.08 <8 <0.1,0.03 <83 <0.05,
—0.35 < 84 < 0.35}.

Using the conclusion of Corollary 7.1, a quadratically S(e, r, 6)-stabilizing
state feedback control law for the quadratically stabilizable parameter-dependent
interval system can be obtained with a givenlevel of performance. For example,
we need to design a state feedback control law u = Kx that meets the following
specifications:

1. The closed-loop system is quadratically stable.

2. The overshoot o of the unit step response of the nominal system is less
than 2%.

3. The setting time ¢; of the unit step response of the nominal system is lower
than 0.5s.

To meet these conditions, we have chosen, for the LMI region S(e, r, 8), the
following parameters

a=25 r=40, 6=mn/15.6deg.

By using the MATLAB function feasp in the MATLAB LMI toolbox, a feasible
solution of (7.31) through (7.33) is obtained as follows:

0.0571 0.0028 —0.0088
P= 0.0028 0.0010 0.0026 | > O,
—0.0088 0.0026 0.0388

W= [—0.0619 —0.0291 —0.1222].
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Figure 7.3 Unit step response, Example 7.11.

Furthermore, the quadratically S(«, r, 6)-stabilizing state feedback matrix is
K=WwpP~ 1 =[-0.1022 —24.9468  —1.5032],

and the corresponding unit step response of the nominal closed-loop system
is shown in Figure 7.3. More importantly, due to the S(q, r, 6)-stabilization,
the aforementioned specifications are ‘perfectly achieved with ¢ = 0 and
ts = 0.1909s.

7.5 Insensitive Region Design

In this section, we investigate two types of robust stabilization problems, namely,
the insensitive strip region design problem and the insensitive disk region design
problem. The nature of these designs is to place the closed-loop eigenvalues in a
particular region on the complex plane, and this region has an inner boundary that
is insensitive to perturbations to the system parameter matrices. The design is based
on the sensitivity theory of matrix eigenvalues.

7.5.1 Sensitivity of Matrix Eigenvalues

Let A, AA € R”*”, and B be a matrix that is resulted in by adding perturbation A4
to A, that is,

B=A+ AA.

In this case, we are interested in the problem of how big would the eigenvalues of A
vary when it is perturbed. To do this, we need first to define a measure. Let

)\.,(A) = )»l', )\,(B) = WU; i=1,2,...,n
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Obviously, the following index

S4(B) = max {min |Al-—uj|}

I<j<n | 1<i<n

is a natural one.
For simplicity, let us focus on one type of important matrices.

Definition 7.1 A matrix A € R”*” is said to be nondefective if there exists a
nonsingular matrix V' € C"*” such that

VAV = A = diag(A1, A2s ..., A0) - (7.40)

The following is the well-known Bauer—Fike theorem (Bauer and Fike 1960),
which gives an estimated bound of S4(B).

Theorem 7.15  Let A € R”*” be nondefective, and V'€ C”*” be a nonsingular
matrix satisfying (7.40). Then,
Sa(A+ AA) = ka(V) [[AAll,
with
k() = 1V 1V . (7.41)
It follows from this theorem that the eigenvalues of matrix A are insensitive to

perturbations in its‘elements if £4(V) is small. Regarding this index, we have the
following proposition.

Proposition 7.1 Let A be nondefective, and £4(V) be defined by (7.40) and
(7.41). Then, £4(V) > 1, and the equality holds if and only if A is symmetric.

Proof* Note that

”V”Z - amax(v),
1V = omac (V1) = —
e O'min(V)’
we thus have
_ Gmax(v)
ka(V) = IV IV = =52 > 1 (7.42)

Jmin(v) N
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When A is symmetric, it is well known that there exists a unitary matrix V'
satisfying (7.40). For such a V, we have VHY = I, and hence

oF(V)=rsVEV) =1, i=1,2,...,n
Thus,

Oma(V) _ |
Omin ( V) -

Conversely, let £4(V) = 1, then it follows from (7.42) that 0max (V) = omin(V),
hence

ka(V) =

Umax(V)ZUmin(V)ZUi(V) =0, i=12,...,n

Therefore, it follows from the well-known singular value decomposition that there
exist a pair of unitary matrices U; and U such that

V=o U1 Uz.
In this case, we have from (7.40)
A=VTAV
= @UIU) ™ Ao Ui )
1
= (—UzTUlT) A (o U1 Uy)
o
= Ufulau U,
which is obviously symmetric. |
The aforementioned proposition tells us that symmetric matrices have the smallest

eigenvalue sensitivities in terms of the measure £4(V).

7.5.2 Insensitive Strip Region Design

In this section, we consider the control of the following continuous-time linear
system

{k:Ax—i—Bu (7.43)

y = Cx,

where x € R”, y € R”, and u € R" are the state vector, the output vector, and the
input vector, respectively.
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7.5.2.1 Problem

The insensitive strip region design problem is stated as follows.

Problem 7.9 Consider the continuous-time linear system (7.43). For given real
scalars 1 and y», design an output feedback control law

u = Ky,
such that
Y1 <)L,-(Aj) <y, i=1,2,...,n, (7.44)

where

al - (A+ BKC)T + (A + BKC)
A = 5 :

The motivation of the aforementioned problem lies in the following lemma.

Lemma7.1 Let X be a solution to the aforementioned problem, then
y1 <a; S Re(M;(A+BKC)) <oy <y, i=1,2,...,n,
where

a1 =Amin (A';) , 02 = Amax (Aj) .

Proof*  Note that for an arbitrary matrix L € R”*” there holds

) L+IT L+ LT ,
min A; 3 < Re(X; (L)) < maxA; , i=1,2,...,n.
3 1

2

Therefore, when condition (7.44) is satisfied, the conclusion clearly holds. |

The aforementioned lemma tells us that the eigenvalues of the matrix (4 + BKC)
are within a strip (see Figure 7.4). More precisely, we have

A (A4 BKC) € H(*az,*al) C H(*Vzﬁyl)’ i=1,2,...,m,
where, by definition,

H—es—ar) =1{s15€C, a1 <Re(s) < az},
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Figure 7.4 The Strip field.

and
H(*Vz,*m) ={s|seC, y1 <Re(s) <¥2}.

Therefore, the matrix A + BKC is H(_,, _,,)-stable. Particularly, when y, = 0,
y1 = —00, the matrix A + BKC is Hurwitz stable, or the closed-loop system

x=(A+BKC)x

is stable in the continuous-time sense.

The importance of this problem also lies in the robustness issues. We point
out that the closed-loop eigenvalues are not easy to get out of the desired region
H(~,,,—y,) since they are first bounded by H(_q4,,—¢;) C H(-y, —y,). Note that
the boundaries 1 and oy of H(~¢,,—a,) are the minimal and maximal eigenvalues
of a symmetric matrix, and it follows from Proposition 7.1 that the eigenvalues of
symmetric matrices are insensitive to parameter perturbations, the boundaries of
H(—a),—a;) areeventually insensitive to perturbations in the system matrices as well
as in the gain matrix K. They thus prevent the closed-loop eigenvalues from getting
out of the desired region. Therefore, this design is robust in the sense that the system
has a strip eigenvalue region that is insensitive to small parameter perturbations in
the system matrices.

7.5.2.2 Solution

The solution to the problem is straightforward. The condition (7.44) is clearly
equivalent to

2p11 < (A+ BKC)T + (A + BKC) < 2y,1. (7.45)

Therefore, the problem is converted into one of finding a matrix X satisfying the
aforementioned LMIs.
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In practical applications, we can set y; to be —00, and solve the following
optimization problem:

min Y
st. (A4 BKC)" + (A+ BKC) < yl.

If a solution with a nonpositive y is obtained, the problem gives a stabilizing output
feedback controller in the Hurwitz stability sense. When the level y is positive but
very small, we need to check oy = Apax (A‘C) . As long as a3 is negative, the problem
provides a solution which robustly stabilizes the system in the Hurwitz stability
sense.

Example 7.12

Consider the following continuous-time linear system:

-0.5 0 1 53
x(t) = 0 -2 O[x(®O+16 5]u®
0 0 =5 76

yo=[2 -2 1]x@,

and choose real scalars y; = —5, y» = —1. By using the MATLAB function feasp
in the MATLAB LMI toolbox, the corresponding LMI problem (7.45) is solved and
a solution is found to be

~0.6811
- [ 0.8503]'

With this solution.and the help of the MATLAB function eig, we can find the set
of closed-loop eigenvalues as

AMA 4+ BKC) = {—4.6256, —1.4836, —3.0956}.
It is obvious that
a1 = Amin (A%) = —4.8107, @y = Amax (A%) = —1.2436,
and

MA + BKC) C Hi—qy,—ay) C H(—yy,—yy)-

7.5.3 Insensitive Disk Region Design

In chis section, we consider the control of the following linear system

(7.40)

px = Ax + Bu
y = Cx,
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where x € R”, y € R”, and # € R” are the state vector, the output vector
and the input vector, respectively. Again, the symbol p represents the differential
operator (in the continuous-time case), or the one-step shift forward operator, that
is, px(k) = x(k£ + 1) (in the discrete-time case).

7.5.3.1 Problem

In this section, we are going to solve the following insensitive disk region ‘design

problem.

Problem 7.10 Consider the linear system (7.46). For given positive scalars y and
¢, design an output feedback control law # = Ky, such that

n=IA+BKC+qlll, <y. (7.47)

Recalling the definition, we have

]D)(q,n) = {slse(C, [s+4] < 17}

— {x—|—jy|x,y€]R, (x+q)2+y2 <772},
and

D(q,,) & {s|se(C, s+ 4| < )/}

={x+jy|x,yeR, (x+q)2+y2<y2}.

The motivation of this problem lies in the following lemma.

Lemma7.2 Let X be a solution to the aforementioned problem, then

Ai (A4 BKC) € ]D(q,'l) C ]D(q’,), i=1,2,...,n (7.48)

Proof  Note that for an arbitrary matrix L € R”*” there holds

A (D <Ll i=12,...,n
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Therefore, when condition (7.47) is satisfied, we have

|Re (A; (A + BKC)) + ¢ + jIm (A; (A + BKC))|
= |1 (A+ BKC + ql)|
<n

<y, i=12,...,n

This is equivalent to condition (7.48). [ |

The closed-loop system is clearly given by
px = (A+ BKC) .

The aforementioned lemma tells us that, with this type of design, the closed-loop
eigenvalues are located within the circle ]D( gn) C D( o) (see Figure 7.5). Therefore,
the matrix A + BKC is ]D)( ) -stable. Particularly,

1. When ¢ = 0, » = 1, the matrix A + BKC is Schur stable, or the system
(7.406) is stable in the discrete-time sense

2. When g > 0, r < ¢, the matrix A + BKC is Hurwitz stable, or the system
(7.406) is stable in the continuous-time sense

Like the case for insensitive strip design, the importance of this insensitive disk
design problem also lies in the robustness issues. We point out that the closed-loop
cigenvalues are not easy to get out of the desired region D(, .y since they are first
bounded by D(q,n) C D(W)‘ Note that the boundary n of D(q,n) is in fact an
eigenvalue of a symmetric matrix, and it follows from Proposition 7.1 that the
eigenvalues of symmetric matrices are insensitive to parameter perturbations, the

Figure 7.5 The Disk field.
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boundary of D, ) is eventually insensitive to perturbations in the system matrices
as well as in the gain matrix K. They thus prevent the closed-loop eigenvalues
from getting out of the desired region. Therefore, this design is robust in the sense
that the system has a disk eigenvalue region that is insensitive to small parameter
perturbations in the system matrices.

7.5.3.2 Solution

The condition (7.47) is clearly equivalent to
(A+ BKC + q)" (A + BKC + ql) < y1,

which can be equivalently converted into the following LMI with the help of the
Schur complement lemma:

-yl (A+ BKC + qI) o
(A+ BKC + q)" —yI ;o

Thus, the problem is turned into an LMI feasibility problem.
In some applications, we may choose to solve the optimization problem

min Y
—yI (A+ BKC + qI) (7.49)
st |:(A + BKG+ q1)" oyl =0

Particularly, for the case of Schur stabilization, we choose to solve the aforementioned
optimization problem with ¢ = 0. If a solution with y < 1 is obtained, the problem
gives a stabilizing output feedback controller in the Schur stability sense. When the
level y is greater than 1 but very close to 1, we need to check n = ||[A+BKC+4!||.
Aslongas n < 1, the problem provides a solution that robustly stabilizes the system
in the Schurstability sense.

Remark 7.3~ This insensitive disk region design problem was first proposed and
solved by Duan (1991), which provides for this problem a necessary and sufficient
algebraic condition and also gives an efficient way of finding the gain matrix K.
Example 7.13
Consider the following continuous-time linear system
-1 3 2 1 0
=] 0 1 olxo+|2 3|u®
1T 2 -1 1T 1

y =[1 1 0]x(@.
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For the case of g = 4, using the MATLAB function mincx in the MATLAB LMI
toolbox, we solve the minimization problem (7.49) and obtain the solution

K= [—2.7535

1.0334] y = 3.8888.

With this solution, it is computed that
n = |IA+ BKC + ql||, = 3.8886 < y.

Further, with the MATLAB function eig we find the closed-loop eigenvalues to be
—3.0958 and 1.5322 4 0.7994i, which are indeed all located within the desired
region D ,y-

7.6 Robust Stabilization of Second-Order Systems

In the proceeding section, we investigated stabilization of first-order linear systems
by making the symmetric part of the closed-loop system matrix positive definite. In
this section, we further investigate using a similar approach the robust stabilization
of second-order linear systems in the following form:

M3 + Dx 4+ Kx = Bu, (7.50)

where
x € R” and » € R” are the state vector and the control vector, respectively
M, D, K, and B are the system coefficient matrices of appropriate dimensions

In practical applications; the matrices M, D, and K are called the mass matrix, the
structural damping matrix, and the stiffness matrix, respectively.

Second-order linear systems capture the dynamic behavior of many natural phe-
nomena, and hence haye applications in many fields, such as vibration and structure
analysis, spacecraft control and robotics control, and have attracted much attention
(Duan and Liu 2002, Duan 2004b, Wang et al. 2005, Wu and Duan 2005). In
many applications, control of a second-order linear system is realized by converting
the system into a first-order one, while in this section, a direct approach is proposed,
which maintains the second-order system frame.

Before getting on the general robust stabilization problem, we first investigate
the problem of stability of second-order systems.

7.6.1 Stabilization
7.6.1.1 Problem Formulation

Due to usage consistency of notations, here we rewrite (7.50) and propose the
following model for second-order linear system with state and state derivative
observations:
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Ax + A1x + Aox = Bu
v = Cyx (7.51)
_yp = Cpx,

where

m x € R”and » € R" are the state vector and the control vector, respectively

m y; € R” andy, € R are the derivative output vector and the proportional
output vector, respectively

m Ay, Ai, Ay, B, Cy, and C, are the system coeflicient matrices of appropriate
dimensions

In many applications, the following assumption on the system matrices is required:
Assumption 7.1 Ay, Ay € S” and 4> > 0.

For the second-order linear system (7.51), choosing the following control law
u= Ky, + Kyy4
= K, Cyx + Ky Cyx, (7.52)
with K, € R™"r, K; € R4, we obtain the closed-loop system as follows:

Arx + (A — BK,C,) x + (Ay — BKyCy) x = 0. (7.53)

With the aforementioned assumption, the problem of state feedback stabilization
for the continuous-time second-order system (7.51) can be stated as follows.

Problem 7.11 - For the continuous-time second-order linear system (7.51), with
Assumption 7.1 being satisfied, design a state feedback control law (7.52) such that
the closed-loop system (7.53) is Hurwitz stable.

7.6.1.2 Solution

To solve the aforementioned stabilization problem, we first introduce a stability
result for second-order linear systems.

Lemma7.3 (Duan et al. 1989) The second-order linear system (7.51) is Hurwitz
stable if
Ay >0, A +AL >0, Ay>o0. (7.54)

For a proof of this lemma, refer to Duan et al. (1989) or Appendix A.6.
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With the help of the aforementioned lemma, we can easily obtain the following
conclusion about solution to Problem 7.11.

Theorem 7.16  Problem 7.11 has a solution if there exist matrices K, € R
and Ky € R4 satisfying the LMIs

Ay — BK;Cy; >0 (7.55)
and

(4, — BK,G,) + (41 — BK,G,)" > 0. (7.56)

In many practical applications, the B and C; matrices take the following special
forms

B= [g] Cu = [Ln; 0]. (7.57)

Correspondingly, we can partition the matrix Ay as follows:

A A°
Ay = [ 1. 12
(A1)~ A,

The following corollary states that in this case (7.55) has an analytical solution
and hence is not needed to be solved via the MATLAB LMI toolbox.

] , AY| e Smintrma}, (7.58)

Corollary 7.2 ‘Let B and C; be in the forms of (7.57), and the matrix Ay be
partitioned as in (7.58). Then, (7.55) has a solution with respect to Ky if and only
if Agz > 0, and in this case, a general solution is given by

_ KdO 0 rxmg
Ky = [ 0 0] e R, (7.59)
with Ko € Smin{rma} satisfying
-1 T
Kao < A(l)l - A(I)Z (Agz) (A(fz) : (7.60)

Proof When B and Cy are in the forms of (7.57), we have

BK,C; = [[gd 8i| e S”.



Feedback Stabilization ®m 237

With matrix Ay being partitioned as in (7.58), and the matrix K; being given by
(7.59), we further have

A)) — Kgo A
AO—BK4C4=|: PG ol
(4h) Ay

Applying Schur complement lemma, we know that there exists a Ky such that
Ao — BK;C; > 0 if and only if A9, > 0 and

A = Kao — A, (43,)™ (A(1)2)T > 0. (7.61)

Since (7.61) can be satisfied by choosing Ky as in (7.60), inequality (7.55) has a
solution with respect to Ky if and only if A9, > 0, and in this case, a general solution

is given by (7.59) and (7.60). [ |

7.6.2 Robust Stabilization
7.6.2.1 Problem Formulation

Consider the following uncertain second-order linear system

(A + AAY) X+ (A1 + AAy) x + (Ag + AAyg) x = Bu
yd = Cyx (7.62)
I = G,

where

mxeR, uelR,y, € Rmd,yp € R” and Ay, Ay, Ay, B, Cy, C) are as
stated in the last subsection
m AAy, AAy and AAp are the perturbations of matrices Az, A; and Ay,

respectively

The perturbations are bounded and satisfy
[AAzl; <€, [[AALll; <€, [[A4ll, < €0,
or
max {|Aay|} < &2, max{|Aaryl} < &1, max {|Aay|} < &,

where

m €,€1,€0, and &2, €1, &9 are two sets of given positive scalars
» Amjj, Aayj; and Aag;; are the i-th row and j-th column elements of matrices
AAy, AA; and AAy, respectively

Furthermore, these perturbation notations satisfy the following basic assumption:
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Assumption 7.2 AAy, Adp € S” and Ay + AA; > 0.

Problem 7.12 For the uncertain continuous-time linear second-order system
(7.62), with Assumptions 7.1 and 7.2 satisfied, design a state feedback control
law (7.52) such that the closed-loop system

(A2 + AAy) i+ (A1 — BK,C, + AA1) x + (Ag — BK4Cy 4+ AAp) x = 0,
(7.63)

is Hurwitz stable.

7.6.2.2 Solution

To solve the aforementioned robust stabilization problem, we first introduce the
following lemma about robust stability of second-order linear systems.

Lemma 7.4 (Duan and Huang 1990) Let A, > 0, Ay + A—lr > 0 and Ay > 0.
Then, the following conclusions hold.

1. System (7.62) is Hurwitz stable if

)“min(AZ) > HAAZ”Z ;
Amin(A; + AY) > [ AAl,,
)‘«min(AO) > ||AA0||2 .

2. System (7.62) is Hurwitz stable if

Amin(A2) > \/Emax { |Aﬂ2ij
Amin(A1 +A}) > VI max {|Aayj;

b
b
b

where b, /1, [y are the numbers of nonzero elements in matrices

AAy, AA, AAy, respectively.

Amin(Ao) > +/lp max {| Aag;;

For a proof of the aforementioned lemma, refer to Duan and Huang (1990) or
Appendix A.6.

With the help of this lemma, we can easily obtain the following conclusion about
solution to Problem 7.12.

Theorem 7.17  Problem 7.12 has a solution if one of the following conditions is
satisfied:
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1. There exist matrices K, € R™” and K; € R™" satistying

Ao — BK;Cy > €l (7.64)

(41 — BK,C,)) + (41 — BK,C,)" > el (7.65)
2. There exist matrices K, € R” *"r and Ky € R"7 satistying

Ao — BK;Cy > go+/ o, (7.66)

(4, — BK,G,) + (41 — BK,G,)" > e1/Ail. (7.67)
Parallel to Corollary 7.2, we have the following result (proof omitted).

Corollary 7.3 Let B and Cy be in the forms of (7.57), and partition the matrix
Ap as in (7.58). Then, the following conclusions hold

1. (7.64) has a solution if and only:if
A, > eol,

and in this case, a general solution is given by (7.59), with Ky € Smin{rma}
satisfying

-1 T
Kio.< AYy — AY, (43, — el) (4),) — eol. (7.68)
2. (7.66) has a solution if and only if
A, > 50\/%[ ,

and in this case, a general solution is given by (7.59), with K € Smin{rma}
satisfying

-1
Ky < A% — A, (A32 - so\/%l) A% — el (7.69)

Example 7.14

Consider the control problem of satellite rendezvous maneuver. Under cer-
tain conditions, the relative orbital dynamic model of the object satellite with
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respect to the chasing one can be described by the following well-known C-W's
equations:

mix — 2maty — 3mwirx = Ty + dy
miy + 2maoix = Ty + dy (7.70)
miz + ma)érZ =T,+dy,

where

Iy, Ty and r, are the components of the relative position

wo = 7 /12(rad/h) is the orbital angular velocity of the object satellite

m is the mass of the chaser

Ti (i = x, v, z) is the i-th component of the control input force acting on the
relative motion dynamics

m di (i = X,y,2z) is the i-th components of the external disturbance, which is
assumed to be zero here

Choosing Cy = Cp = I3, and denoting B = |,

Ay =ml3, Ag = diag(=3mw3, 0,mw?), 7.71)
0 —2mwy O

A1 = | 2mwy 0 0], (7.72)
0 0 0

then we can write the above model.into the form of (7.62).
When m = 100, and the perturbation bounds are taken as follows:

[AA2llp = 0.5, [[AA1ll; =0.5, [[AApll; =0.5.

With the Matlab function £easp in the Matlab LMI toolbox, the corresponding
LMI problem with constraints (7.64) and (7.65) is solved and the following gain
matrices are obtained:

Kp = —227132925.2854l3, Ky = —454265850.5708/3.
Corresponding to this pair of gain matrices, we have
Ag — BK4Cy = 454265850.570813 > 0.53,
and
(A1 — BKpCp)s = 454265850.5708/3 > 0.5/3.

Obviously, the magnitudes of the above gain matrices are very large. This will con-
sume too much control energy and also may give difficulty in practical realization.
To prevent this we add an additional constraint, that is

Ag — BKyCy < 1013.
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With this constraints considered, we obtain a pair of feedback matrices as follows:
Kp = —3.0419/3, Ky = —5.2500/3.
Correspondingly, we have
Ag — BK4Cy = 5.2500/3 > 0.513,
and

(A1 — BKpCp)s = 6.0837/3 > 0.5/3.

7.7 Stabilization of Time-Delay Systems

In this section, we consider the stabilization of time-delay systems in the form of
x(#) = Ax(t) + Agx(t — d) + Bu (2) _ (7.73)
x(t) =¢ (), rel0,d], 0<d=d,

where
A, Ay € R"*7, B € R"" are the system coefficient matrices
¢ (¢) is the initial condition
d represents the time-delay
d is a known upper bound of @

Problem 7.13 For the time-delay system (7.73), design a memoryless state
feedback control law

u = Kx,
such that the closed-loop system
x(#) = (A+ BK) x(t) + Agx(t — d) (7.74)
x(t) =¢(1), tel0,d], 0<d=<d

is uniformly asymprotically stable.

7.7.1 Case of Delay Independence

It follows from Theorem 4.8 that the time-delay linear system (7.74) is asymptotically
stable if there exist symmetric positive definite matrices P and §, such that

(A+BK)TP+PA+BK)+S PAy
d
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Pre- and postmultiplying both sides of the aforementioned inequality by
diag(P_l, P_I) gives the following equivalent relation:

P YA+ BT+ A+ BK)P ! + P lsp~t 4,P7! 0
P14y —p-lsp1| =

Denote
X=PrP7", W=KX, and Y = XSX,

then the aforementioned inequality can be turned into an LMI.
To summarize, we now have the following theorem for solution to Problem 7.13.

Theorem 7.18 Problem 7.13 has a solution if there exist a matrix W & R”*” and
two symmetric positive definite matrices X and Y satisfying

[XAT—i—AX—irBW+ wiBl +v AdX] -

XA > (7.75)

In this case, a feedback gain matrix is given by

K =wx1

Example 7.15

Consider the following time-delay linear system

-1 0 1 1 0 1 1 1
x(t) = 0 2 —-T|x®+]2 1 T{xt—d)+ |1 2]u.
2.0 -3 0 0 -1 0 1

Using the MATLAB function feasp in the MATLAB LMI toolbox, the corre-
sponding LMIs problem (7.75) is solved and the following parameter matrices are
obtained:

13.0301  14.9993 —9.7335
—-50.6435 —9.7335 118.6029

92.5744 37.3352 —39.7399
Y = 37.3352 81.3348 32.0054 | >0,

38.1618 13.0301 —50.6435
X= > 0,

—39.7399 32.0054 139.8306

W= 10* x |:—1.9427 —3.8925 —1.9971:|'

1.9419 1.9402 0.0290
Hence, a gain matrix is given by

K_WX_1_[237.1346 2708.3177 491.9114}

673.6075 947.0163 367.7995
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7.7.2 Case of Delay Dependence

The previous section has given for Problem 7.13 a delay-independent condition.
Corresponding to the delay-dependent LMI condition for stability of time delay
systems given in Section 4.5, we have the following delay-dependent condition for
stabilization of the time-delay system (7.73).

Theorem 7.19  The time-delay system (7.73) is uniformly asymprotically stabi-
lizable by the memoryless feedback controller # (£) = Kx (#) if there exist a scalar
0 < B < 1 and two matrices X and W, with X symmetric positive definite,
such that

o, W) d(XAT+ WTBT) AXAY
d (AX + BW) —dpI 0 <0, (7.76)
dAsX 0 —d(1—=p)1
where
DX, W) =X A+ AD" + A+ A X+ BW+ WTB" + 44,4}

In this case, a stabilizing control gain matrix is given by

K=wx"

Proof  With the given type of memoryless state feedback control, the closed-loop
system is given by (7.73), that is,

x(£) = (A+ BK) x(¢) + Ayx(¢ — d). (7.77)

Applying Theorem 4.9 to the aforementioned system gives that the closed-loop
system (7.77) is uniformly asymptotically stable if

®X,K)  dX A+ BK)T AdXAY

d(A+ BK)X —dpI 0 <0,
dAX 0 —~d(1-pB)1
where
DX, K) =X (A+ BK + A" + (A+BK + A X + dAA),
that is,

X, K)  d(XA"+XTKTBY) dXA}
d (AX + BKX) —dpI 0 <0,
dA;X 0 —d(1—-p)I
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with
OX,K) =X (A+ANT + (A+ Ag) X + BKX + XTK'B" 4 dA,A).

Letting KX = W in the aforementioned inequality gives the condition (7.76). The
proof is completed. |

Example 7.16

Consider the time-delay linear system in the Example 7.15 with d = 0.1. Using
the MATLAB function feasp in the MATLAB LMI toolbox, the correspond-
ing LMIs problem (7.76) is solved and the following parameter matrices are

obtained:
0.4528 0.1342 —-0.1700
X = 0.1342 0.2711  —0.1152] > 0,
—0.1700 —-0.1152 1.4284

W= 0.4689 1.1468 =7.7048
T |—1.0662 —1.7043 4.4505 |’

B = 0.5488.

Hence, a gain matrix is given by

_ 1| =1.8290 2.8495 —-5.3820
K=wx _|: 02190 —5.2402 2.7194|°

7.8 Notes and References

This chapter considers several stabilization problems. The LMI conditions and the
gain matrix K are summarized in Tables 7.3 through 7.7 in terms of the different
choices of region I, and the different types of systems. Particularly, the LMI
conditions for insensitive strip region and insensitive disk region design problems by
output feedback are shown in Table 7.4. Tables 7.5 and 7.6 respectively summarize
the LMI conditions for quadratic stabilization of interval and polytopic systems,
while the LMI conditions for delay independence and delay dependence stabilization
of time-delay systems are summarized in Table 7.7.

Since stability is the most basic requirement for a practical plant to work normally,
stabilization eventually becomes the most important design problem. Within the last
decade, with the help of LMI techniques many results on stabilization of various types
of systems have been proposed. For instance, LMI approaches for delay-dependent
stabilization of time delay systems have been proposed by Zhang et al. (2005b) and
Fan et al. (2010). Particularly, Gao et al. (2004) give an LMI approach for delay-
dependent output-feedback stabilization of discrete-time systems with time-varying
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Table 7.3 Stabilization of System (A, B)

Regions Criteria Controller
P=>0
K =wp~1
(AP 4+ BW)¢ <0
Hp
P>0
K=—1BTpT
AP+ PAT —BBT <0
P=>0
He, g (AP 4+ BW) +2aP < 0 K =wp~!
(AP + BW)g +28P > 0
—P *
<0 K'=wpT
AP+ BW —P
Doy |
—P PAT K=-x"18Tp=1A
<0
« —P—BBT X=21+B"P'B
—rP * 0
L < K =wp1
@ qP + PAT+ WTBT  —rP
P>0
D,my K =wp1
LR P+ (M® (AP) + M® (BW))s <0

state delay. Besides time-delay systems, results for other types of systems have also
been proposed, these include quantized control systems (Zhou etal. 2010a), switched
discrete-time systems (Saif et al. 2009), discrete-time periodic linear systems with
actuator saturation (Zhou et al. 2011b), and discrete-time descriptor linear systems
with input saturation (Zhou et al. 2009).

For robust stabilization using LMI approaches, the results are also numerous and
cover many types of uncertain systems. For example, Liu and Duan (2006¢) con-
sidered robust stabilization of switched systems with time-delay, Guan et al. (2002)
investigated decentralized stabilization of discrete time-delay large-scale systems with
structured uncertainties, Wu et al. (2004a) and Li and deSouza (1997) both treat
stabilization of uncertain time-delay systems using delay-dependent criteria, while
Xu et al. (2002) and Cai et al. (2012) studied stabilization of uncertain time-delay
singular systems and parameter-dependent interval systems, respectively.
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Table 7.4 Insensitive Region Design

Regions Criteria Controller
Strip 2911 < (A + BKO)T + (A + BKC) < 21 K
—yl A+ BKC + ql
Disk v T ( q ) <0 K
(A+ BKC + ql) —yl

Table 7.5 Quadratic Stabilization of Interval Systems

Criteria Controller

P>0
Interval | (M ® (AG(H)P) + M & (B((t)W))s K=wp~!
+L®P <0, Vs € Af

P>0
K =wp1
| (AG®)P+B@()W)g <0, V6 € Af
Hurwitz
P>0
K=—1BIp1
(AGD)P)s — BoBY < 0, Y8 € Af 270
—P  AGBMD)PH BGO)W
Schur <0, V86 e A | K=wp!
* —P
Exercises

7.1 Prove Theorem 7.1.
7.2 Find astabilizing state feedback controller for the following continuous-time
linear system

01 0 0
=] 0 0 1|lx+]| 0]u@.
250 0 -5 10

7.3 Find a stabilizing state feedback controller for the following discrete-time
linear system

-1 2 0 1 0
xk+1) =] 0 05 0|x(A+|0 1|uk).
1 0 -2 1 0
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Table 7.6 Quadratic Stabilization of Polytopic Systems

Criteria Controller

P>0
Polytopic | (M ® ((Ag + Aj) P) + M® ((Bo + Bj)) W), | K= WP~
+L®P<0,i=1,2,...,k.

P>0
((Ao + Ai) P+ (By + Bj)) W)g <0, K =wp~1
i=12...k

Hurwitz

P>0

((Ag + Ai) P)s — BoB <0, K=-3185p1

i=12...k
—P (Ag+A)P+ (Byg+B)W
< !’

Schur N _p K =wpT

Table 7.7 Stabilization of Time-Delay Systems

Conditions Criteria Controller
X>0
Delay AX +BW)s +Y  « K= Wwx—T
independent <0
XAl -y
X>0
Delay O (X, W) * *
dependent d (AX +BW) —dgl * <0 | K=wx""
dAgX 0 —-d@a-pI
DX, W) = ((A+Ag) X + BW), + dAgAY,
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7.4 Verify that the following linear system

x(t) = [1_; :g} x(£) + [1%5] u(?)
is H1,3)-stable.

7.5 Find for the following linear system

() = [‘3 ‘1)] x(5) + B] (o),

a state feedback controller such that the closed-loop system is D3 1)-stable.
7.6 Let the matrices associated with the characteristic function of the LMI

region D be
-1 2 0 2
— — 4
=[] =)
Find a D-stabilizing state feedback controller for the following linear system

() = [_3'5 ﬂ (F)+ m (o).

7.7 Consider a continuous-time linear system (Wilson et al. 1992, Liu et al.
2000b) in the form of (7.1) with

[—0.5010 ~—0.9850 0.1740 0O
- 16.8300 —0.5750 0.0123 0
—3227  0.3210 —2.1000 0]’

0 0 1 0

0.1090 0.0070
—132.8000 27.1900
—1620 —1240

0 0

Design a stabilizing state feedback controller for the system.
7.8 Consider the following linear system, which was introduced in Duan and
Patton (2001):

0 3 4 1 0
x(@)=11 2 3|x(&)+ [0 0] u®).
0 2 5 0 1

Design a state feedback by LMI method such that the closed-system
cigenvalues are located in the region

Has ={x+y| -3 <x<—1<0}



Chapter 8
H../H> Control

In this chapter, we study some basic Hoo and Hy problems. These include the Hoo
and Hj state feedback control, and also the robust Hog and Hj control problems.

The results in this chapter are closely related to the stability analysis results
covered in Chapter 5. In Chapter 5, we have given the analysis conditions for the
Ho and H; indices of a linear system to be bounded by certain level. But in this
chapter, we will first apply those conditions to-the closed-loop system of the state
feedback control system and then, through a variable substitution, turn the design
conditions for Ho and Hj control into LMIs, and meanwhile get the expression of
the gain matrix. Such a procedure is shown in Figure 8.1.

8.1 H, State Feedback Control

Heo control-has been a very active field since late 1980s, and by now there have
been tremendous results. As an introduction to Hy control, here we only deal with
a type of very basic Hoo state feedback control problem.

8.1.1 Problem

In this section, we study linear systems of the following form:

x =Ax+ Biu+ Byw

z=Cx+ Diu+ Dyw, (8.1)

where

m x € R”and z € R™ are, respectively, the state vector and the output vector

m w € R? is the disturbance vector
249
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Closed-loop system parameters

|

Analysis condition for H, and H,, performance

W=KX

Design condition for H, and H,, control K=wx1

Figure 8.1 Basic procedure for Ho, and Hz control.

m z € R” is the control vector
m A, C, Dy, Dy, By, and B, are the system coeflicient matrices of appropriate
dimensions

For the linear system (8.1), designing the state feedback control law
u = Kx, (8.2)
gives the following closed-loop system

{5c=(A+BlK)x+Bzw (8.3)

2= (C+ D1K)x+ Dyw.
Therefore, the influence of the disturbance w to the output z is determined by
2(s) = Gau(w(s),
where
Gao(s) = (C+ D1K) (I — (A+ B1K))™' B, + Ds. (8.4)
Recalling the results in Section 5.1, we have

1212 = 1[Gz () [|oo [w(D)]]2,

which states that || G, (5)||co performs the function of an amplifier of the disturbance
to the system output. With this observation, we propose the following problem.
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Problem 8.1 For the linear system (8.1), design a state feedback control law (8.2)
such that

NGa()loo < ¥

holds for a given positive scalar y.

8.1.2 Solution

Regarding the solution to Problem 8.1, we have the following theorem.

Theorem 8.1 The Ho, problem (Problem 8.1) has a solution if and only if there
exist a matrix W, and a symmetric positive definite matrix X, such that

AX +BIW)T+AX +BIW B, (CX+DyW)T
B! —yl DI <. (8.5)
CX +D\W Dy —yI

When such a pair of matrices W and X are found, a solution to the problem can be
given as

K =wxL. (8.6)

Proof It follows from Theorem 5.4 that the second condition in the problem is
satisfied if and only if there exists a symmetric positive definite matrix X, such that,

X A+BK) +A+BK)X By X(C+DiK)T

BI —yl D} <0. (87
(C+DiIK)X D —yI
That is,
AX + BiKX)T + (AX + BIKX) B, (CX+ DiKX)T
BI —yl DI <0.
CX 4+ D1KX D, —yI
By defining
W = KX,

the aforementioned inequality is turned into the LMI form (8.5). |
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With a prescribed attenuation level, the problem is turned into an LMI feasibility
problem in the form of (8.5). The problem with a minimal attenuation level y can
be sought via the following optimization problem:

min Yy
st. X >0
AUX +BW) +4AX +BiW B, (CX+DyW)T
BY —yI DI <0.
CX + D1 W D, —yI
(8.8)

The following corollary reveals that the condition || Gy, (s)||oe < ¥ implies the
closed-loop stability.

Corollary 8.1 The Hy, problem (Problem 8.1) has a solution only if (4 By)
is stabilizable, and with the solution given by (8.6) the closed-loop system is
asymptotically stable.

Proof  Condition (8.5) clearly implies
AX + BiW)T +AX + BiW < 0. (8.9)

This gives the stabilizability of the matrix pair (4, B;).
Using (8.9) and the solution given by (8.6), we have

A+ BOX + XA+ B K"
= AX + BIKX + (AX + BiKX)"
=AX+BW) +AX + BW
< 0.

Thus, the closed-loop system is asymptotically stable. |

8.1.3 Other Conditions

In the previous section, we have obtained the design condition (8.5) based on the
first condition in Theorem 5.4, that is, (5.27). Corresponding to the second and
third conditions, here without proof we give the design conditions for Heo control
respectively as
AX+BWT +AX+B1W B,  (CX+Diw)T
By —yi D) <0,
CX+ DWW D, -/
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and

(AX +BiW)T + AX + BiW + BB (CX + DiW)T + B,D}
CX + D1 W + Dy BT —y2l + D,D}

By now we have got all the three design conditions corresponding to the three
analysis conditions in Theorem 5.4. One may wonder why we do not use the three
conditions in Theorem 5.3 to handle the Hy problem, the answer is very simple.
As we have seen earlier, applying the conditions in Theorem 5.4 to the problem,
the nonlinear term in the inequality we encountered is KX This term can be easily
avoided by introducing the simple variable substitution, W = KX, since from which
we can immediately get the gain matrix as K = WX 1. While with the conditions
in Theorem 5.3, we have to face the term

(A+ BK)' X + X (A+ BK)
=A"X + XA+ KTB'X + XBK.
If, similarly, we handle the nonlinear term by letting
W = XBK,

then from this we generally cannot get the gain matrix X except for the special
case of B being nonsingular. Nevertheless, as-we will find out in Chapter 9, the
conditions in Theorem 5.3 will perform important functions in observer design.

To complete this section, we finally give the design conditions corresponding to
the deduced condition in Corollary 5.4.

Theorem 8.2 The Hy, problem (Problem 8.1) has a solution if and only if there
exist matrices ¥, W and a symmetric matrix X such that

v =T AV +BWT+Xx «v+Diw)T vl o
AV +B W+ X —X 0 0 B
CV +DwW 0 —y1, 0 D, |<o.
14 0 0 -X 0
i 0 B} DI 0 -yl

When such a triple of matrices V', W, and X are found, a solution to the problem
can be given as

K=wv L

Corresponding to the second deduced condition in Corollary 5.4, the condition
turns to be
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—v-vT AV +BWT+x («cv+D,wT vT 0

AV +BW+X —X 0 0 B
CV+DiWwW 0 —1Iy 0 D, | <O.
Vv 0 0 —X 0
0 B! DI 0 —y2I
Example 8.1

Consider the linear system with the following parameters:

2 1T =2 1T 0 1
x=1|1 -1 =3[x+[{0 3|Ju+| 02 |w
4 0 -1 31 -0.5

z=[2 1 —05]x+[1 1]u+0.05w.

Using the function mincx in LMI toolbox to the optimization problem (8.8), we
have

8.7047 —6.5321 4.2500
X=10" x | —6.5321 8.8601  —4.2821| > 0O,
4.2500 —4.2821 5.0227

7 [-52786  2.9364 —7.7991
W=10"x [—3.4736 —0.8733  6.0925]
y = 0.0500,

and the state feedback gain
_ —1_[=0.2159 -0.8333 —2.0805
¥ = |:—1.7841 —0.1667 2.5805 "

Note that the attenuation level y is very small, the disturbance w must be effec-
tively attenuated. To verify this, we have plotted the output z in Figure 8.2, for the
cases of w(t) = 0 and w(t) = sint. It is seen from this figure that the disturbance
indeed has very small affection to the system output.

Using the function place in control system toolbox to the same system, we
obtain a feedback gain as

. [ 12850 05978 —2.0283
T=-1.4101 -0.7807  1.4861|

The closed-loop system outputs for the cases of w(t) = 0 and w(t) = sint
corresponding to the aforementioned feedback gain is shown in Figure 8.3.
Comparing the two Figures 8.2 and 8.3, it is clearly seen that the effect of
disturbance is dramatically reduced when [|G,w (5)||c0 is minimized. Without this
consideration, the disturbance may thoroughly alter the output of the system.
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Figure 8.2 The output of closed-loop system, Example 8.1.
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Figure 8.3 System output corresponding to the feedback K7, Example 8.1.

8.2 H, State Feedback Control

First let us look at the Hj state feedback control problem. For simplicity, here only
the very basic problem is treated.

8.2.1 Problem

In this section, we study linear systems of the following form:

{szx—f—Blu—f—Bzw (8.10)

z = Cx + Du,

where
x € R” and z € R™ are respectively the state vector and the output vector
w € R? is the disturbance vector
u € R” is the control vector
A, C, D, By, and B, are the system coeflicient matrices of appropriate dimensions
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In this section, we treat the problem of designing a state feedback controller for
system (8.10) such that the closed-loop system is stable and the effect of the
disturbance is prohibited to a desired level.

For the linear system (8.10), designing the state feedback control law

u= Kx, (8.11)

gives the following closed-loop system

(8.12)

x= A+ BK)x+ Byw
2= (C + DK) x.

Therefore, the influence of the disturbance w to the output z is‘determined by
2(s) = Gz (w(s),
where
Gew(s) = (C + DK) (I — (A +B1K)) ™" B,. (8.13)
Recalling the results in Section 5.1, we have

12O ||p-= NGz (21w,

which states that || G,,,(s)||2 performs the function of an amplifier of the disturbance
to the system output. With this observation, we propose the following problem.

Problem 8.2 For the linear system (8.10), design a state feedback control law
(8.11) such that

|G ()ll2 < ¥

holds for a given positive scalar y.

8.2.2 Solution

It follows from Theorem 5.6 that Problem 8.2 has a solution if and only if there
exists a symmetric positive definite matrix Xsuch that

(A+ BiK)X + X (A+ BiIK)" + BBl <0
trace ((C + DK) X (C + DK)') < y2.
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Using Lemma 2.13, the aforementioned set of inequalities can be equivalently
converted into

(A+BIK)X +X(A+ B KT+ BBl <0
(C+DK)X(C+DK)' <Z
trace (Z) < y2,

where Z is some symmetric matrix. Further, using Schur complement lemma, gives

(A+BIK)X +X(A+BK)' + BBl <0

-7 (C+DK)X

T <0
X (C+ DK) -X

trace (Z) < y2.

Finally, by defining
W = KX,

we can obtain the solution to Problem 8.2.

Theorem 8.3 The Hj problem (Problem 8.2) has a solution if and only if there
exist a matrix W, two symmetric matrices Z and X such that

AX+ BIW + (AX + BW)' + B,B] <0
~Z CX +DW
T <0
(CX + DW) X
trace (Z) < y2.

(8.14)

When such a triple of matrices are obtained, a gain matrix to the problem can be

given by

K =wx! (8.15)

The aforementioned theorem again converts the control system design problem
into an LMI feasibility problem, namely, (8.14), which is solvable using the LMI
toolbox command feasp. In applications, we are often concerned with the
problem of finding the minimal attenuation level y. This problem can be solved via
the following optimization:
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min p
st. AX+BW+AX +B W) + BBl <0
-z CX + DW (8.16)
T <0
(CX + DW) X
trace (£) < p,

where p = y2. This minimization problem (8.16) is solvable using the LMI toolbox
command mincx.

The following corollary reveals that the condition || G, (s)||2 < y implies the
closed-loop stability.

Corollary 8.2 The H; Problem 8.2 has a solution only if (4 By) is stabilizable,
and with the solution given by (8.15) the closed-loop system is asymptotically stable.

Proof  The first inequality in (8.14) clearly implies
(AX + BBW)T + AX 4+ BBW < —B,B] <. (8.17)

This gives the stabilizability of the matrix pair (4, B;).
Using (8.17) and the solution given by (8.15), we have
(A4 B K)X + XA+ B K)"
=AX + BiKX + (AX + B1KX)"
= AX+B W) +AX + B|W

< 0.

Thus, the closed-loop system is asymptotically stable. [ |

8.2.3 Other Condition

In the previous section, we have obtained the design condition (8.14) based on the
first condition in Theorem 5.6, that is, (5.42). Due to the same reason mentioned
in Section 8.1.3 about the condition for the Hy, control problem, we conclude that
the second condition in Theorem 5.6 is not directly applicable to the H; problem.
Again, due to the same reason, the first deduced condition in Theorem 5.7 is
also not directly applicable. Now to complete this section, we finally give the design
conditions corresponding to the second deduced condition in Theorem 5.7.
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Theorem 8.4 The H problem (Problem 8.2) has a solution if and only if there
exist matrices V', W and two symmetric matrices P and Z such that

trace (Z) < y?
[—Z B
_Bz —P] <0
—(v+Vvh) @ +Bw+pr (cv+pwt vT
AV +BW + P —P 0 U
CV + DW 0 —I 0 '
i 14 0 0 —P

When such a set of matrices V, W, P, and Z are found, a solution to the problem
can be given as

K=wv L

Example 8.2

Consider the following linear system

—3 -2 1 270 3
k= 1 2 alx+|o 2|u+|0]e
1 L1 -1 0 1 1
1.0 1 11
Z:[o 1 1]”[0 1]“'

Applying the MATLAB® function mincx in the LMI toolbox to the optimization
problem (8.16), we get

07799 —0.0053 0.2621
X=10% x | —0.0053  0.1400 0.4207 | > 0,
02621  0.4207 1.3635
.3 _[-07851 01452  0.1586
w=10 X[—O.2569 —0.5607 —1.7842"
-3 _[0.0089 0.0538
Z=107x [0.0538 0.3260]’

o =3.3491 x 1074,

and the corresponding state feedback gain is obtained as

1.7519
—1.9004

—-0.9112

—0.2491
—0.1063 !

—wx-l =
k=X _[ ~0.7018



260 ®m [MIsin Control Systems

q
- ]
=
2 =
z w(t)=0 '
— w(t)=5sint|
-06 ! ' ; .
0 2 4 6 8 10
Time (s)
1 T T T T
w(t)=0
o W(E) = 5 sin £|

Time (s)

Figure 8.4 The output of closed-loop system, Example 8.2.

the corresponding minimal attenuation level is y = ,/p = 0.0183.Note that the
attenuation level y is very small, the disturbance w must be effectively attenuated.
To verify this, we have plotted the output z in Figure 8.4, for the cases of w(t) = 0
and w(t) = 5sint. It is seen from this figure that the disturbance indeed has very

little affection to the system output.
Using the:MATLAB function place in control system toolbox to the same

system, we obtain a feedback gain as

i | 03965 09895 —0.4499
1=1-04185 -3.0160 —1.0858]"

which assigns the same set of closed poles as the optimal gain matrix K, that is,

AMA + B1Kq) = {—5.4444, —2.2181, —0.6625} .

The closed-loop system output corresponding to the aforementioned feedback
gain Ky is shown in Figure 8.5, also for the cases of w(t) = 0 and w(t) = 5sint.

Comparison of the two Figures 8.4 and 8.5 clearly reveals the effect of
disturbance attenuation via Hy control.
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Figure 8.5 System output corresponding to gain K;, Example 8.2.

8.3 Robust H,./H, State Feedback Control

In this section, we further investigate the problems of robust state feedback control

of linear systems with parameter uncertainties.

8.3.1 Problems
8.3.1.1 Uncertain System

Consider the following linear system with uncertainty

x(2) = (A+ AA)x(2) + (B1 + AB)u(z) + Boyw(z) (8.18)
z(t) = Cx(t) + Diu(t) + Dyw(z), )

where

m x € R”and z € R™ are respectively the state vector and the output vector
m w € R? s the disturbance vector
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m « € R” is the control vector
m A, By, By, C, D1, and D, are known real constant system coefficient matrices
of appropriate dimensions

AA and ABj are real-valued matrix functions that represent the time-varying
parameter uncertainties and are of the form

[A4 AB||=HF[E E], (8.19)

where matrices £1, £y, and A are some known matrices of appropriate dimensions,
while F is a matrix which contains the uncertain parameters and satisfies

F'F<1. (8.20)

For the type of perturbation, we obviously have

_ [0 0], when F =0
[AA ABI]_{H[El Ez], when F = 1.

8.3.1.2 Forms of Perturbation

Remember that in Chapter 4 we handled the problem of robust stability, where the
perturbation of the system coefficient matrix takes the following form:

AA = 8141 + 8240 + - - + 8,4, (8.21)
where
A;, i=1,2,...,k, are some known matrices
8i, i =1,2,..., kyare the perturbation parameters satisfying
|3,‘| < 7 i= 1,2,...,k. (8.22)
Note that
817
8,7
AAZ[Al A2 A/e] . >
Spl

we can thus write A4 in the form of

AA = HFE (8.23)



with

and
1| 8uL
F:(iﬁ) : (%1
= 5ul

On the other hand, suppose that we can separate out the perturbation parameters
in the matrix F as follows:

F=8F+8F+- -+ 8,
Then, we have form (8.23),

AA = HFE
=H@ [ +86Fh+ -+ 8F)E
= 8141 + 8 Ar + -+ + 844y,
with
A;=HFE, i=12,...,k

Further, note that

F'F
= G E A+ 8F + -+ 8 E)T (1F + 8B + -+ + 84Fp)
F
T £T T 27 <2 an | 22
=[Ff F - F)diag(811,81,....80) | . |
£
then condition (8.22) becomes
F
o)
[T Bl - Flldiag(877,831,....800) | | <L
£

Therefore, the two types of perturbations (8.23) and (8.21) are mutually transferable.
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8.3.1.3 Problem Formulation

With the state feedback control law
u(t) = Kx(2), (8.24)

the closed-loop system is

{ #(1) = [(A+ AA) + (B + ABy) K] x(t) + Byw(z) (8.25)

z2(¢) = (C + D1K) x(t) + Dyw(2),
and its transfer function is

Ga(s) = (C+ D1K) (] — [(A+ AA) + (B + AB)K]) ™' By + D;.

Problem 8.3 (Robust Hy, control) Given the uncertain linear system (8.18) and
a positive scalar y, design a state feedback control law #(#) in the form of (8.24)
such that the closed-loop system (8.25) is asymptotically stable and satisfies

| Gz (5) ”oo <Y

Problem 8.4 (Robust H, control) Given the uncertain linear system (8.18) with
D, =0, and a scalar y > 0, design a state feedback control law #(#) in the form of
(8.24) such that the closed-loop system (8.25) is asymptotically stable and satisfies

| Gz (s) ”2 <V

8.3.2 Solution to the Robust H,, Control Problem

For solution to the Hoo state feedback control problem stated earlier, we have the
following result.

Theorem 8.5 The Hyo state feedback control problem (Problem 8.3) has a
solution if and only if there exist a scalar «, a matrix W, and a symmetric positive

definite matrix X satisfying the following LMI:

YX, W) B, (CX+D\W)T (E.X+EW)T
Bl —yI DI 0
CX+Di\W D, —yI 0
EX+EW 0 0 —al

<0, (8.26)



Heo/Hy Control ®m 265

where
WX, W)= (AX + B W), +aHH".
In this case, an Hqo state feedback control law is given by

u(t) = WX 'x(2).

Proof It follows from Theorem 8.1 that the Hy state feedback control problem
(Problem 8.3) has a solution if and only if there exist a matrix W and a symmetric
positive definite matrix X satisfying

(A+ADX+ B+ AB)W), B, (CX+Diw)T
Bl —yl DI <0. (827)
CX+ DWW D, —yl

Consider

(A+AADX + (Bi+ AB) W), By (CX+DiW)T

By ~yI Dy
CX +D\W D, —yI
(AX + ByW), By (CX+D;W)T
= B! =yl DI
CX+D\W D, —yI
(AAX + ABYW), 0 0
o 0 0 0
0 0 0

In view of the relations in (8.19), we further have

(AAX + ABiW), 0 0
0 0 0
0 0 0
(HF (E\X + E;W)), 0 0
= 0 0 0
0 0 0
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Thus, the inequality (8.27) can be equivalently written as

(AX +B\W), B, (CX+Diw)T
T T
Bl —yI D]
CX + DWW D, —)/[

H
+< 0 |FI[EX+EW 0 0]> < 0.
0

§

Applying Lemma 2.5, we can equivalently convert the earlier inequality into
(AX + ByW), +a«HHY B, (CX+D/W)T
By —vI Dy
CX + D1 W D; I
+a ' [EX+EW 0 o' [EX+EW 0 0]<o0. (828)

Finally, by using Schur complement lemma, the inequality (8.28) can be equivalently
arranged into the form of inequality (8.26). The proof is then completed. n

In applications, we are often concerned with the problem of finding the minimal
attenuation level y. This problem can be solved via the following optimization:

min Y
sst. X >0
WX, W) B, (CX+DiWT  (E.X + E,w)T
B! —yl DI 0 “o
CX+D\W. D, —yI 0 :
EX+EBW 0 0 —al
(8.29)

This minimization problem can be solved using the LMI toolbox command
mincx.
Example 8.3

Consider a linear system in the form of (8.18) with the following parameters:

A=|-29689 —8.8444 4.9235
| 1.7507 0.1229 —-8.7683

© 1.0877  0.0169 —0.0193
By =|—-07231 12568, By=| 0.0220],

| 1.9908 —0.4266 0.0312

[—0.7467 —3.8410 —9.9319:|
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[—3.2704 —2.4767 —3.6348
C= 4.7975 3.7574 —4.8824 |,
| —2.2855 2.3731 3.9390

[—0.2034 —0.1624 0.0313
Dy =|-0.8051 —0.1231|, D, =|-0.0137],
| 0.6458 —1.7409 0.0385
and H =13,
—-0.1134 -0.1707 —0.0203 0.1342 0.1092
£ = 0.0953 0.0675 -0.0397 |, E = 0.0488 0.1759
0.0920 —-0.0075 0.1172 —0.0954 -0.1677

Using the function mincx in the LMI toolbox to the Hoo optimization problem
(8.29), we obtain the following optimal parameters

0.0338 —0.0236 0.0358
X=1-0.0236 0.0645 —0.0446| > 0O,
0.0358 —0.0446 0.0504

W= —0.0644 0.1373  =0.1618
~|—-0.0016 —0.0149 0.0207 |’

a =0.0021, y.=0.0949,

and thus the state feedback gain is given by

-1 9.1630 —3.2219 —12.5748

K=WI" [—3.0468 1.1270 3.5736] ’

Corresponding to this gain matrix, we have plotted the closed-loop system
output z in_Figure 8.6, with w(t) = sin2t. The solid lines represent the case of
F = 03«3, while the dash lines represent the case of F = /3. It is seen from this
figure that the uncertainty indeed has very little affection to the system output.

Using the function place in MATLAB control system toolbox to the same
system, we can obtain a feedback gain as

Ky — 6.8814 —3.3725 —10.2539
17195152 —6.4425 —12.9601 |’

which assigns the same set of closed-loop poles as the gain matrix K, that is,

A (A + BKy) = A (A + BK) = {—9.0896 = 4.1847i, —13.0774}.
The closed-loop system output corresponding to this feedback gain Ky is shown
in Figure 8.7, for the same choices of w(t) and F as in Figure 8.6. Comparison of

the two figures clearly reveals the advantage of the Hy control technique in the
aspect of disturbance attenuation.
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Figure 8.6 The output of the closed-loop system, Example 8.3.

8.3.3 Solution to the Robust H> Control Problem

For solution to the Hj state feedback control problem stated earlier, we have the

following result.

Theorem 8.6  The Hj state feedback control problem (Problem 8.4) has a solution
if and only if there exist a scalar 8, a matrix W, two symmetric matrices Z and X

satisfying the following LMIs:

(AX +B1W), + BB, + BHH' (EIX +E W)T] —0

[ EX+EW —pBI
J —7Z CX+ DWW 0 (8.30)
(CX +DywW)T —X
trace (Z) < y2.
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Figure 8.7 System output corresponding to gain K;, Example 8.3.

In this case, an Hy state feedback control law is given by

u(t) = WX x(2).

Proof . It follows from Theorem 8.3 that the Hj state feedback control problem
(Problem 8.4) has a solution if and only if there exist a matrix W, two symmetric

matrices Z and X satisfying
((A+ AA) X + (B + AB)) W), + B,B) <0

-z CX + D1 W
[(Cx+DIW)T "y } <0 (8.31)

trace (Z) < y2.
Thus, we need only to show the equivalence between the first inequality in (8.30)

and that in (8.31).



270 ®m [MIsin Control Systems

Since

((A4+ AA) X + (B + AB)) W), + BB}
= (AX + BiW), + ByBl + (AAX + ABW),,

and, in view of the relations in (8.19),
(AAX + AB\W), = (HF (E\X + E, W)),,
the first inequality in (8.31) can be equivalently written as
(AX + BiW), + BBl + (HF (E\X + EsW)); < 0.

Applying Lemma 2.5, we can equivalently convert the aforementioned
inequality into
(AX + By W), + B,B) + BHH"
+ B8N EX+FEWT (EX+EW) <. (8.32)
Finally, by using Schur complementlemma, the inequality (8.32) can be equivalently

arranged into the form of the first inequality in (8.30). The proof'is then completed.
[ |

In applications, we are often concerned with the problem of finding the minimal
attenuation level y. This problem can be solved via the following optimization:

min._p
|:(AX +BIW), + BB} + BHH" (E\X + E, W)T} .
S.t. <
EX +EW —BI
! g p (8.33)
-z CX+DiW] _
(CX + D;W)T -X =
trace (£) < p,

where p is a positive optimizing variable. This minimization problem can be solved
using the LMI toolbox command mincx. When this p is obtained, the minimal
attenuation level is given by ,/p.
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Example 8.4
Consider a linear system in the form of (8.18) with the following parameters:
—1.8764 2.2925 8.2951

A=|-2.6505 —-1.8239 -9.5310],
6.0722 8.8747 —6.3834

1.0877 —0.9443 0.1103
By = |2.8711 —0.1364 |, By =|-0.0536],
1.9588 —0.1735 0.1214

C— 0.5588 2.6838 1.7343
T |=2.7756 —4.5748 1.6906|’

0.2699  0.0016
Pr = [0.1486 0.7459]/ D2 =0,

and H = 13,
0.0873 0.1531 —0.1706 —-0.0078 —0.1237
£y =10.1777 0.0006 —0.1456 |, £y =1{-0.0297 -0.1814
0.1330 0.0811 —0.1166 —0.0764 —0.1313

Applying the MATLAB functionmincx inthe LMI toolbox to the Hy optimization
problem (8.33), we get

[ 0.0429 ©0.0080 -0.0154
X= 0.0080 0.0707 0.0373 | > 0O,
| —0.0154  0.0373 0.0365

[-0.1070 -0.9185 -0.5773
| 0.2715 0.5540 0.2040 |’

~_ [ 00245 —0.0121
~|-0.0121  0.0060 |’

and
p =0.0305, B =0.0029.

The corresponding state feedback gain is thus obtained as

. —1 _ [—5.8671 —5.7982 —12.3917
K= WX _|: 5.5622 6.5411 1.2663 |’

while the optimal attenuation level is y = ,/p = 0.1746.

We have plotted the output z in Figure 8.8, for the cases of F = 0343 and
F = I3, where w(t) = 0.5sin 1.5t. It is seen from this figure that the uncertainty
indeed has very little affection to the system output.
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Figure 8.8 The output of the closed-loop system, Example 8.4.

Using the function place in MATLAB control system toolbox to the same
system, we obtain a feedback gain as

Ky = —1.9046 —12.0954 —2.7428
V=1 11.7365 —4.0700 5.5739]’

which set the same set of closed-loop poles, that is, —45.8913, —3.1314,
—14.7269, as the gain K. The closed-loop system output corresponding to the
feedback gain Ky is shown in Figure 8.9, for the same choices of w(t) and F as in

Figure 8.8.

8.4 LQ Regulation via H, Control

In this section, the well-known quadratic optimal regulation problem is treated. We
will see that, besides the traditional Riccati equation approach, the problem can be
equivalently converted into a standard H, problem, and hence can be solved via

LMI techniques.
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Figure 8.9 System output corresponding to gain K;, Example 8.4.

8.4.1 Problem Description
Consider the constant linear multi-variable system
x =Ax+ Bu, x(0) = xo, (8.34)

where
x € R” and # € R” are the state vector and input vector, respectively

A-and B are the system coeflicient matrices of appropriate dimensions
The well-known linear quadratic optimal regulation problem for the aforementioned

system is stated as follows.

Problem 8.5 Design, for system (8.34), an optimal state feedback controller
# = Kx such that the following quadratic performance index

J(x,u) = f(xTQx + 4 Ruy dt (8.35)
0
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is minimized, where

Q=Q">0, R=R">0. (8.36)

For a traditional solution to this problem we have a basic result which is based
on the following two typical assumptions:

Al. (A, B) is stabilizable.
A2. (A, L) is observable, with L = Q1/2.

Theorem 8.7  Let Assumptions Al and A2 hold, then the following algebraic

Riccati equation
AP+ PA—PBR'B'P+ Q=0
has a unique symmetric positive definite solution P, and in this case the optimal

solution to the aforementioned LQR problem is given, in terms of this positive
definite matrix P, as follows:

u(t) = —R-'BT Px(2). (8.37)
The corresponding closed-loop system is given by
x(#) = (A— BRT'B'P) x(»), (8.38)
and the minimum value of the performance index is

y = min/(x, u) = x{ Pxo. (8.39)

8.4.2 Relation to Hy Performance

Introduce the following auxiliary system

{x=Ax+Bu+x0w (8.40)

y = Cx+ Du,

where

C= [Qq, D:[O]}, (8.41)
0 R2
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and w represents an impulse disturbance. With the state feedback controller # = Kx
applied to the auxiliary system (8.40), the closed-loop system is obtained as

{Scz(A—I—BK)x—I-xoa) (8.42)

y=(C+ DK)x.

Thus, the transfer function of the aforementioned system (8.42) from the
disturbance @ to the output y is

Gyw(s) = (C+ DK) [s[ — (A+ BK)] ™! xp. (8.43)

The following theorem tells us that the LQR performance for system (8.34) can
be reformulated into an A, performance for the auxiliary system (8:40) and (8.41).

Theorem 8.8  Given the linear system (8.34) and the quadratic performance index
(8.35) satisfying (8.36) and Assumptions Al and A2, then

JGeu) = | Go@)|3, (8.44)

where G, (s) is the transfer function given by (8.43).

Proof  Define

then it is easy to verify
§S=C+ DK, (8.45)

and from (8.35) and # = Kx, we obtain

J= f(xT Qx + u' Ru) dt
0

(xT Qx + xT KT RKx) dz
x! (Q + KTRK) xdz

%L ST Sxdr.

I
ng ng ng
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Let X (s) denote the Laplace transform of the state vector x(#) of the system (8.42),
that is, X (s) = L[x(¢)], then,

X(s) = (5[ — A— BK) 'x. (8.46)

According to the definition of A, norm, we have

1/2
1 o0
ISX()|l, = trace <E_L SX (je)XH( ja))STda)) :

meanwhile, according to the definition of Z; norm, we have

o0

1/2
1Sx(@)l, = ( j XL () ST Sx(2) dt) h

—0o0
Recalling the Parseval lemma yields
1Sx(D)ll, = [ISX ()l -

Thus, further using (8.45) and (8.46), gives

i fxT(t)STsx(t) dr
0

= [ISx()1I3
= [ISX ()13

= |S6I — 4 — BK) x5

= Gw®];-

Thus, the conclusion holds true. [ |

8.4.3 Solution

The importance of the earlier result is that it reveals the fact that the LQR perfor-
mance index of a system equals to the Hy index of an associated auxiliary system,
and with such a fact, an LQR design can be solved via an Hy problem, and hence
can be solved with good numerical reliability.

Based on Theorems 5.6 and 8.8, we can obtain the following result.
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Theorem 8.9  Let Assumptions Al and A2 hold, then a state feedback control in
the form of # = Kx exists such that /(x, #) < y if and only if there exist X € S,
Y € S"and W € R™” satisfying

(AX + BW) + (AX + BW)T + xox{ <0, (8.47)
1 INT
trace (QZX (Qf) > + trace (V) < y, (8.48)
Y RW
. T < 0. (8.49)
(Ri W) —X

In this case, a feedback gain is given by

K =wx"1 (8.50)

Proof  According to Theorem 8.8, /(x, #) < y is equivalent to

|(C + DK) ST — (A +BK)I xo2 < 7.

Further using Theorem 5.6, we know that the earlier relation is equivalent to the
existence of an X > 0 satisfying the following two LMIs:

(A4 BK)X +X (A4 BK)" + xpxg <0, (8.51)

1 17T
trace(|: (%2 i|X|: le :| ) < y. (8.52)
R2K R2K

Through some deductions, (8.52) can be equivalently converted into

1 T 1 1 \T
trace (QZX (Q2> ) + trace (RZIO((RZK) ) <Yy,
which is equivalent to (8.48) and
1 1 N\T
RfKX(RzK) <V, (8.53)

with ¥ being a symmetric positive definite matrix.
Letting

KX =W,
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from which we can get the expression (8.50) for the feedback gain, and (8.51) can
be converted into (8.47), and (8.53) becomes

T
RIWX ! (R% W) <7,

which turns to be equivalent to (8.49) according to the Schur complement
lemma. L

It clearly follows from the earlier theorem that Problem 8.5 can be solved via the
following optimization problem:

min Y
{S-t- (8.47) — (8.49), (8.54)

the produced optimal y is then the minimum value of the performance index.

Example 8.5
Consider the following system

Xt =Ax@®) +Bu®, x©O=[1 0],

L [

The performance index is in the form of (8.35), with

where

Q=1l, R=1.

By solving the corresponding optimization problem (8.54), we obtain the
optimal parameters as

Y [ 0.8919 —0.5000] o
—0.5000  0.4204|
W=[0.9715 —0.9204],

Y =2.0661 > 0,

y =3.3784.

Then, the optimal state feedback guaranteed cost control law can be
computed as

K=Wwx"! =[-0.4142 -2.6818]. (8.55)
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On the other hand, applying the MATLAB function 1gr in the MATLAB opti-
mal toolbox to the system, we obtain the solution of the corresponding Riccati
equation as

p_[33784 04142]
~ 04142 2.6818] 7

and the state feedback given by (8.37) is computed exactly the same as in (8.55).
The corresponding optimal quadratic performance index is then given by

J* = x(0)TPx(0) = 3.3784,

which is indeed equal to the optimal y.

8.5 Notes and References

8.5.1 Summary and References

This chapter studies LMI approaches for Hoo/Hj state feedback control and also the
robust Hoo/Hj control problems. The LMI conditions for the basic Hoo and Hj
state feedback control problems are given in Table 8.1, while those for the robust
Hoo and H; state feedback control problems are given in Table 8.2.

In this chapter, the quadratic performance index is also treated in Section 8.4. Itis
shown that the quadratic optimal regulation problem can be equivalently converted
into a standard Hy problem, and hence can be solved via LMI techniques.

Table 8.1 H,, and H; Control

Problems Criteria Controller
X>0
<AX + Bq W)s * *
Hoo K=wx1
B! —yl % | <0

CX+DiW Dy —yl

4 CX+ DW
<0

(CX +DW)T -X ;
Hy L K=WXx~

AX + BiW + (AX + BiW)" + ByB] <0

trace (Z) < y2
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Table 8.2 Robust H,, and H, Control

Problems Criteria Controller

X>0

v(X, W) * * *

B-zr —yl * * -0 |
Hoo CX+DiW Dy —yl =« K=Wwx
EEX+EW 0 0 -—pl
W(X, W) = (AX + By W), + BHHT
trace (Z) < y2
-7 *
<0
(cx+Dw)"  —x 1
Ha i 1 K= WX~

(AX + ByW), + BoB) + BHHT .« o
<

E1X 4+ BBW. —Bl

Hoo/H; control became popular by the end of the 1990s. In 1989, a celebrated
result was proposed by Doyle et al. (1989) for the standard Hy and Heo control
problems based on algebraic Riccati equations. Later, this algebraic Riccati equation
approach to the solution of mixed Hoo/Hj control was further strengthened (Doyle
et al. 1994, Zhou et al. 1994). These contributions really laid a milestone for the
development of Hso/Hy control theory and have inspired a great atmosphere in
the investigation of Hoo/H; control theories and applications. Essential advances in
the LMI approaches for Hoo/Hj control really occurred after the algebraic Riccati
equation approach.

Duan and his coauthors have given LMI approaches for generalized Hy control
of linear time-delay systems (Liu and Duan 2006a, Liu et al. 2006). In the literature,
Heo control has attracted much more attention than H; control. Earlier results on
Heo control include Peterson et al. (1991), Gahinet and Apkarian (1993, 1994),
Choi and Chung (1997), Bouhtouri et al. (1999), and Kim and Park (1999). In
the 2000’s, Fridman and Shaked (2002) gave an LMI method for Hy, control of
linear time-delay systems, and Zhang and Duan (2005b), Liu et al. (2007), and
Zhang et al. (2007, 2008) all studied Hoo control of discrete-time systems, while
Gao et al. (2008) and Seiler and Sengupta (2005) both proposed LMI-based Heo
approach to networked control. Different from these, very recently Zhou et al.
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(2012b) considered a Lyapunov inequality characterization and a Riccati inequality
approach to Hoo and Ly low-gain feedback.

Robust Ho control based on LMIs have also been considered by many authors
for many types of uncertain systems, for example, mechanical systems (Yang et al.
2010), systems with time-varying delays (Cao et al. 1998), Markovian jump systems
(Cao and Lam 2000), stochastic systems (Xu and Chen 2002, Zhang et al. 2005a),
T-S fuzzy systems (He and Duan 2000).

8.5.2 Dissipative, Passive, and Nonexpansive Control

In Chapter 6 we have discussed in Sections 6.3 through 6.5 the following three
concepts concerning the properties of a linear system in the form of (8:1):

1. Dissipativity, which is associated with a supply function

H
=[] g

2. Passivity, which is equivalent to positive-realness.
3. Nonexpansivity, which is equivalent to bounded-realness.

Corresponding to these three concepts, we can also formulate three types of
design problems.

Problem 8.6 For the linear system (8.1), design a state feedback controller (8.2)
such that the closed-loop system (8.3) is dissipative (passive or nonexpansive) with
respect to the input w(z) and output z(#).

It follows from Theorem 6.15 that nonexpansivity is equivalent to the bounded-
realness of the system, and hence is, following from Proposition 6.3, equivalent
to ||G(s)|lso< 1. Therefore, the problem of nonexpansive control is a special Hoo
control problem, which does not need further investigation.

Recall from Theorems 6.12 and 6.14 that a linear system in the form of

{a’c(r) = Ax(¢) + Bu(t) 556

(1) = Cx(2) + Du(z),

is dissipative or passive if and only if there exists a P > 0 such that

ATP+PA PB ¢ pl' .[c D
[ BTP o}_[o 1} Q[o 1]50’ (8.57)
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or

(8.58)

ATP4+pPA PB-CT
[BTP— C —DT—D:| =0
Therefore, following the same treatment as in Section 8.1 for Hyo control, or the
treatment in Sections 7.1, 7.2, and 7.7 for state feedback stabilization, solutions to
the problems of dissipative control and passive control can easily be obtained via
the LMIs in (8.57) and (8.58), respectively. Readers are strongly recommended to
establish the full formulations as well as the solutions for these problems.
For references regarding the problems of dissipative control, one can refer to Qin
and Duan (2006), Li et al. (2006a), Li and Duan (2008); while for passive control,
Fu and Duan (2004), Li et al. (2006b), Duan and Li (2009), and Liu etal. (2010).

Exercises

8.1 Consider the linear system in the form of (8.1) with

0 1 0 1
A=10 0 1{, Bi=|0]|, B,=|0{,
0 -2 -3 1 0

C=[1.0 0], D=1 D,=0.05.

Design a state feedback control law # = Kx such that the closed-loop system
is stable and the transfer function matrix

Gow(s) = (C+ D1K) (s — (A+ B1K)) ' B, + D,
satisfies
||sz(5)||oo <V

for a minimal y.
8.2 Consider the linear system in the form of (8.10) with

-5 1 0 0 0 0.05
A = 01 1|, B=|0 1|, B,=]| 0 |,
1 1 1 1 0 0.03
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Design a state feedback control law # = Kx such that the closed-loop system
is stable and the transfer function matrix

Gow(s) = (C+ DK) (5[ — (A+ B1K)) "' B,
satisfies
| Ga ()2 < ¥

for a minimal y.
Consider a linear system in the form of (8.18) with the following parameters

1.95 0.78 1.50 0.01
A= [0.76 1.87}’ B = [0.45}’ 52 R [0.03}’
C=[095 078], D;=0.50, .D>=0.02,

[A4 AB||=HF[E E], F'F<I,
10 0.04  0.02 0.03
H= [o 1}’ £ 5 [ =0.01 - 0.01 } B2 = [0.01]'

Design a state feedback control law # = Kx such that the closed-loop system
is asymptotically stable and the transfer function matrix

Gow(s) = (C 4+ DyK) (s — [(A+ AA) + (B + AB)K]) " 'B, + D,
satisfies
”sz(S)HOO <V

for a minimal y.

8.4 Consider alinear system in the form of (8.18) with the following parameters

[1.7465 —3.2684  6.2368
A=13.0268 9.4581 23659 |,
| 43658 3.2478 —2.3724

[ 0.2369 1.4533 0.0003
By =| 02361 —3.4874 |, B, =0.0036|,
| 13687 —5.2365 0.1578
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0.7635

¢= [1.7566
1.0024
Dy = [0.1365

0.3547 5.2654

—0.5348  1.6366 |’
0.7853

1.3959]’ D2 =10,

[A4 AB\|=HF[E, E|, F'F<I,

[0.0473 —0.1401 0.4006
E; = [0.1227 —0.0006 0.1456 |,
0.1440  —0.0811 0.2366
05478 0.4537 1 00
E,=10.0237 0.1014|, H=|0_1 0
0.0124 0.3613 0 0 1

Design a state feedback control law # = Kx such that the closed-loop system
is asymptotically stable and the transfer function matrix

Gew(s) = (C + D1K) (sT — [(A+AA) + (By + AB) K] ' B,
satisfies

| G0 (5) ”2 <Y

for a minimal y.
Consider a linear system in the form of

8.5

k:Ax—l—Blu—l—Bzw
y=Cx+ Diu+ Dyw,

where w is a measurable disturbance modeled by
w = Fw+ Duv,

with » being a driving disturbance. Give the solution to the design of a
feedback controller in the form of

u=Kix+ Kw,

such that ” Gy(s) ”oo and || Gy(s) H2 are minimized.

Solve the problem in Example 8.1 using Theorem 8.2 and compare the
obtained results with those given in the example.

Solve the problem in Example 8.2 using Theorem 8.4 and compare the
obtained results with those given in the example.

8.6

8.7
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Chapter 9

State Observation
and Filtering

State observation in a control system is a very important problem and has applications
in many problems, such as state feedback control, fault detection and isolation,
etc. In this chapter, basic LMI approaches for the design of state observers of
linear systems are presented. The full- and reduced-order state observers, Hoo/Hp
full-order state observers, and Hoo/H state filtering are covered.

9.1 Full- and Reduced-Order State Observers

In this section, we examine the problem of designing state observers for the following
system

{k:AerBu ©.1)

y = Cx,
wherewx € R”, u € R’, and y € R” are the state vector, the input vector,

and the output vector, respectively. Without loss of generality, it is assumed that
rank(C) = m < n.

285

7
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9.1.1 Full-Order State Observers
For the system (9.1), a full-order state observer takes the following form
% =A%+ Bu+ L(Ck —y), 9.2)

where
x is the state observation vector
L € R"" is the observer gain

Denote
e=x—Xx,
then we obtain from (9.1) and (9.2) the following observation error equation:
e=A+LO)e. (9.3)

The problem of full-order state observers design for a continuous-time linear
system in the form of (9.1) can be stated as follows.

Problem 9.1 For the continuous-time linear system (9.1), design a full-order state
observer in the form of (9.2) such that the etror system (9.3) is asymptotically stable.
As a consequence, for arbitrary control input #(¢) and arbitrary system initial values
x(0) and x(0) the observation error approaches to zero, that is,

lim (x(x) —x(x)) = 0.
— 00
The aforementioned full-order observer design problem is obviously a dual prob-

lem of the state feedback stabilization problem formulated in Section 7.1.1. Thus
for solution to this problem, we immediately have the following result.

Theorem 9.1  For the full-order state observers problem (Problem 9.1) the
following conclusions hold.

1. It has a solution if and only if there exist a symmetric positive definite matrix
P and a matrix W satisfying

PA+A'P+wWC+C'WT <o. (9.4)
In this case, a solution to the problem is given by

L=rtw. 9.5)
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2. It has a solution if and only if there exists a symmetric positive definite matrix
P satisfying

PA+ AP - C'C <. (9.6)

In this case, a solution to the problem is given by

1
L= —EP_ICT. 9.7)

Proof  Note that
A+LO)T =4+ BK,
where
A=4", B=C', k=1"

With this dual relationship between state feedback stabilization and full-order state
observer design, the conclusions directly follow from Theorem 6.5. |

Example 9.1

Consider the benchmark system in Example 7.1 again. Applying the MATLAB®
function feasp in the MATLAB LMI toolbox to the full-order observer design
condition (9.4), we get the parameters P (> 0) and W. Based on the obtained
parameter matrices W and P, the observer gain is obtained by

L= [/1 Iy - /zo]T =wp!.

Entries in the gain matrix L are given in Table 9.1. By using the MATLAB function
eig, the setof observer eigenvalues are obtained as
A(A+ LC) = {—16.4953 £ 67.5403i, —6.3405 £ 39.2256i,
—3.4178 £27.6323i, —2.1414 £ 21.3719i,
—1.7870 £ 17.3286i, —2.0263 + 13.5890i,
—2.4872 £9.5010i, —=3.0999 + 5.1472i,
—157.7079 £ 275.6389i, —3.8856, —6.0092} .

To verify the result, we have plotted
e(k) = [Ix(k) = x(K)1l2

in Figure 9.1. It is seen from this figure that the observation gives a very high
precision in about 2's.
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Table 9.1 Entries of Gain Matrix L
J 1341 Bjt2 Bjt3
0 —36096254.4923 —278355214.5243 | —1045326768.8413
1 | —2542948598.5469 | —4496268739.0632 | —6144778948.3535
2 | —6737706111.3431 | —6072176176.1721 | —4569771871.4278
3 | —2901039846.7673 | —1562328508.0585 —715017855.2874
4 —277529403.6193 —90794608.7237 —24753951.0927
5 —5521345.2195 —978540.6858 —131136.0375
6 —12303.7153 —610.9012
3 T T T T T T T T
2.5 1
3!
o
I=
£ _
&
= |
2 2.5 3 35 4 4.5 5
Time (s)
Figure 9.1 Magnitude of the error vector, Example 9.1.

9.1.2 Reduced-Order State Observer Design

The previous section gives an LMI approach for the design of full-order state
observers for linear systems. In this section, we further investigate the problem of
reduced-order observer design for the linear system (9.1).

9.1.2.1 Problem Formulation

In the design of reduced-order state observers for linear systems in the form of (9.1),
the following lemma performs a fundamental role. For a proof, readers may refer to
Duan (2004a).

Lemma 9.1 Given the linear system (9.1), and let R € R”=7)*” be an arbitrarily
chosen matrix which makes the matrix



nonsingular, then

CcT~' =[5, 0]. (9.8)
Furthermore, let
A A
TAT—I — 11 12 , A€ Rmxm) 9.9
|:A21 Any 11 9.9)

then the matrix pair (A2, A12) is detectable if and only if (4, C) is detectable.

Let

T = [ﬁj 7B = [gﬂ (9.10)

then it follows from the relations in (9.8) through (9.10) that system (9.1) is

equivalent to
9:61 _ |4 A% i By "
X2 A21 A22 X2 Bz (9.11)
y = x1.

In the equivalent system (9.11), the substate vector x1 is directly equal to the output
y of the original system (9.1). Thus to reconstruct the state of the system (9.1),
we suffice to get an estimate of the substate vector x;, namely, x;, from the earlier
equivalent system (9:11). Once an estimate x; is obtained, an estimate of x(#), that
is, the state vector of system (9.1), can be obtained as

3}(1’) — T—l |:.y(t) ] .

% (2)

This brings about the problem of reduced-order state observer design.

Problem 9.2  For the continuous-time linear system (9.11), design a reduced-order
state observer in the form of

z = F H;
{z z+ Gy + Hu 9.12)

X = Mz + Ny,

such that for arbitrary control input #(z), and arbitrary initial system values
x1(0), x2(0), and z(0), there holds

tlinolo (xz(t) — )Acz(t)) =0.
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9.1.2.2 Solution

For solution to the aforementioned reduced-order state observer design problem,
we have the following result.

Theorem 9.2  Problem 9.2 has a solution if and only if one of the following two
conditions holds:

1. There exist a symmetric positive definite matrix P and a matrix W satisfying
PAyy + ALP 4+ WAL, + ALWT <o. (9.13)

2. There exists a symmetric positive definite matrix P satisfying
PAyy + AL, P — AL, A1y < 0. (9.14)

In this case, a reduced-order state observer can be obtained as in (9.12) with

F =Ay + LA, G = (A1 + LA1) — (A + LA) L, (9.15)
H=By+LB, M=1, N=-L, (9.16)
where
L="r"'w,

with W and P> 0 being a pair of feasible solutions to the inequality
(9.13) or

Loyt
L=—3P 1AL,
with P > 0 being a solution to the inequality (9.14).

Proof  From the equivalent system (9.11), we obtain the state and output equations
of the subsystem associated with substate x; as

Xy = Axpxy + (A21y + Bau)

. (9.17)
y— A1y — Biu = Anx.
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Let
Z/ZA21)/+Bzu, w:j/—Any—Blu, (9.18)
then (9.17) can be rewritten as

{562 = Apx) +v 9.19)

w = A12x;.

It follows from Theorem 9.1 that the system (9.19) has a full-order state‘observer
of the form

Xy = (An + LA12) % — Lw + v (9.20)
if and only if one of the two conditions in the theorem holds, and the observer gain

matrix L can be given by L = P~'W, with W and P> 0 being a pair of feasible

solutions to the inequality (9.13), or given by L = —%P_IAITZ, with P > 0 being a

solution to the inequality (9.14). Therefore, in the following we need only to show
that (9.20) can be turned into the form of (9.12).
Substituting (9.18) into (9.20) yields
fo = (o + LA — L (7 — Any =Biu) + A2y + Byu. 9.21)
To eliminate y in the observer, we define a new observer state vector as
z =X+ Ly.
Thus, using (9.21), we have
i=+1
= (A2 + LA12) %2 + L (A11y + Biu) + Aziy + Bou
= (A + LA12) (2 — Ly) + L (A11y + Biu) + Aa1y + Bou
= (A + LA12) 2+ [(A21 + LA1) — (A2 + LA1) Ly + (By + LBy) u.

Therefore, a reduced-order state observer in the new state vector z is obtained as

z = (Ayp + LA1) z + [(A21 + LA11) — (A2 + LA12) L1y + (By + LBy) u
X2 =z— 1y

This is in the form of (9.12) with the coeflicients given by (9.15) and (9.16).
The proof is then completed. |
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Example 9.2

Consider the following linear system, which has been studied by Duan (2003):
-0.5 0 0 1 0
x(t) = 0 =2 10 | x®+ (-2 2{u®
0 1T =2 0o 1

Choosing

- O O

we can easily obtain, according to (9.9) and (9.10),

—-0.5 0 0
A11=[ 0 _2], /\12=[1],

A1 =[0 10], Ay =-2,
and
By=1, By=[-2 2].

Applying the MATLAB function feasp in the MATLAB LMI toolbox to the
reduced-order observer design condition (9.13), we get the parameters

P=48024x10%>0, W=108x[0 7.2037],
hence
L=P'W=[0 1.5000].

Thus, the coefficient matrices of the reduced-order observer can be obtained
according to (9.15) and (9.16) as

F=-0.5000, G=[0 7.7500], M=1,
H =[-2.0000 3.5000], N=[0 —1.5000].

To demonstrate the state observation effect, the observation error e = x, — Xy is
shown in Figure 9.2.
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Errore

Time (s)

Figure 9.2 The observation error, Example 9.2.

9.2 Full-Order H,/H, State Observers

In this section, we study linear systems of the following form:

x(#) = Ax(2) + Biu(z) + Bow(z), x(0) = xo
y(2) = Cix(2) + Dyu(t) 4 Dyw(r) (9.22)
z(2) = Cx(2),

where

mxe R, ye R/, z € R™ are respectively the state vector, the measured
output vector, and the output vector of interests

m w € R? and » € R’ are the disturbance vector and the control vector,
respectively

m A, By, By, Ci, Gy, D;, and D, are the system coeflicient matrices of
appropriate dimensions

In this section, we treat the problem of designing a full-order state observer for
system (9.22) such that the effect of the disturbance w(#) to the estimate error is
prohibited to a desired level.

9.2.1 Problem Formulation
For the system (9.22), we introduce a full-order state observer in the following form:
R=A+IC)5—Ly+ B+ LD u (9.23)

where & is the state observation vector and L € R”*” is the observer gain. Obviously,
the estimate of the interested output is given by

z(r) = Gox(1),

which is desired to have as little affection as possible from the disturbance w(z).
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Using (9.22), we have

x(t) = Ax(¢) + Biu(z) + Bow(t)
= Ax(¢) + Ly — Ly + Biu(z) + Bow(z)
= A+ LCy)x(r) — Ly

+ (B1 + LDy) u(t) + (By + LDy) w(z). (9.24)
Denoting

e(?) = x(t) — x(2)
z(2) = z(2) — 2(2),

we obtain from (9.23) and (9.24) the following observation error equation

e= A+ LC) e+ (By +LDy) w
{z(t) = Che. ©:25)

The transfer function of the system is clearly given by
Gsw(s) = Co I = A=LC)7 (B, + LDy).

With the aforementioned preparation, the problems of Hoo and H state
observer designs can be stated as follows:

Problem 9.3 (Hcqo state observers) Given system (9.22) and a positive scalar y,
find a matrix L such that

Gz0()loo < ¥- (9.26)

Problem 9.4 (H; state observers) Given system (9.22) and a positive scalar y,
find a-matrix L such that

Gz ()]l2 < 7. (9.27)

As a consequence of the requirements (9.26) and (9.27), the error system (9.25)
is asymptotically stable, and hence we have

e(t) = x(¢) — x(t) —> 0, as t —> o0.

This states that x(#) is an asymptotic estimate of x (z).
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9.2.2 Solutions to Problems
9.2.2.1 Hy State Observer Design

Regarding the solution to the problem of Hyo state observers design, we have the
following theorem.

Theorem 9.3 The Hy state observers problem (Problem 9.3) has a solution
if and only if there exist a matrix W and a symmetric positive definite matrix P
such that

AP+ CIWT + PA+ WC, PB,+ WD, Cf
(PBy + WD) T —yI 0 | <o (9.28)
G 0 -yl

When such a pair of matrices W and P are found, a solution to the problem is
given as

L=Prlw. (9.29)

Proof It follows from Theorem 5.3 that the problem has a solution if and only if
there exists a symmetric positive definite matrix 2 such that

(A+LC) ' P+PA4LC) PBr+LDy) Cf
(B, + LD)T P —yI 0 | <o. (9.30)
&) 0 —yI

By defining
W = PL,

the inequality (9.30) is equivalently turned into the LMI form (9.28), and the gain
matrix L is obviously solved from the aforementioned relation as in (9.29). |

With a prescribed attenuation level, the problem of Hoo state observers design is
turned into an LMI feasibility problem in the form of (9.28). The problem with a
minimal actenuation level y can be sought via the following optimization problem:

min Y
st. P>0
ATP+ CIWT + PA+ WC, PB,+ WD, Cf (9.31)
(PBy + WD) T —yI 0 | <o.
Cz 0 —j/]
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9.2.2.2 H, State Observer Design

Regarding the solution to the problem of Hj state observers design, we have the
following theorem.

Theorem 9.4  For the Hj state observers problem (Problem 9.4) the following
two conclusions hold.

1. It has a solution if and only if there exist a matrix W, a symmetric matrix Q,
and a symmetric matrix X such that

[XA + WC + (XA+ WC)T  XB, + WD2:| _(

(XB, + WDy)T —7
-Q G (9.32)
[c; —X} =0

trace (Q) < y2.

When such a triple of matrices are obtained, a solution to the problem is
p p
given as

L=X"'W.

2. It has a solution if and only if there exist a matrix V, a symmetric matrix Z,
and a symmetric matrix ¥ such that

AY+ CIVI+ YA+ VG + CF G < 0

-z (YB, + VDy)" 9.33
[YB2 + VD, N 0:33)
trace (Z) < y2.

When such a triple of matrices are obtained, a solution to the problem can be
given as

L=Ylv.

Proof It follows from Theorem 5.6 that Problem 9.4 has a solution if and only if
there exists a symmetric positive definite matrix P such that

A+ LCHP+PA+LC)HT + (B, + LD>) (B, + LDy)T <0

9.34
trace (C2PC2T) < y2 ( )
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Pre- and postmultiplying both sides of the first inequality in (9.34) by P! yields

PlrUA+LC)+UA+LC) P+ PV (B, + LDy) (B, + LD)T P! <0,
(9.35)

which can be converted into the following form according to the Schur complement
lemma:

P YA+ LC)+UA+LC)T P P V(B +LD))
(B + LDy)T P! —1

i| < 0. (9.36)

Let
X=r" w=x1,

then we can rewrite (9.36) as

XA+ WC, + XA+ wc)Y  XB, + WD
{ 1 1 2 2} <0. (9.37)

(XBy + WD)T —7

Therefore, by now we have shown that the first inequality in (9.34) holds for some
P> 0 ifand only if (9.37) holds for some W and X > 0.

Now let us treat the second equation in (9.34). Using Lemma 2.13, the second
inequality in (9.34) can be equivalently converted into

GPC — Q < 0, trace (Q) < y2,

which is clearly equivalent to

-Q G 5
|:C£F —P‘1i| <0, trace (Q) <y~ (9.38)

Substituting the relation X = P~! into the first inequality in (9.38) gives

-Q G
|:C2T —Xj| < 0. (9.39)

Thus by now we have shown that the second condition in (9.34) holds for some
P > 0 ifand only if trace(Q) < y? and (9.39) holds for some symmetric matrix Q
and an X > 0.

With the aforementioned two aspects, the proof of first conclusion is completed.
The second one can be shown similarly. |
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The aforementioned theorem again converts the problem of Hj state observer
design into an LMI feasibility problem, namely, (9.32) or (9.33), which are solvable
using the LMI toolbox command feasp. In applications, we are often concerned
with the problem of finding the minimal attenuation level y. This problem can be
solved via the optimization

min p
[XA + WC + XA+ we)T  xB, + WDZ] -0
XB, + WD) T -7
(XB, H) (9:40)
|: —X] <0
tr ace(Q) < P,
or
min p
st. ATY+CIVI+ YA+ VG +CIG <0
—Z (YB; + VD))t 0 (9.41)
YB, + VD, -Y =

trace (£) < p.

When a minimal p is obtained, the'minimal attenuation level is y = /p.

9.2.3 Examples

Example 9.3

Consider a linear system in the form of (9.22) with the following parameters:

A=163595 —4.2055 4.5423

[2.8982 —3.1606 0.6816
|3.2046 —3.1761 —3.8142

[ 2.0310 1.2164 —0.0785
By =| 04084 0.2794|, By, =|-0.0853],
| —0.7775  —0.3307 —0.0986

c _[-0.8778 —4.9442 —4.5084
V7| 40161 -2.0259  1.9318]

c, [ 09607 15600 2.8558
2724371 1.3634 0.0095]

b, _ [0-6004 02107] T 0.0330
T7 19320 —03997|" 727 |-0.0414]
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Applying the function mincx in the MATLAB LMI toolbox to the full-order Hoo
optimal state observer condition (9.31), we get the optimal parameters as

4.5460 —1.3537 0.3240
P=10% x | =1.3537 2.0404 0.0781 | >0,
0.3240 0.0781 1.4478

—0.2425 —6.7957
Ww=10% x| 20709 -0.1726],
43510 —0.7553

y =1.6072 x 1077,
and the corresponding observer gain is computed as

0.0057 —1.8916
L=P 'W=10.9056 —1.3385
2.9550 -0.0262

Note that the attenuation level y is very small, the disturbance w must be
effectively attenuated. To verify this, we have plotted the observation error & in
Figure 9.3, for the case of w(t) =wgn(1, 107, 100/, real’), which generates a 1-by-
101 matrix of real white noise with power of T00 dBW. It is seen from this figure
that the disturbance indeed has very little affection to the observation error.

x 107

05F .

Observation error {;
%
i
%
;
S
{
i
$
P

-0.5F g
-1 | I | 1 | |
0 0.5 1 15 2 2.5 3 3.5 4
Time (s)
x107°
1 T T T T T T T
A
8 05- §
-
3
R IS N —
]
2
2 -05F -
o
-1 I 1 L 1 I I 1
0 0.5 1 1.5 2 2.5 3 3.5 4
Time (s)

Figure 9.3 The observation error, Example 9.3.
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Example 9.4

Consider the linear system in the form of (9.22) with the following parameters:

[~3.2216  2.8762  0.6450
A=|-7.0385 -3.0859 -2.1610 |,
| 91159 45239 —6.3258
[2.6106  2.1274 0.1198
By =]0.8399  2.0541 |, By = | —0.0304 |,
02641 —1.8041 ~0.0101
c _[3:0453 21022 1.9242
1744915 1.7021 —0.6568 "
C, = [ 1.9683 —1.4475 —2.2344
271-0.1943  0.6912 —1.3730]"
o, _[-1.6956 172911 T 0.0677
T= 05102 1.1855] Y27 [-0.0154]

Applying the function mincx in the MATLAB LMI toolbox to the full-order Hj
optimal state observer condition (9.40) gives the following optimal parameters:

2.6341 —1.2013 —1.2783
X =108 x | —1.2013 3.1159 0.2705 | > 0O,
—1.2783 0.2705 5.3733
—5.3168 0.3068
w =108 x 3.2888 —1.22121,
2.8040 —1.6540
A 7 0.1973 0.0124
QA x [0.0124 0.0569 ] ~ %
0 =2.5416 x 1078,
and the corresponding observer gain is computed as
—1.8272 —0.2633
L=Xx""W=| 03450 —0.4633 |,
0.0698 —0.3471

while the optimal attenuation level is y = /o =1.5942 x 10~*. Note that the
attenuation level y is very small, the disturbance w must be effectively attenu-
ated. To verify this, we have plotted the observation error & in Figure 9.4, for
the case of

w(t) = wgn(1,101,20’, real’),
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Figure 9.4 The observation error, Example 9.4.

which generates a 1-by-101 matrix of real white noise with power of 20dBW.
It is seen from this figure that the disturbance indeed has very little affection to
the observation error.

9.3 H Filtering

In this section, we consider the Hy filtering of a linear system in the following
form:

x = Ax + Bw, x(0) = xg
y = Cx + Dw (9.42)
z = Lx,

where

mxe R ye R/, z € R™ are respectively the state vector, the measured
output vector, and the output vector of interests

m w € R? is the disturbance vector

m A, B, C, D, and L are the system matrices of appropriate dimensions
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The word filtering is normally used for state estimation in stochastic systems, where
the effect of the stochastic noise is attenuated to a minimum level determined by
the variance of the noise. But in this section, the disturbance w is not necessarily
stochastic noise. However, the design purpose is the same: to eliminate the effect of
the disturbance as completely as possible. From this point of view, such a problem
is in essence a problem of robust estimation, and yet it has been commonly termed
as filtering.

We remark that (9.43) is usually already the closed-loop system resulted in by
certain feedback control, and therefore, the matrix A is assumed to be stable in this
section.

9.3.1 Problem Formulation

The filter to be designed for the system (9.42) is chosen to possess the following
form:

¢ =4rs + Bry, 5(0) =¢o

. (9.43)
z = Crs + Dyy,

where
¢ € R” is the state vector
z € R™ is the estimation vector of z
Ag, By, Cp, and Dy are the coefficient matrices of appropriate dimensions

With the given system (9.42) and the observer (9.43), the combined complete system
can be easily shown to be

o= Axe + Bw’ %.(0) = x0
z = Cx, + Dw,

where

is the estimation error;

is the state vector of the system; and A, B, C, and D are the coefficient matrices
which are given by

- A 0 ~ B
4= [ch Af]’ 5= [BfD] 049

C=[L-DiC —C], D=-DsD. (9.45)
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With the aforementioned preparation, the problems to be solved in this section
can be stated as follows.

Problem 9.5 (H, filtering) For the given system (9.42) and a given positive scalar
¥, find the matrices A¢, By, Cr, and Dy such that

Gz () lloo < Vs (9.46)
where

Gs(s) = C(sT—A) "' B+ D.

In the absence of the disturbance, the error system becomes

Xp = ;lxe; %.(0) = %0
z = Cx,.

As a consequence of the Hoo requirementiin the aforementioned problem, the error
system is stable, and thus
z=2z—2=Cx,— 0, ast — 00.

This states that z is an asymptotic estimate of the system output z. In the presence
of the disturbance, our purpose is obviously to let the effect of the disturbance to
the estimation error be restricted within a given level.

9.3.2 Solution to Hy, Filtering

The following theorem gives the solution to the Ho filtering problem.

Theorem 9.5 The He filtering problem has a solution if and only if there exist
matrices R, X, M, N, Z, and Dy such that

X>0
R—X>0
RA+A"R+ZC+ C'ZT * * *
MT 4+ 2C+ XA MT + M « (9.47)
BTR+ DT BX+D' 7T —yr % | =0
L—DsC _N ~DD —yl
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where “*” denotes a corresponding symmetric term in the matrix. When such a set
of matrices are obtained, the filter coefficient matrices are given by

Ar=X"'"M, Br=X"'2Z, C/=N. (9.48)

Proof  The proof is composed of three steps.

Step 1. Derivation of the third condition in (9.47)
It follows from Theorem 5.3 that condition (9.46) holds if and only if there exists a
positive definite symmetric matrix P such that

A'p+rA PR CT
B'P —yI D' | <o, (9.49)

C D —yI

where the matrices 4, B, C, and D are given by (9.44) and (9.45), hence (9.49)
is actually an inequality in the variables A7, By, Cp, Dy, and P.
Let

P [Xn Xi2

= , Xi, X e R”,
x5 X22j|

be a feasible solution to (9.49). Without loss of generality we assume det(Xj2) # 0,
since otherwise we can choose

X11 X+ ol
P=|_; ,
X12+O{[ X0

with |o| sufficiently small so that the P matrix is still positive definite and also
satisfies (9.49), and furthermore, det(X7; + /) # 0 holds.

Using the definitions of A, B, Cand D given in (9.44) and (9.45) and the
partitioned form of P, we can rewrite (9.49) as

(X114 + X12B¢C), * * *
AXY + XnBrC+ X5A  Xndp + Aj X0 * | _,
B Xy, + DTB]?XIT2 BIXy, + DTB]?X22 —yI * ’
L—DrC —C —-DyD —yl

(9.50)
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Denoting
J = diag(, X12X;,", 1, 1),

and pre- and postmultiplying (9.50) by / and /T, respectively, yields

RA+ATR+2C + CTZT * * *
MY+ ZC + XA MY+ M *
T T T T T T <0, (9.51)
BT'R+D'Z B'X+D'ZT  —yI
L—DyC -N DD —yI
where

R=Xi1, X=XuXp,' X Z=XuBp (9.52)
M = XpAXs, XY, N = CeX, X (9.53)

Therefore, by now we have shown that (9.49) holds for some P if and only if (9.51)
holds for some R, X, M, N, Z, and Dy.

Step 2. Derivation of the first two conditions in (9.47)
In this step, we need to show

P>0X>0, R—X>0. (9.54)
Using Schur complement lemma, we know that

X22>0

P >0+ 1vT
Sep (X22) = X11 _X12X22 X12 > 0.

Since X27 > 0.is equivalent to X = X12X231X11; >0,and R — X = S, (X27), the
relation in (9.54) clearly holds.

Step 3. Derivation of the coefficients
From relations in (9.52) and (9.53), we can obtain the coefficient matrices of the
filter as

Ar = X' MX3 Xon, By =X,'Z, Cr = NXJ," Xan.

For an expression directly given by the decision variables R, X, M, N, Z, and Dy,
we suffice to find an equivalent substitution (Aj’,, Bj’p, C}) for (A, By, Cr). To

do this, we select the following transformation matrix

T = Xl_zTXzz,
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and under this transformation, we have

controlengin

—1 —1
= TA T = XM,

B,=TB,=X"'Z,

-1
C=GT' =N.

Therefore, a set of coeflicient matrices of the filter can be given as in (9.48). |

The aforementioned theorem turns the Hoo filtering problem into an LMI
feasibility problem, while the optimal solution with the minimal actenuation level

Example 9.5

min
s.t.

can be solved via the following optimization problem:

(9.55)

the inequalities in (9.47).

Consider a linear system in the form of (9.42) with the following parameters:

[—4.4697 9.3324 - 8.7645 0.2309
A={-9.6408 2.0236 22076 |, B=|-0.4584],
| —6.6937 1.3595  —3.2241 —0.8390
c_[07813 —4.9301" —4.3341 p_ [ 00074
~|4.9421 =3.4866 —4.1502|" "~ |—0.0088]’

[ [<1.1604-1.7916 —1.4033
~]=2.0351 1.5369 -0.3777]

Applying the function mincx in the MATLAB LMI toolbox to the full-order Hoo
filtering condition (9.55) yields an optimal Hy filter in the form of (9.43) with the

following parameters

[ 24.5876 78.0725 59.3187
—54.3299 —155.1420 —118.7542 |,
| —95.6715 —274.8571 —213.2328
[—20.3795 9.1014
43.0915 —15.8549 |,
| 77.4143 —30.2425
_[0.9307 —1.4258 1.7673
[1.3605 —0.4626 1.4468|"

The corresponding attenuation level is y = 1.3280 x 10~7. Note that the atten-
uation level y is very small, the disturbance w must be effectively attenuated.
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Figure 9.5 The system output z and estimation output Z, Example 9.5.

To verify this, we have plotted the system output z and the estimation output
2 in Figure 9.5, for the case w(t) =wgn(1,4001, 10, real’), which generates a
1-by-4001 matrix of real white noise with power of 10 dBW. It is seen from this
figure that the disturbance indeed has very little affection to the observation error.

9.4 H; Filtering

In this section, we consider the Hj filtering of a linear system in the following form:

x = Ax + Bw, x(0) = xp
y=Cx+ Dw (9.56)

z = Lx,
where

m x € R", y e R, 5 € R” are respectively the state vector, the measured
output vector, and the output vector of interests

m w € R? is the disturbance vector

m A, B, C, and L are the system matrices of appropriate dimensions

Again, as in Section 9.3, the matrix A4 is assumed to be stable.
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9.4.1 Problem Formulation

The filter to be designed for the system (9.56) is chosen to possess the following
form:

{g = Ars + Bry, 5(0) = 5o (9.57)

z = Cfg,

where
¢ € R” is the state vector
z € R™ is the estimation vector
Ay, By and Cy are the coefficient matrices of appropriate dimensions

With the given system (9.56) and the observer (9.57), the combined complete system
can be easily shown to be

%, = Ax, + Buw, x.(0) = x,9
z = Cx,,

where

xez[x], z=z—zecR"”,
S

and A, B, C, and D are the coefficient matrices that are given by

2 A 0 ~ B
Az[BfC Af], B=|:Bij|, 9.58)
C= [L —Cf]. (9.59)
The transfer function matrix of this system is obviously

1~

Giw() =C(s/ —A) B

With the aforementioned preparation, the problem to be solved in this section
can be stated as follows.

Problem 9.6 (H, filtering) For the given system (9.42) and a given positive scalar
y, find the matrices Af, By, and Cf such that

Gz®l2 < v. (9.60)
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As a consequence of the Hy requirement in the aforementioned problem, the
closed-loop error system is stable. In the absence of the disturbance, we have

-’.Ce = Axey xe(o) = X0
z = Cx,
and thus

z=z—2z=Cx, —> 0, as t —> o0.

This states that 2 is an asymptotic estimate of the system output z. In the presence of
the disturbance, our purpose is to let the effect of the disturbance to the estimation
error be restricted within a given level.

9.4.2 Solution to H; Filtering

The following theorem gives the solution to the Hy filtering problem.

Theorem 9.6  The H; filtering problem has a solution if and only if one of the
following conditions holds:

1. There exist matrices R, X, M, N, Z, and Q such that

R—X>0
trace(Q) < y?
[ ~Q * *
T —R x| <o
| NT X X (9.61)
[RA+ AR+ 2C + C* 2T * *
MY+ 72C + XA MY+ M x | <O.
BY'R+ D' ZT B'X+D'ZT —1

When such a set of matrices are obtained, the filter coefficient matrices are
given by

Ar=X"'M, Bp=X'Z, Cy=N. (9.62)
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2. There exist matrices R, X, M, N, Z, and Q such that

R—X>0
trace(Q)<y2
B —Q ES *
I:QB—i—ZD —1:3 * | <0
| XB+ZD -X -X 9-63)
_RA—{—_ATR—I-ZC—I—_CTZT I
MY +ZC+ XA MY+M x| <o.
i L -N -7

When such a set of matrices are obtained, the filter coefficient matrices are
given by

Ar=X""M, Br=X"'2 C=N. (9.64)

Proof  Since the two conclusions can be proven similarly, here we only prove the
first one.

Step 1. Derivation of the fourth condition in. (9.63)
It follows from Theorem 5.6 thatcondition (9.60) holds if and only if there exists a
positive definite matrix P satisfying

AP+ PAT 4 BB <0, (9.65)
and
trace (CPCT) < )/2, (9.66)
where the matrices 4, B, C are given by (9.58) and (9.59), hence (9.65) and (9.66)
are inequalities in the variables Ar, By, Cp, and P.
Pre- and postmultiplying both sides of (9.65) by P~! yields
PYA+ AP 4 PTIBBTP ! <0,

which can be converted into the following form according to the Schur complement
lemma:

P la+ APt plB
< 0. (9.67)

BIp-1 .y
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Let

X1 X
pl=|T0 TP s
X X2
Without loss of generality, we assume det(X12) # 0 since otherwise a desired P

can be obtained by slightly perturbing X12. Using the definitions of 4, B given in
(9.58) and the aforementioned partitioned form of P, we can rewrite (9.67) as

XA+ ATX + X12BrC + CTBfTXlTZ * *
A}“XIT2 + X B C + X4 XppAp + A}Xzz x| <o0.
B'Xi1 + D'BI X, B2+ D'B{ Xy <1
(9.68)
Denoting
J = diag(7, X12X3, ", D),
and pre- and postmultiplying (9.68) by / ‘and /T, respectively, gives
RA+A"R+2ZC+ C'ZT s s
MY +7C4+ XA MY+ M x | <0, (9.69)
B'R+ DI ZT B'X + D' ZT —J

where
R=X\, X=XXp,'Xh Z=XuBr, M=XpAX,'X5 o (9.70)

Therefore, by now we have shown that (9.65) holds for some P if and only if (9.69)
holds for some R, X, M, N, and Z.

Step 2. Derivation of the second and the third conditions in (9.63)
By Lemma 2.13, the inequality (9.66) holds if and only if there exists Q > 0,

satisfying
CPCT — Q <0, trace (Q) < 2,

where the first one is clearly equivalent to

|:EﬂQ~ _1(5_1] < 0.
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Substituting the expressions of C and P! into the earlier expression yields

-Q * *
L' —Xy * < 0. 9.71)
T T
—cf —xh, —X

Further, letting /1 =diag(/,/ ,X12X2_21) and pre- and postmultiplying (9.71) by
J1 and ]1T , respectively, produces

-Q * *
I —R x | <o, (9.72)
-NT X —Xx
where
N = G X' x}). 9.73)

By now we have shown that (9.66) holds for some P if and only if trace(Q) < y?
and (9.72) holds for some R, X, M, N, Z, and Q.

Step 3. Derivation of the first conditionin (9.63)
Noting that condition (9.72) implies X > 0, to complete the proof of the existence
condition (9.61), we now need to show, when X > 0, there holds

P>0<R—-—X>0. (9.74)

Using the partitioned form of P!, the Schur complement lemma and the
nonsingularity of Xj,, we have

P>0&=Pr'>0
— X0 >0, S (X2) >0
= X = XXy X5 >0, Sy (Xa) > 0.

Further note that
R—X=X;— X12X2_21X1—2 = S (X22),

the relation (9.74) clearly follows.

Step 4. Derivation of coefficients
From (9.70) and (9.73), the coeflicient matrices of the filter are solved as

—13,0—T -1 -T
Ar = X' MX5 X0, By =X(,'Z, Cr = NX;, Xon.
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For an expression directly given by the decision variables R, X, M, N, Z, and
Q, we suffice to find an equivalent substitution (Aj’,, Bj’p, C j,) for (A, Br, Cy).

To do this, we select the following transformation matrix
T =X, Xa,
and under this transformation, we have
A =TAT ' =X""M,
B,=TB,=X"'Z,
CG=GT'=N.
Therefore, a set of coeflicient matrices of the filter can be given as in (9.62). [ |

The aforementioned theorem turns the H; filtering problem into an LMI fea-
sibility problem, while the optimal solution with-the minimal attenuation level
p = y? can be solved via the following optimization problems

min p
{ s.t.  the inequalities in (9.61). 9.75)
or
min o
{ s.t. - the inequalities in (9.63). 9.76)
Example 9.6

Consider a linear system in the form of (9.42) with the following parameters:

A=|-33389 —-8.4648 —5.1474 0.3499

[—6.1153 —7.0691 —5.6947 —-0.7857
’ B = ’
| 7.2212 2.8381 —1.3190 0.0274

C— [4.0933 —2.3327 —3.9925 D— 0.0015
" |2.5846 2.6715 4.5528 |’ ~0.0811 |’
[ — [—1.9456 —2.6203 —0.6425
Tl 21679 —2.3872 —1.4399]°

Applying the function mincx in the MATLAB LMI toolbox to the full-order Hj
filtering problem (9.75) gives

p=1.1172 x 107°,
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and the following observer parameter matrices

[ 3.8778 27.5487 53.4339
Af=|-5.9253 —-24.8891 —33.2556 |,
| —2.2540 6.9799 5.7877

[—3.7109  9.7477
Br=| 21073 —4.3431|,
| —2.1249  —0.3000

1.9456 2.6203 0.6425
|—2.1679  2.3871 1.4399]’

while the attenuation level is y = ,/p = 0.001057. Note that the attenuation level
y is very small, the disturbance w must be effectively attenuated. To verify this,
we have plotted the system output z and the estimation outputZ in Figure 9.6, for
the case of

w(t) = wgn(1,401,10’, real’),
which generates a 1-by-401 matrix of real white noise with power of 10 dBW.

It is seen from this figure that the disturbance indeed has very little affection to
the observation error.
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Figure 9.6 The system output z and estimation output z, Example 9.6.
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9.5 Notes and References

This chapter considers state observation and filtering based on LMI approaches, and
the results are summarized as follows.
Full-order state observer:

% =A%+ Bu+ L(Ck — y),
Reduced-order state observer:

z=TFz+ Gy+ Hu
X = Mz + Ny,

where

G = (A +LAn) — An +LA) L, M=1I,

F=Ay+1LA1, H=B+1LB, N=-L,

where the matrices 4;; and B;, 7,j = 1,2, are obtained via Lemma 9.1.
The LMI conditions for these two types of observers are summarized in Table 9.2.
Hoo/Hy full-order state observer:

X=(A+LC)%— Ly+ (B, + LDy)u
z(2) = Cx(r)
z(2) = z(¢) — 2(2).

Table 9.2 Full- and Reduced-Order Observers

Criteria Observer
P>0
L=P W
PA+ATP+WC+CTWT <0
Full-order b0
>
L=-1p71CT
PA+ATP—CTC <0
P>0
L=pPw
PAyy + AL P+ WAL, + A[,WT <0
Reduced-order
P>0
L

PAy + ALP — Al A1y <0

—— ]
olengineers.ir]

»
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Table 9.3 H/H; Full-Order Observers

Criteria Observer

P>0

(PA+WC1)S * * |
Gz (S)lloo < ¥ T L=P W
(PBy + WD») —yl * <0

C 0 —yl
XA + WC *
< 1)5 <0
(XBy + WDy)T  —1I
1Gaw <y | [_q ¢ L=X"w

<0

;
X

trace (Q) < y2

LMI conditions for this type of Hoo/Hy full-order state observers are given in
Table 9.3.
Hoo/H state filter:

¢ =Ars+Bpy, c(0)=0
z= Crs + Dyy
z

z— z.

LMI conditions for this type of Hoo/Hj full-order state observers are given in
Tables 9.4 and 9.5.

In many circumstances, state observation or filtering is a dual problem with
the feedback control. It is not only needed to retrieve state information for state
feedback control implementation but is also often used for many other purposes,
such as signal analysis, fault detection and isolation (Duan and Patton 2001,
Duan et al. 2002, Casavola et al. 2008), etc. Due to its wide scope of appli-
cations, state observation and filtering have been investigated and used by many
control scientists and engineers (Geromel 1999, Stilwell and Rugh 1999, Gao et al.
2005, Zhang et al. 20062, Duan et al. 2007, Wu et al. 2007).

As for LMI approaches for state observer designs, the basic ideas illustrated
in this chapter have been extended to many different types of systems, such
as time-delay systems (Fu et al. 2004, 2006a, Chen 2007a,b, Wu et al. 2009),
uncertain discrete-time switched systems (Zhang and Duan (2005a)), and uncer-
tain descriptor time-delay systems with Markovian jumping parameters (Fu and
Duan 2005). Meanwhile, Hy, filtering has also been studied by many researchers,
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Table 9.4 H State Filtering Design

Solutions Observer
X>0
R—X>0
(RA + ZC), * * * Ar=X"T™M
MT+ZC+XA  M'+M * * o Bf=X"1z
BTR+D'ZT  B'Xx+D'Z' —yi * ) Cr=N
L —DC -N —DiD  —yl
Decision variables are R, X, M, N, Z, and D¢

for various types of systems as well, for example, linear continuous-time systems
subject to sensor nonlinearity (Zhou et al. 2011c), continuous-time state-delayed
systems (Zhang et al. 2009), and polytopic discrete-time systems (Gao et al. 2005,
Kim et al. 2005). For many types of uncertain systems, robust Hoo filtering has also
been investigated with the LMI approaches (Li and Fu 1997, Xu and Van Dooren
2002, Gao and Wang 2004, Xu and Lam 2006, Liu and Duan (2006b), and
He et al. 2006a,c).

Parallel to Hoo and Hj filtering, some other types of filtering designs have also
been studied with the LMI techniques, such as the Ly-Loo filtering (Grigoriadis
and Watson 1997, Palhares and Peres 1999, Gao and Wang 2003a,b, Zhang et al.
2006b, 2010), robust passive filtering (Zhao et al. 2007), and robust dissipative
filtering (Fu et al. 2006b, Duan et al. 2009a).

Exercises

9.1 Prove Lemma 9.1.
9.2 Consider the following linear system, which has been studied by Duan

(2003):
—0.5 0 0 1 0
=] 0 =2 10 |x0O+|-2 2|u
0 1 =2 0 1

1 0 0
Y=lo o 1|*

Design a full-order observer for the system using LMI technique.
9.3 Design a reduced-order observer for the benchmark system in Example 7.1
using LMI technique.
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Table 9.5 H; State Filtering Design

Solutions Observer

R-X>0

trace(Q) < y2

-Q * *
T
L —R * <0 Af — X—1M
T
_—N -X =X Bf — X-'IZ
(RA + ZC)q * * Cs=N

MT +ZC + XA M+ M x| <0
BTR+D'ZT  B'x+D'ZT —

Decision variables are R, X, M, N, Z, and Q

R-X>0

trace(Q) < y2

[ Lo« s
RB4+ZD —R % [ <0
XB+ZD (X —X

(RA +ZC)s * * Ar=X"M
MI+ZC+ XA  MT+M x| <0 | Br=X"'Z
| B'R+DTZT BTX+DTZT - Cr=N

(I_?A—G—ZC)S * *

M +ZC+XA MT4+M =« | <0
L -N -1

Decision variables are R, X, M, N, Z, and Q
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9.4 Consider alinear system in the form of (9.22) with the following parameters:

0 1
A=1| 1 1
-1 0

[1 0 0 0 1 0
“=lo o 1}’ Cz_[o 0 1]’

B 1
oi=[l]. 2=[]

Find an observer gain matrix Z, such that the transfer function of the

observation error system (9.25), that is,
Gauw(s) = Gy (I —A— LCy) ™' (By+ LDy)

satisfies || Gz, (5)||oo < 0.5.

9.5 Consider the linear system in Exercise 9.4 again. Find a matrix  and a min-
imal attenuation level y, such that the transfer function of the observation
error system (9.25) satisfies || Gz, (5)||2 < ¥

9.6 Consider alinear system in the form of (9.42) with the following parameters:

=1 1 0
A= 0. —1 0, B=|1]{,
1 0 -5

1 0 1 1 1 1 0
R B R P

Find an H filter for the system using the LMI technique.
9.7 Consider the linear system in Exercise 9.6 again. Find an H, filter for the
system.
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Chapter 10

Multiple Objective
Designs

This chapter deals with multiple objective designs in control linear systems by
LMI techniques. As a matter of fact, in previous sections we treated some multi-
ple objective design problems, for example, the ID-stabilization problem and the
quadratic D-stabilization problem. These problems may be classified into the cate-
gory of multiple objective designs because the chosen LMI region D ensures both
the closed-loop stability and the system dynamical performance requirements. This
category of problems has the feature that multiple design requirements are met by a
set of LMI conditions with common decision variables. The problems of insensitive
region designs with minimum gain treated in the first section of this chapter belong
to this category.

In Sections 10.2.and 10.3, we treat another category of multiple objective design
problems in which each design requirement has its own set of LMI conditions with
its own decision variables, and the solution to the problem involves a multiple sets
of LMI conditions with uncommon decision variables. In order to make all the LMI
conditions satisfied, as is demonstrated in these two sections, sometimes certain
decision variables need to be set common.

10.1 Insensitive Region Designs with Minimum Gain

In Section 7.5, we have solved the insensitive strip region design problem and the
insensitive disk region design problem. The nature of these designs is to place the
closed-loop eigenvalues in a particular region on the complex plane, and this region
has an inner boundary that is insensitive to perturbations to the system parameter

321
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matrices. In this section, we deal with a combination of the insensitive region
requirement and the minimum gain requirement.
The gain magnitude requirement can be presented as

K2 < v, (10.1)
with y being some given positive scalar. It is easy to see that this is equivalent to
K'K <21,
which can be equivalently converted into the following LMI in X

-yl K
KTyl < 0. (10.2)

10.1.1 Insensitive Strip Region Designs with- Minimum Gain

In this section, we consider the control of the following continuous-time linear
system

{k:Ax—FBu (10.3)

y = Cx,

where x € R”, y € R”, and # € R” are the state vector, the output vector, and the
input vector, respectively.

The problem of insensitive strip region designs with minimum gain is stated as
follows.

Problem 10.1  Consider the continuous-time linear system (10.3). For given real
scalars 1 and y», design an output feedback control law # = Ky such that (10.1)
holds for a minimal positive scalar y, and

n<r(l)<r, i=1L2...n (10.4)

where

Loy = (A+ BKC)! + (A + BKC)
= 5 :

Recall from Section 7.5, condition (10.4) implies that the closed-loop eigenvalues
are first bounded by H(_q,,—o,) C H(—y,,—},), with

@1 = Amin (4D 02 = hmax (4).-
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But the boundaries of H(_q, —¢,) are insensitive to perturbations in the system
matrices as well as in the gain matrix K. Therefore, this design is robust in the sense
that the system has a strip eigenvalue region that is insensitive to small parameter
perturbations in the system matrices.

The condition (10.4) is clearly equivalent to

2911 < (A4 BKC)T + (A+ BKC) < 2y,1. (10.5)

Combining the aforementioned LMIs with (10.2), we immediately have the
following result.

Theorem 10.1 Problem 10.1 has a solution if and only if the following
optimization problem
min Y
—yl K 10.6
S.t. |:KT —)/] <0 ( )
2yl < (A+ BKO)T + (A+ BKC) < 2y,1

has a solution with respect to X and y .

Example 10.1

Consider the continuous:=time linear system in Example 7.12, with real scalars
y1 ==5, y» =—1. Using the MATLAB® function mincx in the MATLAB LMI
toolbox, the corresponding LMI problem (10.6) is solved and a solution is
found to be

—0.2240
y = 03495, K= [ 02678 ]

Compared with the gain matrix obtained in Example 7.12, with magnitude 1.0895,
this one has a much smaller magnitude. Further, with this solution, we can find

a1 = Amin (A) = —4.9748, a2 = Amax (AL) = —1.1251.

With the help of the MATLAB function eig, the closed-loop eigenvalues are
obtained as —4.9748, —1.9843, and —1.1251, which are indeed located within

H(—ay,—ar) € Hi—yy,—y1)-

10.1.2 Insensitive Disk Region Designs with Minimum Gain

In this section, we consider the control of the following linear system

{px:Ax+Bu

y=Cx, (10.7)
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where x € R”, y € R”, and # € R” are the state vector, the output vector,
and the input vector, respectively. Again, the symbol p represents the differential
operator (in the continuous-time case), or the one-step shift forward operator, that
is, px(k) = x(k + 1) (in the discrete-time case).

The problem of insensitive disk region designs with minimum gain is stated as
follows.

Problem 10.2 Consider the linear system (10.7). For given positive scalarsyp and
¢, design an output feedback control law # = Ky such that

K2 <y (10.8)
holds for a minimal positive scalar ¥, and

n=||A+ BKC + gl||> < y0. (10.9)

It follows from Section 7.5 that with condition (10.9) satisfied, the closed-loop
cigenvalues are located in Dy ;) C D(y,y)»and the boundary of D,y is insensitive
to perturbations in the system matrices as well as in the gain matrix K. Therefore,
this design is robust in the sense that the system has a disk eigenvalue region that is
insensitive to small parameter perturbations in the system matrices.

It has been shown in Section 7.5 that condition (10.9) is equivalent to

—rl (A+ BKC + 4l) .
<
(A+ BKC + q1)" vl

Combining the earlier LMI with (10.2), we immediately have the following resul.

Theorem 10.2  Problem 10.2 has a solution if and only if the following
optimization problem

min Yy
-yl K
S.t. |:KVT —yl] <0
(10.10)
—Yo! A+ BKC +¢qI
T <0
(A+ BKC + qI) -yl

has a solution with respect to X and y.
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Particularly, for the case of Schur stabilization, we choose to solve the earlier
optimization problem with g4 = 0 and yy < 1. In this case, the problem gives a
stabilizing output feedback controller in the Schur stability sense.

Example 10.2

Consider the continuous-time linear system in Example 7.13 with ¢ = yg = 4,
using the MATLAB function mincx in the MATLAB LMI toolbox we solve the
minimization problem (10.10) and obtain the solution

—1.2246
K= [—0.2592

]/ y = 1.2528.

Compared with the gain matrix obtained in Example 7.13, ‘with magnitude
2.9411, this one has a much smaller magnitude. Further, with this solution, it is
computed that

n = ||A + BKC + ql||, = 4.0000.

With the MATLAB function eig we find. the closed-loop eigenvalues to be
—1.9046 % 2.4937i and —1.6421, which are indeed located within the desired
region Dg ;-

10.2 Mixed Hy/H2 Designs with Desired
Pole Regions

In this section, we study the multiobjective control of linear systems of the following

form:
x =Ax+ Bju+ Bow
Zoo = CooX + Doo12t + Docrw (10.11)
z = Cx+ Dy,

where

m x € R” and 2,200 € R™ are the state vector and the output vectors,
respectively

m w € R? and u € R” are the disturbance vector and the control vector

m A, B, By, Co, G, Do1, Doz and Dy are the system coefficient matrices
of appropriate dimensions

10.2.1 Problem

For the linear system (10.11), with the following state feedback control law

u= Kx, (10.12)
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the closed-loop system can be obtained as

= A+ BK)x+ Byw
200 = (Cso + Doo1K) x + Doorw (10.13)
2 = (G + Dy K) x,

and the transfer function matrices G,__,,(s) and Gy, (s) are given, respectively, by
Goo(s) = (Coo + D1 K) (sI — (A+ BiK)) ™! B, + Do,
and
Gow(s) = (G + Dy K) (5[ — (A+ B1K)) ™! B,.

Thus, the Hoo performance and the H; performance requirements for the system
are, respectively,

Genow ()]0 < Voos (10.14)

and

1Ganuw®)la < V2. (10.15)

For performance of the system response, we introduce the closed-loop cigenvalue
location requirement. Let

D={s|seCy L+sM+3iM" <0}, (10.16)

where L € S, M € R7*9. Obviously, D is an LMI region with the following
characteristic function

Fy=1L+sM+3M".

It is a region on the complex plane, which can be used to restrain the closed-loop
eigenvalue locations.

In this section, we treat the following problem of mixed Hoo/H, designs with
LMI eigenvalue regions for the linear system (10.11).

Problem 10.3 For the linear system (10.11), design a state feedback control law
(10.12), such that

1. The Hoo performance (10.14) and the Hy performance (10.15) are satisfied
2. The closed-loop eigenvalues are all located in I, that is,

with D being given by (10.16)
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10.2.2 Solution to the Problem
710.2.2.1 Condition for the Hy, Performance

It follows from Theorem 8.1 that there exists a K such that |G, (5)loc < Yoo
holds if and only if there exist a matrix W, and an X > 0, such that

(AXoo + BiWoo)T + AXoo + BiWoo By (CooXoo + Doot Weo) T
Bf — Yool DL, < 0.

CooXoo + Dot Weo Doo2 —Yool
(10.17)

When this condition is met, such a feedback gain matrix can be‘given by
K = Koo = Wao X3

10.2.2.2 Condition for the H, Performance

It follows from Theorem 8.3 that there exists a K such that || G,,,,(5)||2 < 2 holds
if and only if there exist a matrix W5, two symmetric matrices Z and X3, such that

AXo + By W + (A%, + B Wo) T + BB < 0

|: —Z G.Xo + Dy W2i|
<0

10.18
(CoXot+ Dy Wa)T X (10.18)

trace (£) < yzz.
When this condition is'met, such a feedback gain can be taken as

K=K=WX"

10.2.2.3 Condition for the Closed-Loop Pole Location

It follows from Theorem 7.5 that the pole placement constraint is satisfied if and
only if there exist a matrix Wp, and an Xp > 0, such that

LRXp+MQ AXp+BiWp)+M' @ (AXp + B Wp)T <0.  (10.19)
When this condition is met, such a feedback gain matrix can be taken as

K = Kp = WpXp'.
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10.2.2.4 Solution

Let us define three sets based on the aforementioned three conditions (10.17)
through (10.19):

Qoo = {Xoo» Woo) | Xoo > 0, Woo € R, 5.t (10.17) holds},
Q= {00, Wa) | Xo > 0, Ws € R”*”,3Z € §” s.c. (10.18) holds},
and
Qp = {(Xp, Wp) | Xp > 0, Wp € R™”, s.t. (10.19) holds}.
Also, we denote the intersection of the three sets by 2, that s,
Qo = Qoo N2 N Q2.

Since our problem is to seck a single feedback gain K such that all the three
requirements (10.17) through (10.19) are simultaneously met, in view of the three
expressions for the gain matrix X, it is clear that the three requirements (10.17)

through (10.19) are linked by
WX = WaX; ! = WXy (10.20)
Based on this reasoning, the following result is clearly true.

Proposition 10.1 Problem 10.3 has a solution if and only if the following
parameter set

P= (XOO> WOO)XZ) WZ)XD’ WD) (X2) ‘%) € QZ >
(Xp, Wp) € Qp

Woo X! = WaX; ' = WpXp!

is not null, and in this case, a feedback gain is given by
K = WX = WoX5 ' = WXy
Since (10.20) is involved in the definition of the parameter set IP, finding a (X,

Woo, X2, Wa, Xp, Wp) € P is obviously not an LMI problem, and hence can be
very difficult. For convenience, let us set

Xp=Xeo =X 2 X, (10.21)
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Figure 10.1 Constrained parameter field.

and
Wp=We =W = W, (10.22)
then the parameter set IP reduces to

Py ={X, W, X, W, X, W) | (X, W)€ Qs (X, W) €, X,W) eQp}
={X, W, X, W, X, W) | (X, W) e QLooNRNLp}
={X, W, X, W, X, W) | (X, W) € Qo}.
Therefore, to avoid the difficulty, we now may find a (X, W) € Qg instead of

a (Xoo>» Woo, X2, Wa, Xp, Wp) € P (see Figure 10.1), and compute the gain
matrix by

K =Wwx! (10.23)

This leads to the following result for solution to Problem 10.3.

Theorem 10.3  Problem 10.3 has a solution if there exist two symmetric matrices
X, Z and a matrix W, satisfying

AX + BIW)Y + AX+BiW By (CooX + Dot W)T
B —Yool DL, <0, (10.24)
CooX + Dot W Dooo — Yool

AX+B1W+(AX—|—BIW)T+BZB”2F <0
—Z X 4+ Dy W
[(C2X+ Dy W)t _X } <0 (10.25)

trace (£) < yzz,
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and
LOX+M®AX +BW)+M' @ AX +BW)T <o. (10.26)

In this case, a feedback gain can be taken as in (10.23).

It is seen from the aforementioned equation that the parameters Xp, Xoo, X3 and
Wb, Weo, W are specially chosen as in (10.21) and (10.22), or the parameters are
sought within the subset IP, instead of the entire set P, the condition in this theorem
is thus only sufficient.

Based on this theorem, the following optimization problem can be easily
formulated, which has very important application significance:

min czyzz + Coo Voo

(10.27)
s.t.  (10.24) through (10.26),

where ¢ >0 and ¢ > 0 are the weighting factors. Toravoid nonlinearity in the
aforementioned problem we may simply substitute )/22 with a single variable p, as
treated before.

Example 10.3

Consider the linear system

2 1 =2 1 0 0.1
x=|1 -1 =3|x+ 0 —1T|lu+|[02|w

4 0 -1 -2 1 0
Zso=[0 0.1 —01]x+[0.1 —0.1]u+0.01w

zp=[1 =1 5]x+[1 1]u.
Design a state feedback control law, such that
1. The closed-loop system is stable, and the transfer function matrix satisfies
||CZOOW(5) Hoo < Yoo,

and

”szw(S)Hz < Y2,

for possibly small positive scalars yo and y;.
2. The closed-loop poles locate in the LMI region

D={x+yjlx,yeR —5<x<-05}.
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Choosing
cp =1, oo =50,

and using the function mincx in the MATLAB LMI toolbox to the optimization
problem (10.27), we obtain

0.1428 —0.6082 —0.0146
X =10 x | —0.6082 2.5912 0.0620 | > 0O,
—0.0146 0.0620 0.0015
N7 —0.0423 0.1800 0.0043
W=10"x [—0.6359 2.7092 0.0649 |’

Z =0.0018,
and
Yoo = 0.0122, y3 = 0.0018.

The state feedback gain can be computed as

_ —1 _ |—4.2265 =0.8970 —1.0699
K=Wwx _[ 3.1769 1:8843 —3.8835|'

and the set of the closed-loop poles is
AMA + BK) = {=2.7512 £ 6.7000i, — 2.3521}.

To verify the effect of disturbance attenuation, we have plotted the output z«
and 7, in Figure 10.2, for the cases of w(t) = 0, and w(t) =wgn(101, 1,10, real’),
which generate a 101-by-1 real matrix of white Gaussian noise with power of
10dBW. It is seen from this figure that the disturbance indeed has very small
affection on the system output.

For comparison, using the function place in MATLAB control system toolbox
to the same system, we obtain a feedback gain as

Ki — —6.4901 —2.4961 —0.5944
1= -2.3319 0.3851 —2.1699 |’

which assigns the same set of closed-loop poles, that is, —2.7521 + 6.6925i,
—2.3521, as the gain K. The closed-loop system output corresponding to the
aforementioned feedback gain Ky is also shown in Figure 10.3. Comparing the
two figures, it is easy to see that the disturbance effect in the closed-loop system
resulted in by Ky is more than 10 times of that in the closed-loop system resulted
in by K. Therefore, the mixed Hoo/H» controller is better since it gives responses
with much better disturbance attenuation effect.
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w(t) = 0I
P - w(t) =wgn(101, 1, 10)

—-0.5 1 1 1 1
0 1 2 3 4 5
Time (s)
0.15 T T T
w(t)=0
01k s - w(t) =wgn(101, 1, 10) | |
N
3 0.05 k.
=
@)
0F e e ettt — =
-0.05 ' : ! '
0 1 2 3 4 5
Time (s)

Figure 10.2 The output zo, and z;, Example 10.3.

10.3 Mixed Robust Hs,/H2 Designs with Desired
Pole Regions

In the last section, we treated the problem of mixed Hy/Hoo designs with a desired
LMI pole region. In this section, we further investigate the perturbed system case.

10.3.1 Problem

Different from Section 10.2, in this section we consider a type of uncertain linear

systems in the following form:

x= A+ AA)x+ (B1 + AB))u+ Byw
Zoo = CooX + Doo1tt + Docaw (10.28)
z = Cyx + Dyu,

where
m x € R”and 2 € R”, 2o, € R are, respectively, the state vector and the

output vectors
m w € R and u € R” are the disturbance vector and the control vector
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Figure 10.3 The system output corresponding to gain K;, Example 10.3.

m A, By, By, Coo, G2, Dot Docz and Dsg are the system coefficient matrices
of appropriate dimensions

m AA and AB are real-valued matrix functions which represent the time-
varying parameter uncertainties

Furthermore, the parameter uncertainties A4 and AB; are in the form of
[A4 AB||=HF[E FE], (10.29)
where

m H, Ej and E) are known matrices of appropriate dimensions
m £ is a matrix containing the uncertainty, which satisfies

FT'r<1.

For the linear system (10.28), design a state feedback control law

u= Kx, (10.30)
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the closed-loop system can be obtained as

i = [(A+ AA) + (B, + AB) K] x + Byw
200 = (Coo + Doo1K) x + Docaw (10.31)
2 = (G + Dnk)x,

and, corresponding to the two output vectors, the transfer function matrices are
given, respectively, by

Gaow(8) = (Coo + Doo1 K) (I — [(A+ AA) + (By + AB) K1) "' By + Daa,
and
Goyuw(s) = (Co + DiK) (I — [(A+ AA) + (By + AB) K]) ' B,.
Thus, the Hoo performance and the H, performance requirements are, respectively,
G0 < Yoos (10.32)
and
HGow®)2 < v2. (10.33)

In this section, we treat the following problem of mixed robust Hoo/H; design
with an LMI eigenvalues region for the linear system (10.28).

Problem 10.4 For the linear system (10.28), design a state feedback control law
(10.30) such that

1. The Hy performance (10.32) and the H, performance (10.33) are satisfied
2. The nonperturbed closed-loop eigenvalues are all located in D, that is,

with ID being given by (10.16).

10.3.2 Solution to the Problem
10.3.2.1 Condition for the Robust H, Performance

It follows from Theorem 8.5 that Ho performance (10.32) is met if and only if
there exist a scalar &, a matrix Wy, and an X5 > 0 such that
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W (Xoo, Wao) By (CooXoo + Dooi Woo) T (ErXoo + ExWeo) T
T T
B) —Yool D!, 0 o
CooXoo + Doo1 Weo Dosoa _Voo[ 0
E1Xoo + B2 W 0 0 —al
(10.34)
where

W (Xoo, Weo) = (AXoo + B1 W), + a HH L.
When this condition is met, such a feedback gain can be taken as

K = Koo = Wao X3

10.3.2.2 Condition for the Robust H, Performance

It follows from Theorem 8.6 that the Hy performance (10.33) is met if and only if
there exist a scalar 8, a matrix W,, two symmetric matrices Z and X, such that

{<AX2 + BiWh), + B,BY + BHHT . (E1X, + B, Wz)T:| 0

EX, + W) —BI
) —Z GCXo + Dy Wi <0 (10.35)
(G2 X + Dy W) T X

trace (£) < y22.
When this condition is met, such a feedback gain can be taken as

K=K=WX"

10.3.2.3 Condition for the Robust Closed-Loop Pole Location

It follows from Theorem 7.5 that the pole placement constraint is satisfied if and
only if there exist a matrix Wp and an Xp > 0 such that

L®Xp+M® (AXp+ BIWp) +M' ® (AXp+ BiWp)" < 0. (10.36)
When this condition is met, such a feedback gain matrix can be taken as

K = Kp = WpXp,".
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10.3.2.4 Solution

Following the same lines as in Section 10.2, let us define three sets based on the
three conditions (10.34) through (10.36):

Moo = {Xoo, Woo) | Xoo > 0, Woo € R”*”, Jar > 0, s.t. (10.34) holds},
M = {0, W) | X2 > 0, W, e R, 38 > 0, Z € §” s.t. (10.35) holds},
and
Mp = {(Xp, Wp) | Xp > 0, Wp € R™”, s.t. (10.36) holds}.
Also, we denote the intersection of the three sets by I, that is,
[y = Ie NI, NI p.

Since our problem is to seek a single feedback gain K such'that all the three
requirements (10.34) through (10.36) are simultaneously met, in view of the three
expressions for the gain matrix K, it is clear that the three requirements (10.34)

through (10.36) are linked by
WooXs! = Waks = WpXp (10.37)

Based on the aforementioned reasoning, the following result is clearly true.

Proposition 10.2 Problem 104 has a solution if and only if the following
parameter set

]F = (XOO) Woo,XZ, %,XD, WD) (XZ’ WZ) € HZ )
(Xp, Wp) € Ilp

WooX! = WaX; ' = WpXp'!

is not null, and in this case, a feedback gain is given by
K = WaoX' = WX, ' = WpXp .
Obviously, since (10.37) is involved in the definition of the parameter set I,

finding a (Xoo, Woo, X2, W2, Xp, Wp) € I is not an LMI problem, and hence can
be very difficult. For convenience, let us set

Xp=Xeo =X X,

and
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A
Wp=We=Wr=W,
then the parameter set I reduces to

Fo = {(X, W, X, W, X, W) | (X, W) € M, (X, W) € Iy, (X, W) € p}
={X, W.X, W, X, W) | (X, W) € [lec N T2 N Tp}
={(X, W,X,W,X,W)| (X, W) € [y}

Therefore, to avoid the difficulty, we now may find a (X, W) € Il instead of a
(Xoos Woo, X2, Wi, Xp, Wp) € I, and compute the gain matrix by

K =Wwx ! (10.38)

This leads to the following result for solution to Problem 10.4.

Theorem 10.4 Problem 10.4 has a solution if there exist scalars «, B, two
symmetric matrices X, Z and a matrix W, satisfying

WX, W) By (CxoX 4 DoiW)T  (E1 X + E,W)T
Bl —Yool DL, 0 0
<0,
CooX +Doc1 W Do =Yool 0
EX +EW 0 0 —al
(10.39)
(AX + By W)+ ByBY + BHH"  (E1 X + E,W)T “o
EX+ EBEW —BI
—Z GX + Dy W <0 (10.40)
(GX +DyyW)T -X
trace (£) < yzz,
and
LOX+MOUX+BW)+ M @ AX +B, W) <o, (10.41)
where

WX, W) = (AX + BiW), +aHH".

In this case, a feedback gain can be taken as in (10.38).

Based on the aforementioned theorem, the following optimization problem can
be easily formulated, which minimizes a weighted Hoo/Hj index:
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. 2
min Y5 + tcoVoo
{s.t. (10.39)~(10.41), (1042)

where ¢ and cs are the weighting factors. The nonlinearity in the aforementioned
problem can be avoided simply by introducing the simple variable substitution

P =i

Example 10.4

Consider a linear system in the form of (10.28) with the following parameters

2 1 =2 10 —1
A=|1 =1 =3|, By=|0 3|, Bo=| 2 1|,
4 0 -1 301 1.-5

Coo=[2 1 -05], G=[1 0 1],

Doo1 = [O 1], Doo = [0.01 —0.02], Dy = [1 O],

0 0 -02
H=|0o -o01 01/,
02 0 0.1
f0.1 0.2 01 ~0.1 05
Ei={01 02 03|, E=| 02 0.1].
102 0.1 01 —02 0

Design a state feedback control law such that

1. The closed-loop system is asymptotically stable, and the following Hso and
H, performances

||GZOOW(5) “oo < Yoo,
”Gzzw(s)”z < VY2,

are satisfied for possibly small positive scalars yso and y».
2. The closed-loop poles locate in the LMI region

H0.5/10={x+yj X,y €R, —10<x<—0.5}.

Choosing
cp=1, Coo=05,

and using the function mincx in the MATLAB LMI toolbox, we obtain for the
optimization problem (10.42) the following set of solutions:
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2.3553 —=2.6201 0.4250
X =108 x | —2.6201 6.6853 1.0505 | >0,
0.4250 1.0505 1.0143

PPN —2.7803 15696 —1.4393
W=10 ><|:—1.8779 —0.9198 —1.3935]"

Z=1.1777 x 1074,

and
Yoo = 0.0316, y3 = 0.0002,
a=26639 x 108, p=26618x 108,

and the state feedback gain is then given by

_ —1 _ |—1.0000 0.0000 —1.0000
K=wx _|:—2.0000 —1.0000 0.5000 |~

Thus, the set of the closed-loop poles can be obtained as
AMA + B1K) = {—0.5342 £ 0.9546i, — 5.4316}.

To verify the effect of disturbance attenuation, we have plotted the output z«, and
zy withw(t) = [0 O]T and w(t) = [sint. 2sin 2t]T in Figure 10.4, for the cases

x10~%
2
¥ 1
5
B
30
. -1
0 5 10 15 0 5 10 15
() Case of F=03:3
—4
06 9 x 10
0.4
g g
g 02 &
5 =)
(O] o
-0.2 -1
5 10 15 0 5 10 15
(b) Case of F=I;

Figure 10.4 The output z,, and z;, Example 10.4.
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Output z,,
o 5 8
; |
il
P
"“"'--..>
<“§
Output z,
Lo v s o
T ——
>
<~.\
|2
™

-20 4
0 5 10 15 0 5 10 15
(a) Case of F=03:3
6
Ajss A
N 10 N
- 2
: AW AW, i N\ ]
= =y
V. \/ V& VRAV2Y,
-20 -4
15 0 5 10 15
(b) Case of F=I3

Figure 10.5 System output corresponding to gain K1, Example 10.4.

of F = 0343 and F = /3. It is seen from this figure that the uncertainty indeed has
very small affection on the system output.

For comparison, using the function place in MATLAB control system toolbox
to the same system, we obtain a feedback gain

r _ [F07525  0.0200 —0.8291
= 1-0.6031 —1.3010  0.6426

which assigns the same set of closed-loop poles, that is, A(4 4 B K), as the gain K.
The closed-loop system output corresponding to the aforementioned feedback gain
K is-also shown, in Figure 10.5. It is obvious to see from these two figures that the
designed robust Hoo/Hy controller is much better because it gives responses with
smaller affection from both the disturbance and the system parameter uncertainty.

10.4 Notes and References
10.4.1 Summary of Main Results

This chapter studies multiple objective design in control linear systems by LMI
techniques. In Section 10.1, we introduce the problems of insensitive strip region and
the disk region designs with minimum gain. The LMI conditions for these problems
are given in Table 10.1. We remark that the requirements in these problems are
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Table 10.1 Criteria for Insensitive Region Designs

Regions Criteria Controllers

. —yl K
Strip <0 K
KT —yl

2y11 < (A+ BKO)T + (A + BKC) < 21

—yl K
Disk <0 K
KT —y1
=yl (A+ BKC +ql)
T <0
(A+ BKC +ql) —yol

strong. Nevertheless, once we find a solution to a specific problem, we get a system
with a very nice robustness property.

Section 10.2 deals with the problem of mixed Hoo/H design with a desired LMI
pole region, in which the following requirements

|| Gzoe 0 |00 < Vo>
[ Gow(9)]2 < y2,

and
AA+BK)CD

are satisfied simultaneously. The LMI conditions for the problem of mixed Hoo/H>
design with a desired LMI pole region are obtained as

trace (£) < y22
(AX + BiW), + BB} <0

—Z * 0
(X +Dyw)T —x |~

AX +BIWT + AX + BIW s
Bg — Vool * <0
CooX + Doc1 W Do Vool

L®X+(MRUX+ B,W)) <O.
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In this case, a feedback gain can be taken as
K =wx""l

Section 10.3 deals with the problem of mixed robust Hoo/H; design with a
desired LMI pole region, in which the Hoo, H, and the closed-loop cigenvalue
performance requirements are satisfied simultaneously. The LMI conditions for
the problem of mixed robust Hoo/H; design with a desired LMI pole region are
obtained as
trace (£) < )/22
-z CoX + Dy W

T <0
(X + Dy W) -X

[(AX + B W), + B,BY + BHHT J
<
EX + EW —BI

LRX+(MQAX +B,W))< 0

v(X, W) * * *
82T — Yool * *
<0,
CooX + Doc1 W . Doy —]/oo] *
| B X+ EW 0 0 —al

where
WX, W) = (AX + BiW), + «HH".
In this case, a feedback gain can be taken as

K=wx"L

10.4.2 Further Remarks

Most control system design techniques have only paid attention to the optimal
solution for one specific performance index, for example, Hoo norm of a closed-loop
system transfer function (Scherer etal. 1997), the quadratic functional (Scherer et al.
1997), or the eigenvalue sensitivity indices (Duan 1992, 1993, Duan and Patton
1999, Duan and Wu 2005, Duan and Yu 2008). However, many practical control
systems are required to have the ability to fit simultaneously different and often
conflicting performance objectives as best as possible. Therefore, multiple objective
designs are very important in practical control applications.

One type of approaches for multiple objective control is based on eigenstructure
assignment, which provides complete parametrization of certain type of controllers
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(see Duan 1994, 1995, 1998, 1999, 2003, 2004b, Duan and Liu 2002). The
degrees of freedom beyond eigenstructure assignment can be used to meet other
system design requirements (see Duan 1992, 1993, Duan and Patton 1999, Duan
et al. 2000, He et al. 2004a, Duan and Wu 2005, Bachelier et al. 2006, Duan and
Yu 2008, Duan et al. 2009b). The advantage of this type of approaches lies in its
flexibility in treating the various system design objectives, while the drawback is that
often the formulated optimization problem is nonconvex and hence the optimal
solution cannot be obtained usually.

In this chapter, we have presented the LMI approaches for multiple objective
designs through a few typical problems. The advantage of this type of approaches
is that a globally optimal and numerically reliable solution can always be obtained
as long as the finally formulated LMI problem has a solution. Along this direction,
there have been many reported results, for example, multiobjective control synthesis
in uncertain fuzzy systems (He and Duan 2005), robust reliable Hoo control for
uncertain systems with pole constraints (Gao et al. 2012b), substructural multiob-
jective Hoo controller design for large flexible structures (Toker and Sunar 2005),
and Hyo and Hj guaranteed cost gain-scheduling quadratic stabilization of linear
time-varying polytopic systems (Montagner et al. 2007). Particularly, Scherer et al.
(1997) investigated multiple objective output feedback control via LMI optimiza-
tion, in which altogether 9 different design specifications have been considered,
including Hoo and Hy performances and the desired LMI pole region requirement.

Exercises

10.1 Consider a linear system in the form of (10.3) with the following parameters
(Duan (2003)):

0.5 0 0 1 0
A= 0 -2 10|,B=|-2 2], C:|:(1) 8 (1)]
0 1 -2 0 1

Solve the problem of insensitive strip region design with minimum gain for
the case of y; = —4 and y, = —1.

10.2 Consider a discrete-time linear system in the form of (10.7) with the
following parameters:

0.9696 0.0202 50500
A_[o.o4o4 0.9898}’ B‘[sosoo] c=[r 1.

This is a model describing the population distribution in a certain country
(Zheng (2002), page 25-27). The system variables are

m x(k), city population in the Ath year;
m x2(k), rural population in the kth year;
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m y(k), total population in the kth year; and
m u(k), control policy taken in the 4th year.

Note that
A (A) ={0.9494,1.0100},

the system is not stable, and the purpose of control is to make the system
robustly stable with minimal control effort. In doing so, we suffice to solve
the problem of insensitive disk region design with minimum gain for the
caseof g = 0and yp = 1.

10.3 Consider the linear system in the form of (10.11) with

2 1 =2 1 0 1
A=1|1 -1 =3, B =|0 3|, B=]|"02],
4 0 -1 31 —0.5

Co=[2 1 —05], Doo1 =[020 05], Do =0.05,

0.1 O —0.1 0.1 0.1
2= [0 0.2 0.3]’ RN [0 0.1]
Design a state feedback control law, such that

1. the closed-loop poles locate in the LMI region

1
D= {x+)/j X,y € R, (x+2)2+Zy2 < 1};
2. the following objective is minimized:

J = [ Gen®] oo + | G ®) 3.

where
Ganow(8) = (Coo + Doc1 K) (sT — (A+ B1K)) "' By + Do,
Gayw(s) = (Co + D K) 5[ — (A+ BiK))™! By.

10.4 Consider a linear system in the form of (10.28) with the following
parameters

\S]
|
—
N —
—
|
\S]

Co=[02 1 —=1], De1=[0 0.1], Do =[0.01 —0.02],

G =[01 0 02], Dy=[-01 0],
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and the following parameter uncertainties

[AA AB||=HF[E, E], F'F<I,

0 0 —0.2
H=|0 —0.1 0.1],
0.2 0 0.1
0.1 02 0.1 —-0.1 0.5
E;=101 02 03|, E= 0.2 0.1
0.2 0.1 0.1 —-02 0

Design a state feedback control law, such that

1. the closed-loop poles locate in the LMI region

D:{x+yj

x,9 € R, (x—|-3)2+4y2 <4};

2. the following objective is minimized:

J =5 ]G0y Gl
where
Gesoo() = (Cso + Doo1K) 5T — A) ™' By + Doca,
Gey(s) = (Cy + D1 K) (s — A) ™' By,
with

A= (A+ AA) + (B; + AB) K.

controlengineers'
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Chapter 11
Missile Attitude Control

As one of the applications treated in the book, in this chapter we consider the
attitude control of missiles. Two types of missiles are involved, one is the type of
so-called nonrotating missiles, in which rotating is restricted during flight, the other
is the type of BTT (bank-to-turn) missiles, which makes use of rotation in their
turns.

In the first section, the simplified attitude system models of the two types of
missiles are introduced, and then in the second section the design of the atti-
tude control system of the type of nonrotating missiles is treated, where mixed
H,/Hoo performance is considered in order to attenuate the disturbance, and the
closed-loop eigenvalues are restricted within a desired region in order to ensure the
closed-loop dynamical properties. The third section investigates the attitude control
system design in a BT'T missile using techniques of simultaneous stabilization based
on LMIs.

11.1 Dynamical Model

The dynamical model of a missile attitude system is generally very complicated. In
practical applications, usually simplified models are used. The simplified dynamical
model of the attitude systems of a type of missiles can be written as follows:

349
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a(?) = w(?) — %wx(t)ﬂ(t) —ag(Da(t) — as(2)8,(2)

B(2) = wy(t) + 550 (Da(t) — by(D)B(2) — bs(D)8,(2) + a6(1)8:(¢)

$(1) = wx (1)

() = —a1 (D () + 4, (D& (r) — ax(Da(r) — a3(£)8,(r) + 1 537 wx(t)wy(t)
iy (1) = —b1 (D, () — b (D) — ba(DP(2) — b3(1)8,(r) + L 5737, @x(D@z(0)
(1) = —c1(Dwx(t) + 2(D)B(#) — c3(£)8x(1) + c4(1)8y (1) + ?73]] wy (H)wz(2)

m(1) = 75 (as(Da(®) + as(D3.(2) + b (DB (1))

no(t) = =375 (bs(DB() + b5(18,(1) + b6(1)8:(1))s
(11.1)

where

m o, B and ¢ are the attack angle, the sideslip angle and the roll angle,
respectively

Wy, o and w; are the roll angular velocity, the yaw angular velocity and the
pitch angular velocity, respectively

m 7, and 7, are respectively the overloads on the side direction and the normal
direction

m /., Jy and J; are the rotary inertia of the missile corresponding to the body
coordinates
g = 9.81m/s? is the acceleration of gravity
V' is the speed of the missile

w4 (®) ~as(t), bi (1) ~ br(2), a,(#), by(¢) and ¢1(£) ~ ¢4(2) are the system
parameters

m J,, 8, and §; are the aileron deflection, the rudder deflection and the elevator
deflection, respectively

The actual actuator deflections are governed by the dynamic behaviors of the
actuators described as follows:

. 1
8x(t) = ‘L'_ (6x£(t) - 5x(t))

X

. 1
1)/t:_ )/ft_yt (112
3,(2) T(5() 8,(1)) )
y

. 1
82(2) = — (02() = 8:(1)) .
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where

m 3y, 8y and &, stand for the input actuator deflections
m 7., T, and 7, are the actuator time constants

The model (11.1)—(11.2) is a slightly generalized version of that in Hu (1997).
In the following, we further classify two different types of models for two different
types of missiles.

11.1.1 Models for Nonrotating Missiles

Since, for the nonrotating missile considered in this section, the coupling between
the yaw and the roll channels is relatively larger, for simplicity in design, in the
following models for the pitch channel and the yaw/roll channel are established
separately.

11.1.1.1 Pitch Channel Model

Denoting the state, control, output, and disturbance vectors, respectively, as

o

o B
x=|w, |, u=73d4, Y= , d= , (11.3)
5 7y @y

we can obtain the state space model for the pitch channel from (11.1) and (11.2) as
follows:

x(t) =A)x(t) + Biu(z) + B2()d(z)

(11.4)
y(#) = C(t)x(¢) + Dru(z) + Dy (2)d(2),
where
—a4(1) 1 —as(2)
Ar) = | =4y (Das(t) — a2(t) 41 (t) — a1 (t) —a)(B)as() —a3(r) |, (11.5)
0 0 —;—z
0 -1 0
o0 |
ol el R L ik (11.6)
P 0 0

c) = 1 57.3¢ 0 0 (11.7)
! CS73¢ | V(as(®) 0 V(Das(o) | '
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1 0 0
Di(t) =0, Dy(») = ﬁg |:V(t)b7(t) 0] . (11.8)

11.1.1.2 Yaw/Roll Channel Model

Note that for the type of nonrotating missiles, we aim to achieve w, = 0, yet are
not interested in the value of the roll angle ¢, hence the equation d(1) = we(?) in
this case becomes an identity and can be thus neglected.

Choosing the state vector, the input vector, and the output vector, respectively, as

X = [:3 wy wx B ay]T’
o=l 80" =[n ol
and the disturbance vector as
d =13,

we have from (11.1) and (11.2) the following state space representation of the
yaw/roll atticude system as

x(2) = A@)x(2) + B1 (1) u(r) + By (2)d(z) (1L.9)
¥(2).= C(#)x(r) + D1 (Du(?) + D2 (Dd (1), '
where
Al = A11(2)  Ar2(2) ’
0 Ao (2)
with
—by(t) 1 o«
A0 = | BObO — b —br() = b(6) L) - BEO |
0 2 w.0) 10
0 | —bs(t) B S
Ap@) = 0 () bs(t) — b3(r) |, An(t) =— 0 ,
'Exf}, Tx
L —c3(2) c4(2)
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and

0 0 a6(2)

0 0 8, (£)ag(2)
=" %, Bw= 0 ,

L 9

Te 0

0o L 0

L Ty | - -
1 [V(t)h(t) 0 0 0 V(r)bs(r)}
Ct) = ——-+ ,
57.3g 0 0 —=573¢g 0 0
B V) | b

Di(1) =0, Dy(») = 57 3¢ [ 0 :| .

11.1.2 Models for BTT Missiles

The dynamical model of the attitude system of the type of considered missiles is
again given by (11.1). However, assuming that this type of considered missiles are
axis symmetrically designed, then we have

./_}’ =]ZJ
and in this case,
a6 =bs=br=c)=cs = 0. (11.10)

Further, we assume that the actuator time constants 7y, 7, and 7, are all small
enough, and hence the'actuator dynamics (11.2) can be neglected.

11.1.2.71 Rolling Channel Model

With the aforementioned preparation, it can be observed from (11.1) that the rolling
channel model is independent and appears as

() = —c1 (D) (1) — ¢3(£)8,(2)
P(1) = w.(2),

which can be written in the following state space form:

wy(2) —c1(8) O |w(®) —c3(t)
) = + 8.(2). (11.11)
(1) 1 0] ¢(» 0
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11.1.2.2 Pitch/Yaw Channel Model

It can be also observed from (11.1) that the model for the pitch/yaw channel is as
follows:

a(t) = w;(t) — w () B()/57.3 — ag(t)ou(t) — as(£)3,(2)
B(1) = wy(1) + w(Da(£)/57.3 — bs(£)B(2) — bs(£)8,(2)
05(1) = —a1 (D5 () + ay (D6 (1) — ax(D)a(e) — a3(1)8,(2) + 4 537 wx(t)wy(t)

@y (1) = =b1()wy (1) = by (DB — b2 (B (1) — 6318, (1) + L ox(Dwe(2)

m(1) = 75 (as(Da(®) + as(£)3(1))

no(t) = =375 (bs(DB() + b5(1)8,(1)).

(11.12)

For the aforementioned pitch/yaw channel model, taking the state vector as

x=lo, a- o ﬂ]T,

and the input and output vectors, respectively, as

U= , Y= ,
8y 7y

then we get the state-space model for the yaw/pitch channel as

x(2) = A(t, w)x(2) + B(t)u(z)
(11.13)
{ (@) = C(t)x + D(H)u(z),
where
At o,) = An(®) Aoy
An(t,wx)  Axn(r)
with

A1 (5) = |:”1 (0 Im (r) —a (t)di(t()t)_ dz(t):|
—44
[—bl (1) = by (5) b (0)b4(s) — bz(t)}

Axp(r) = b(t)
—by
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e -
we) | T a0
Lo -1 |
_]z_]x 7
w0 | ~h
Lo 1
and
—d,(t)as(t) 0
—d5(t) 0
B(t) = )
0 b (£)bs(2) — b3(2)
0 —b5(2)

0 0 0 —b 0 —b
o) V() 4(2) D) = V(2) 5(2) '
57.3g [0 a4(x) O 0 57.3g | as(z) 0

11.2 Attitude Control of Nonrotating Missiles

In this section, we consider the attitude control of a type of nonrotating missiles

using LMI techniques.

11.2.1 Problem

Itis clearly seen that the pitch channel system (11.4) and the yaw/roll channel system
(11.9) do have a mutual affection on each other. This affection really comes from
the coupling of the two systems. From the practical application point of view, such
an affection needs to be attenuated at a minimum level, which actually gives rise to
the following problem of disturbance attenuation via He, control.

Problem 11.1 For the attitude system (11.4) or (11.9), find a state feedback
control law # = Kx such that

1. The closed-loop system
x=(A+ Bi1K)x+ Byd
z2=(C+ Di1K)x+ Drd

is stable.
2. The transfer function matrix

Goi(s) = (C+ D1K) (I — (A+ BiK)) "' B, + D,



356 ®m [MiIsin Control Systems

satisfies

[Gea (oo < ¥

for a minimum positive scalar y.

11.2.2 Solution

It directly follows from Theorem 8.1 that the proposed problem can be solved via
the following optimization

min Y
st. X >0
AX +BW)T +AX +BW B, (X +D,W)T
Bl V1 DI <0,
CX +D\W D, —yI
(11.14)

or via the following feasibility problem

X>0
AX +BIW)T 4+ AX+BW By, (CX+Diw)T
(11.15)
B -yl D) <0,
CX+DW D, -yl

with a satisfactory disturbance attenuation level y. When a pair of parameter matrices
W and X to the aforementioned optimization (11.14) or the feasibility problem
(11.15) are found, a solution to the problem can be given as

K=wx"L

Note that the attitude control system design problems for the pitch channel and
the yaw/roll channel can be solved exactly in the same way; here, we only consider
the case of the yaw/roll channel.

The design of the yaw/roll channel system at a certain single operating point is
considered, at which &« = 0 and w, = 0. The system parameter matrices at this
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operating point are given as follows (Jiang 1987, Duan and Wang 1992):

[—0.5 1 0 0 0
—62 —0.16 0 0 30
A= 10 0 —50 40 51, (11.16)
0 0 0 —40 0
L0 0 0 0 —20]
S
0.001
0 0 ~0.05
Bi=| 0 0|, B=]| 0 ,
40 0 0
0
| 0 20
[15 0 0 0 08
C= ,
0 0 1 00
0.01
D=0, D)= .
0

11.2.2.1 Optimal Solution

By using the function minex in the MATLAB® LMI toolbox, the optimization
problem (11.14) is solved and the optimal parameters are obtained as

¥ = 0.010,
5660061.4412 273814.4899 —0.3022 —88416.7582 —10612613.1920
273814.4899 667358290.1678 —0.0699 —4274.4210 —513400.8165

X = —0.3022 —0.0699 23.0243 —1936.0966 0.5645 | > 0,
—88416.7582 —4274.4210  —1936.0966 206851137.4282 165782.9759

—10612613.1920 —513400.8165 0.5645 165782.9759 19898751.5367
and

—92491.3889 —266484.2871 —206743444.9669 1.95793341.1380 109040.3609
—11167641.7233 —63320089.9897 377.4004 54520.1804 —1451947.9947 |
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Thus, the state feedback gain is given by

K=wx!

—1495.1248 —0.0011 —8986351.4887 —83.1652 —796.4424
—397683.9112 —0.0937 —3.8796 0.0010 —212097.0763 |

Note that the attenuation level y is very small, the disturbance 4 is effectively
actenuated. However, with this optimal solution, the magnitude of the feedback
gain matrix K is obviously large, which is not desirable in applications. Therefore,
in the following, we will seck a feasible solution instead.

11.2.2.2 Feasible Solution

Limiting the attenuation level by y < 0.0160, and applying the function feasp
in the MATLAB LMI toolbox to (11.15), we obtain the following feasible solutions

[ 45994 0.0380 —0.0046 —0.0672 —8.6780]]
0.0380 5453889 =0.0078 —0.0501  0.1566
X =|—0.0046 —0.0078  0.9584 —0.6916  0.0111 | > 0,
—0.0672  =0.0501 —0.6916 192.4742  0.1568
| —8.6780 0.1566  0.0111  0.1568 17.7772 ]

W =

[—0.0766 ' =0.2812 —192.8017 189.6008 0.9696
| —8.9753 —52.4897  —0.3344 —1.4936 9.3408 |’

with y =0.0135. In this case, the state feedback gain turns out to be

K=wx!

1.5717 —0.0038 —200.9755  0.2627  0.9452
—12.1268 —0.0939 —0.3511 —0.0089 —5.3931|

For this yaw/roll channel attitude system, Duan (Duan and Wang 1992) has also
given a stabilization gain as follows:

p ~3.6844 —1.5266 —1.2500 —10 —5.9703
77| 19463 —0.5378 0 0 —1.0671|
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Figure 11.1 Output corresponding to the Hy feasible solution K.

We have plotted the output of the closed-loop systems in Figures 11.1 and 11.2,
which respectively correspond to the Ho feasible solution K and the stabilization
solution K. To show the effect of disturbance attenuation, we have given simulation
results for the zero disturbance case, represented by the solid lines, and the case of
white Gaussian noise disturbance with power of 5 dBW, represented by the dash
lines. It is seen from the two figures that the disturbance indeed has very small affec-
tion to the system output in both the two cases. But it is obvious that the settling time
of the output of the Hyo control system is less than that of the stabilization system.

11.3 Attitude Control of BTT Missiles

In this section, we consider the attitude control of a type of BTT (bank-to-turn)
missiles using LMI techniques. Theory of quadratic stabilization is applied.

11.3.1 Problem

Obviously, the rolling channel system (11.11) can be designed independently. Since
the model of the rolling channel is very simple and easy to handle, here in this
section only the design problem of the pitch/yaw channel is considered.
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Figure 11.2 Output corresponding to the stabilization solution K.

11.3.1.1 Trajectory and Operating Points

In the flying process, the system parameters a1 (£)-as (), b1(¢)-bs(2), 4,(2), &} (2),
c1(2), c2(2) all change with the variation of the flying height and flying speed, and
their varying rules are very complicated and hard to express analytically. These
parameters are generally assumed to be continuous and uniformly bounded.

To deal with this complicated time-varying system, as is done in practice, we
choose seven operating points on the whole trajectory, as shown in Figure 11.3,
which correspond to several important flight moments, as shown in Table 11.1.
The values of the parameters a1 (2)-a5(2), 4 (2), b1(£)-b5(2), b (2), c1(2), c2(2), at
the seven operating points are known and are given in Table 11.2 (Hu 1997).

11.3.1.2 Rolling Rate wy

Although the rolling channel system is independent, it does affect the yaw/pitch
channel through the rolling rate wy, which directly appears in the system matrix
A of the yaw/pitch channel model, and this makes the yaw/pitch channel attitude
system an uncertain one.

The rolling rate w, is assumed to be differentiable and uniformly bounded. In
this design, it is assumed to alter within the interval [—400° /s, 400° /s]. Therefore,
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Figure 11.3 Operating points along trajectory.
Table 11.1 Operating Points
t1 t t; t fs te tz
44s | 119s | 19.5s | 23.0s | 28.0s | 35.0s | 40.0s

Table 11.2 Parameter Values at the Seven Operating Points
Time (s) Y ty t3 ty t5 tp ty
aq(t) 1.593 1.485 1.269 1.130 0.896 0.559 0.398
a% (®) 0.285 0.192 0.147 0.118 0.069 0.055 0.043
ay(t) 260.559 | 266.415 | 196.737 | 137.385 | 129.201 66.338 | 51.003
az(t) 185.488 | 182.532 | 176.932 | 160.894 | 138.591 78.404 | 53.840
as(t) 1.506 1.295 1.169 1.130 1.061 0.599 0.421
as (t) 0.298 0.243 0.217 0.191 0.165 0.105 0.078
b1 (t) 1.655 1.502 1.269 1.130 0.896 0.559 0.398
b% (t) 0.295 0.195 0.147 0.118 0.069 0.055 0.043
ba(t) 39.988 | —24.627 | —31.452 | —41.425 | —68.165 | —21.448 | —9.635
b3 (t) 159.974 | 170.532 | 182.030 | 184.093 | 154.608 89.853 | 59.587
by4(t) 0.771 0.652 0.680 0.691 0.709 0.360 0.243
bs(t) 0.254 0.191 0.188 0.182 0.162 0.102 0.072
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at each operating point shown in Table 11.1, the pitch/yaw system (11.13) is an
interval system with a varying parameter @, € [—400, 400].

11.3.1.3 Problem

With the aforementioned description, we can now state our problem of attitude
control system design as follows.

Problem 11.2  For the attitcude system (11.13), find a constant state feedback
u = Kx + v(z), (11.17)
with v being an external input such that the closed-loop system
x(2) = A (8, wy)x(2) + B(2)v(2),
where
A2, r) = At 0x) + B(H)K

is uniformly asymptotically stable.

11.3.2 Quadratic Stabilization
11.3.2.1 Family of Systems

It follows from the aforementioned description that, at each operating point #, the
system is a constant one but with an uncertain parameter w,, which is denoted, for
simplicity, by

i (wy) = (A%, wx), B(#)) - (11.18)

Note that the matrix A(¢, w,) is linear in w,, thus, in order to stabilize the
system (A(#, wy), B(#)) at each operating point # for arbitrary parameters @, €
[—400, 400], it suffices to stabilize [Tz (wy) = (A(#, wy), B(#;)) at the two endpoints
of the parameter wy, that is, wy; = 400°/s and wyy = —400°/s. Therefore, at each
operating point #;, we need to consider stabilization of the following two systems

[ = (A(tg, @51), B(#2))

and

Mg = (At wx2), B(2)) .
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This tells us that in order to realize stabilization of the attitude system at all the
operating points, we need to realize simultaneous stabilization of 14 systems, namely,
IM;,and Mg, £=1,2,...,7.

For simplicity, the 14 systems can be further uniformly defined as

I; = (4, B) , (11.19)

where

A s Wxl)> B 5 | = 2k —1
4 B) = (Atp wx1), B(#g)) > i e 30)
(A(tp, wi2), B(1p)), i= 2k,

k=1,2,...,7.

Further, with these 14 systems as vertexes, we can form a polytopic system (see
Figure 11.4)

IT = (4(6(2)), BG())),

that is,
x =A@ ()x+ B(S(2)u,
where
A@(1)) = 81D AL+ 82D Ay + - - - + 814(D)Aw4 (11.21)
B(8() = 81(1)B1 + 62(0) By + - - - + 814(1) B4,
and

S=[61(1) &) -+ Suu®)] e Ap,

Figure 11.4 The polytopic system.
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with

14
Ap=180)=[61(6) -+ 81u®]|D 8N =1, () >0, i=1,2,...,14}.

i=1

(11.22)
The set of extremes of Ap is
Ap={(1 0 - 0),(0 1T -+ 0),...,(0 0 --- 1)}.
11.3.2.2 Quadratic Stabilization
Let
I = {(A6(2), B(2))) | 8(2) € Ap}, (11.23)

then IT is a polytopic system, with vertices being (4, B,), 7 = 1,2, ...,14. When
the 14 operating points are properly chosen, we may assume

(A(t, wy), B(2)) € I, V¢ > 0, w, € [—400,400].

Further note that quadratic stability implies uniform asymptotical stability. To solve
Problem 11.2, we suffice to solve the following one.

Problem 11.3 Let A4;, B;, i = 1,2,...,14, be defined by (11.20), and
(A(8(2)), B(6(2))) defined by (11.21). Find a constant state feedback

u = Kx, (11.24)
which quadratically stabilizes the set of system IT defined by (11.18).
According to the theory introduced in Section 7.8, to solve Problem 11.3, it

suffices only to find a state feedback in the form of (11.24) which quadratically
stabilizes the extreme points of IT, that s,

[z = {(A(8(2)), B(8(1))) | 8(2) € A}
={AnB), i=12,...,14}.

According to Theorem 7.8, this is equivalent to solving a pair of matrices W and
P > 0 satisfying the following set of LMIs:

AP+ BW +PA + WIBl <0, i=1,2,...,14. (11.25)
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Once a pair of solutions W and P > 0 to the aforementioned set of LMIs are
obtained, the gain matrix is given by

K =wpL

11.3.3 Numerical Results and Simulation

By using the MATLAB function feasp in the MATLAB LMI toolbox, the cor-
responding LMI problem (11.25) is solved and the two parameter matrices are
obtained as

v 0.4539 —0.0285 0 0

o 0 0.0627 0.0234 |’
and

2.9241 —0.3080 0 0

—0.3080 0.0393 0 0

P = >0

0 0 3.0039 —0.2937
0 0 —0.2937  0.0373

Thus, the feedback control gain matrix can be obtained as

©— wp! [0.4510 2.8077 0 0 }

0 0 0.3571 3.4389

The corresponding closed-loop poles at each operating point with different values
of w, are listed in Table 11.3.

The designed stabilizing controller is applied to the linear time-varying atticude
system (11.13) to validate its effect.

For system (11.13), the parameters 2;(z) ~ as(z), b1(z) ~ b5(z), “/1 (2), b,I (%)
are obtained by linear interpolation between the adjacent operating points, that is,

tiy1 — ¢ t—t

ay(t) = ap(t;) + ap(tit1),
i+l — & i+l — &
li+l — =t

be(2) = bp(2;) + be(tiv1),
L1 — 4 tit1 — 4
Lit1— ¢ r—1

4 (t) = 4y () + 2, (tix1),
iyl — 4 tiy1 —
Lit1 — ¢ r—1

b1 (r) = by (#) + b1 (ti1)s
i+1 — & i+l — &

i <t<ty;,, i=12,...,6, k=1,2,...,5.
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Table 11.3 Closed-Loop Poles

& trolengineers.ir]
© @controlengineers

wx tx 51 s2 53 54

t —76.4467 —47.3087 —11.4674 —13.3857

ty —74.4519 —52.3237 —11.5453 —11.5658

t3 —72.3643 —56.3288 —10.6407 —11.4067
0 ty —65.3712 —57.0581 —11.2387 —10.1164

ts5 —54.4027 —46.5242 —10.9134 —10.5963

te —24.3356 —12.5350 —16.7046 +4.6079i

ty —12.6822 £+ 7.0736i —11.1045 + 8.8081/

tq —75.5712 —48.2827 —12.3764 4+ 7.3558i

ty —73.2926 —53.5192 —11.5366 £+ 7.3109/

t3 —70.6459 —58.0807 —11.0061 £+ 7.2847i
400 ty —61.2303 £ 2.7003/ —10.6611 £ 7.2751i

ts —50.4879 + 2.8356i —10.7297 + 7.3870i

te —22.8872 —20.4674 —13.4623 £+ 9.8123i

ty —10.5999 + 14.2593i —13.1865 £ 1.5925/

tq —75.5712 —48.2827 —12.3764 4+ 7.3558i

ty —73.2926 —53.5192 —11.5366 £+ 7.3109i

t3 —70.6459 —58.0807 —11.0061 £+ 7.2847i
—400 ty —61.2303 £ 2.7003/ —10.6611 & 7.2751i

t5 —50.4879 + 2.8356i —10.7297 £+ 7.3870i

te —22.8872 —20.4674 —13.4623 £+ 9.8123i

t; —10.5999 + 14.2593i —13.1865 £ 1.5925/

The rolling angular velocity w, is taken as

wy(t) = 4005sin(0.27¢).

In order to realize tracking of given overload signals, here we employ the following
feedforward tracking scheme based on the model reference theory (Duan et al. 1994,

2001):

u(r) = K(t)x + G(2)y,(¢),

(11.26)
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with y, being the overload signal to be followed, and
G(r) =H@) — K()Z(@), (11.27)

where the coeflicient matrices H (¢) and Z(¢) are derived by

zw| [4® B»| '[o
_ . (11.28)
H(r) C@) D) I
When y,(2) is a step function, and K (¢) stabilizes system (11.13), the output of the
closed-loop system satisfies

tl_i)nolo(y(t) —y,)=0. (11.29)

Using the aforementioned scheme we have considered tracking of the following
sine wave

9r1(2) = y,2(r) = 0.5sin(0.52), . ¢ > 4.4,

and also the following trapezoidal wave

=0.5, 44 <t <4.875
47 — 20, to(k) <t < t1(k)
Jr1(8) =y2(8) =1 0.5, n(k) <t <nk
—4t+ 60, 1(k) <t < t3(k)
—0.5, t3(k) <t < t45(k),

where

to(k) = 40k + 4.875

11 (k) = 40k + 5.125

t)(k) = 40k + 14.875

t3(k) = 40k 4+ 15.125

t4(k) = 40k +24.875, k=0,1,....

The results are shown in Figures 11.5 and 11.6, which demonstrate that the designed
time varying attitude control system works perfectly and offers good dynamical
performance, bearing in mind that we have used only one single-state feedback gain
to cope with all the variations in the 12 system parameters shown in Table 11.2.
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Tracking a square wave.
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Figure 11.6

Tracking a sine wave.
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11.4 Notes and References

In this chapter, the attitude control of two types of missiles is considered. Specifically,
one s the design of the attitude control systems of a type of nonrotating missiles, where
mixed Hy /Hoo performance is considered in order to attenuate the disturbance, and
the closed-loop cigenvalues are restricted within desired region in order to ensure
the closed-loop dynamical properties; the other is the attitude control system design
of a BTT missile using techniques of simultaneous stabilization based on LMIs.

The data for the model of the nonrotating missile are taken from Duan et al.
(1994), while those for the BT'T model of missiles are taken from Duan et al.
(2009b) and Duan (2012). The authors are grateful to the Chinese Ministry of
Aerospace for providing the data through project funding.

Probably the most difficult theoretical problem existing in missile atticude control
systems design is to guarantee the closed-loop stability. This is because the plant is
highly nonlinear and time varying! To follow the desired trajectory; normally several
controllers are designed and they are switched as the plant model changes. With
such a scheme, closed-loop stability is difficult to be guaranteed, at least in theory.
But in Section 11.3, the problem is solved via quadratic stabilization. It is shown
that, instead of designing a local controller at each characteristic point and operating
the switching, a single controller for the whole trajectory is sufficient. What is more,
closed-loop stability is well guaranteed by the quadratic stabilization theory, and the
time-varying property as well as the system uncertainty are all well coped with.

For missile control systems design using advanced control theory and techniques,
there are numerous reported resules in the literature. The author’s work along this
direction also includes Cai et al. (2011) and Cai et al. (2010), both investigating
the control of airbreathing hypersonic vehicles, and Tan and Duan (2008), which
is about designing globally stabilizing controllers for BTT missiles as well, while
Hou and Duan (2008) studied integrated guidance and control of homing missiles
against ground fixed targets.

Exercises

11.1 Find out the open-loop stability of the non-rotating missile attitude system
(11.9) with matrix 4 given in (11.16).
11.2 For the following linear system
: x = Ax + Bu

)= Get Du (11.30)

a controller is designed in the form of (11.26), with K enabling the
asymptotical stability of the system

x=(A+BK)x

and G given by (11.27) and (11.28). Show that the asymprotical tracking
relation (11.29) holds.
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11.3 Consider the pitch channel atticude model (11.3)-(11.8) of the type of

non-rotating missiles with

—1.2950 1 —0.2430
A= 01920 —1.6770 —0.0467 |,
0 0 20
0 —0.1745 0
Bi=|0|, By=| 00335 —0.1309 |,
1 0 0

e[ 0 0
~[-32253 0 —0.6052)

0 0
D=0, D= [—0.0025 0]

Find a state feedback control law # = Kx such that the closed-loop system
is stable, and the transfer function matrix G,;(s) satisfies

Gya()lloo < ¥

for a minimum positive scalar y.

11.4 Let A, Ay € R™*”. Show that
Alw) = A+ Ayw, o € |a, B],

is quadratically stable if {4 + Ao, A + Ao} is quadratically stable. (Note:
This is related to Subsection 11.3.2, in which the quadratic stabilization of
system (11.18) with @, € [—400, 400] is treated.)

11.5 The closed-loop poles at each operating point with different values of w,
are listed in Table 11.3, and they can be observed to be all stable. Is this
face sufficient for the stability of the designed closed-loop missile attitude
system? Why?

11.6 Consider the rolling channel model (11.11) of the type of BTT missiles.
The seven operating points along the whole trajectory are the same as in
Table 11.1, while the parameters of the system at these operating points
are given in Table 11.4. Following the lines in Section 11.3, complete the
attitude control system design for this rolling channel using the quadratic
stabilization approach.

Table 11.4 Parameters at Characteristic Points

Times (s) 4 ty t3 ty ts te ty

cq(t) 1.264 1.600 1.636 1.635 1.607 0.936 0.644

c3(t) 1787.048 | 1832.067 | 2128.877 | 2231.985 | 3045.292 | 1329.481 | 818.706
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Chapter 12
Satellite Control

The motion of satellites in orbit performs an important role in military, civil, and
scientific activities. To meet the various objectives, attitude control of a satellite
must be required, which includes attitude maneuvering and attitude stabilization.

A satellite attitude system is a complex one subject to various uncertainties and
disturbances. External disturbances may include the aerodynamic moments, sun-
light pressure torques, gravity gradient torques, and magnetic moments, while the
internal disturbances may include parameter uncertainties, the influence resulted
from fuel and some carried facilities, such as the two-dimensional scanners. In prac-
tical engineering, the attitude fast maneuvering and accurate pointing are required
in the presence of all kinds of disturbances and parameter uncertainties. Therefore,
robust attitude controller design is of great importance and challenge.

In this chapter, we treat the problem of satellite attitude control. In Section 12.1,
we present the model of the attitude system, while in the second section we treat
the problem of Hyo and Hj control. In the third section, attitude stabilization
is considered where disturbance attenuation and desired closed-loop eigenvalue
location are achieved based on LMI techniques.

12.1 System Modeling

Based on the well-known moment of momentum theorem, the attitude dynamics
of a satellite in the inertial coordinate system can be generally expressed as

H=T,+ T, + Ty, (12.1)
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where

w 1, T, and 7} are the flywheel torque, the gravitational torque and the
disturbance torque, respectively
m H is the total momentum acting on the satellite

The total momentum A is given by (Sidi (1997), Zhang (1998))
H = Lo,
where

m [ is the inertia matrix
m o is the angular velocity

While the derivative of the total momentum H can be given as follows (Liu and
Zhao (2003))

H=IlL,w+ w X ([,w), (12.2)

where x represents the cross product of vectors. Combining (12.2) and (12.1),
yields the following dynamical equation:

Lo+ o x (o) =T+ T, + Ty. (12.3)
Choose
I, = diag(]x,é,,]z),
and let
T Ty T
Tc = Tcy > Tig = Tgy 5 Ta’ = Tdy 5
TCZ T:gz sz

then we can expand Equation (12.3) into

[xd)x + ([z - [)/)CU}/CUZ = fo + Tgx + de
[)/d)}/ + ([x - [z)wzwx = 7—'[)/ + Tg)/ + Ta’y (124)
Lo, + (1)/ - Ix)wxwy =71+ ng + Ty,.
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Under small angle approximation, the angular velocity of the satellite in the
inertial coordinate system represented in the body coordinate system is given by

(Zhang 1998)

Wy gb'_ wo‘/f
w=|w,|=| 0—-w |, (12.5)
Wz Y+ wop

where
wo = 7.292115 x 10_5rad/ s, is the rotational-angular velocity of the earth
¢, 0, and ¥ are the three Euler angles

By substituting the kinematic equations (12.5) into (12.4), the attitude dynamics of
the satellite can be obtained as

L+ (I — D)o} + (I, — I, — LoV = Toe + Tpe + T
Jyé.'.= Toy+ Ty + Ty . (12.6)
Ly + (I + I — [)/)w0§0 + (]y - [x)w(z)w =1+ T:gz + T,
where the gravitational torques are easily shown to be given by
Tgx = _350%(1)/ y— Iz)go
Ty = =303l — I,)0 (12.7)
T,,~= 0.

Substituting the aforementioned relation into (12.6) gives finally the dynamical
model of the satellite as follows:

L +4U, = )b + (I, — I, — L) woyr = Toe + T
L0 + 303 — 1)0 = Ty + Ty (12.8)
L+ (e + I — L)wog + (I, — Loy = T + Ty

12.1.1 Second-Order System Form

Define vectors

g= 10|, u=|Ty|, d=|Tyh|,
1// Tcz sz

then the equations in (12.8) can be written compactly in the following second-order
matrix form:

Mj+Hy+ Gg=Liu+ Lpd, (12.9)
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where
M = diag (]x, 1, Iz) , L1 =1Ly =Dx3,

0 0
H=wyl,—L,—L)| 0 0
-1 0

S O~

G = diag (40§ (I, — L), 304 — L), i, — Lo)).

12.1.2 State-Space Form
Define

AT _ .
x:[q q] »  Zoo = 10 3Mq, z) = ¢,
and introduce the notations
Lp=1Iu—Ip, Iupy =Iy=1Is— 1,

where o, §, and y stand for any element in {x,y,z}. Then, we can rewrite the
system (12.9) in the following state-space form:

x'=Ax + Biu+ Byd

200 = C1x + Diu+ Dyd (12.10)
Zz=C2x,
where
0 0 0 1 0 0

0 0 0 0 1 0

0 0 0 0 0 1

2

A=l 0 0 0 —wZ |, (12.11)

2

0 —% 0 0O 0 0

2
0 T~

[0 0 0

0 0 0

0 0 0

B =8B, = Lo ol (12.12)

o1

0 7 0
1

00 7




—4wi 1, 0 0 0 0 —woly,
Ci =103 x 0 —303 1, 0 0 0 0 ,
0 0 —wily @b, O 0
(12.13)
G = [Bx3 03x3], (12.14)
Dy =102 x 1Ly, Dy,=10"x L,. (12.15)

12.2 H; and H,, Feedback Control

First, let us investigate the Hoo feedback control of the satellite system.

12.2.1 H, Control
12.2.1.1 Problem and Solution

For the aforementioned linear system in the state-space form (12.10), design a state
feedback control law

u= Kx,
such that the closed-loop system is stable and the transfer function matrix
Gined () = (Cot DIK) G = (A+ BIK) ™ By + Dy
satisfies
[ Gzoed (D lloo < Voos
for'a minimal positive scalar yoo.

According to Theorem 8.1, the aforementioned problem with a minimal
attenuation level Yo can be sought via the following optimization problem:

min Yo
st. X>0
AX+BW) +4X+BW B, (CGX+Diw)T
BY —¥ool DI <0.
CX+DW D, — Vool

(12.16)
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12.2.1.2 Numerical Results
Taking
I, = 1030.17kg - m*, [, = 3015.65kg - m?, I, = 3030.43kg - m?, (12.17)

and using the MATLAB® function mincx in MATLAB LMI toolbox to the
aforementioned problem (12.16), we obtain Yo = 0.0010 and

[3358849.2116 0 0.0001
0 3412059.8084 0
¥ 0.0001 0 3417761.6655
~ | —1386.3746 0 0
0 —684.7144 0
i 0 0 —683.2073
—1386.3746 0 0
0 —684.7144 0
0 0 =683.2073 | - o,
1.1419 0 0
0 0.2742 0
0 0 0.2725
—1.0559 0 52.0597 —0.9703 0 —0.0208
W = 0 —108.8758 0 0 —0.3098 0 ,
—105.6403 0 36.0840 0.0870 0 —0.3372

and the corresponding state feedback gain is given by

Ky = Wwx !
—0.0007 0 0.0000 —1.7040 0 —0.0762
= 0 —0.0005 0 0 —2.4249 0
0.0000 0 —0.0005 0.0762 0 —2.4273

Note that the attenuation level oo = 0.0010 is very small, eventually the effect
of the disturbance 4 must be effectively attenuated. However, with this solution,
the closed-loop system poles are

—0.000863, —0.000791, — 0.000417, — 0.000384,

— 0.000419, — 0.000385,



Satellite Control m 377

~0.02 , . |
3
N
2, -0.03
= .
o
-0.04 L I |
0 50 100 150 200
(@) Time (s)
~0.01 : . |
%
N
5
& _002 i o ooy o N N 2
5 F- ant ‘“‘Wﬂw Avﬂ"-f’.\ Sl A"Nﬂ'n ﬁfﬂ \-"’\Vﬁ"-’ s Ve Thgs o
-0.03 L I |
0 50 100 150 200
(b) Time (s)
0.03 : . .
g
N —h Sy o, ki s Y =
é 0.02 Dl Il B e T
5
o
0.01 1 L I
0 50 100 150 200
(c) Time (s)

Figure 12.1 Closed-loop output z5, corresponding to K.

which are all stable, but are all very close to the imaginary axis. Therefore, the
system response must be too slow and must have a long settling time. This has been
verified by plotting the output 2« of the system in Figure 12.1, where the solid lines
represent the response of the system for the case of 4 = 0 and the dash lines for
the case of

— Tain £ o ognt T
d(t) = [sm 300 COS 355 Sin 250] .
It is seen in this figure that within 200 seconds the system responses are still far

from settling down.
To prevent such a phenomenon, instead of using the second LMI constraint in

(12.16), we use

AX+BIW)' + AX+BW B, (G X+Dyw)T
—I< Bl —Yool D} <0,

X+ DWW Dy —Yoo!
(12.18)
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which is obtained by adding at the left-hand side a simple constraint. With this
altered condition, using again the feasp function in MATLAB LMI toolbox, we

obtain Yoo = 0.0010 and

—0.1295 0 0.0229 —0.9720 0 —0.0004
W = 0 —13.1714 0 0 —0.3320 0
—0.0229 0 4.3581 0.0010 0 —0.3304
The corresponding state feedback gain is given by
K=wx"!
—0.0001 0 0 —70.7320 0 -0.0762
= 0 —0.0001 O 0 —70.5375 0
0 0 0 0.0762 0 —70.5371

With this feedback gain K, we also plotted the closed-loop system output for
the same disturbance choices, which is shown in Figure 12.2. Comparing these two
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Output z.1
S
(=} \ T
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2
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Figure 12.2 Closed-loop output z., corresponding to K.
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figures, we can find that this new solution X is much better in the rapidness and yet
does not lose any disturbance attenuation level.

12.2.2 Hy Control
12.2.2.1 Problem and Solution

For the satellite attitude system (12.10), design a state feedback control law
u= Kx,
such that the closed-loop system is stable and the transfer function matrix
Goyuw(s) = Cy (] — (A4 BiK)) ™' By
satisfies
Gzw)]2 < v2,

for a minimal positive scalar ;.
According to Theorem 8.3, the aforementioned problem with a minimal
attenuation level 5 can be sought via the following optimization problem:

min p
st AX+BIW+ AX +BW)T + BBl <0
—Z  OX (12.19)
|:(C2X)T —X} <0

trace (£) < p,

where p = y22.

12.2.2.2 Numerical Results

Using the MATLAB function mincx in the MATLAB LMI toolbox to the
aforementioned problem (12.19), we obtain p = 3.3706 x 10711, and
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™ 0.0000 0 —0.0000
0  0.0000 0
+ — | —0-0000 0  0.0000
~ | —-0.6678 0 —0.0000
0 —0.4631 0
| 0.0000 0 —0.4615
—0.6678 0 0.0000]
0 —0.4631 0
—0.0000 0 —0.4615 D
456742.4312 0 —0.0011 ’
0 146337.9739 0
—0.0011 0 1455784508 |
0.0690 0 —0.0000
Z=10"10x 0 0.1072 o1,
—0.0000 0  0.1070
—470520069.0898 0 1.1871
W = 0 —441299747.4459 0
3.3326 0 —441160935.7371
—280354806.5468 0 351.6082
0 =—281251955.9531 0
119.5264 0 —281256221.9998
The corresponding state feedback gain is given by
Ko = WX!
—875925392039229 0 —536523549
— 0 —113922040007657 0
—497126691 0 —114527952325858
—1280625924 0 6282
0 —360501424 0
—885 0 —363086358

Note that the attenuation level p is very small, the disturbance & is indeed
effectively attenuated. However, with this optimal solution, the feedback gain
matrix K is very large, which is not desirable in applications. The reason for this is
that in the optimal solution the matrix X is nearly singular. To make a modification,
we add another LMI condition

X > 1000/
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in problem (5.4) and using the MATLAB function mincx in the MATLAB LMI
toolbox to the new problem, we obtain p = 0.0030, and

[ 1000.7433 0 —0.0000
0 1002.9883 0
Y- —0.0000 0 1002.9901
~ | =515.5386 0 0.0005
0 —403.5612 0
| 0.0004 0 —402.6945
—515.5386 0 0.0004 |
0 —403.5612 0
0.0005 0 —402.6945 =0
452378.3015 0 0.0270 ’
0 148013.1738 0
0.0270 0 147288.82317 |
[ 0.0010 0 —0.0000
7 = 0 0.0010 0],
| —0.0000 0  0.0010
[ —464248215.3113 0 3.0511
W = 0 —442473079.0442 0
i —121.9329 0 —442455256.4189
—280426475:1312 0 311.6877
0 —281293587.9586 o],
105.9557 0 —281297771.4290
and the corresponding state feedback gain is given by
K=wx!
—464495.4185 0 0.0017
— 0 —442404.7666 0
—0.1235 0 —442388.6057
—1149.2412 0 0.0035
0 —3106.6896 0
0.0008 0 —3119.3489

Corresponding to this feedback gain, we have plotted the output z; in
Figure 12.3, where the solid lines represent the case of 4 = 0 and the dash lines

the case of

d(t) =10 x

[sin (1) cos(z) sin (21‘)]T .
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Figure 12.3 The output z; of the closed-loop system.

It can be seen from this figure that the effect of the disturbance to the system output
has been greatly attenuated. This is consistent with the theory since the restriction
level y = /p = 0.0548 is very small.

12.3 Mixed H»/H,, Feedback Control

This section discusses controller design for the satellite attitude system (12.10)
through (12.15) with external disturbances and parameter uncertainties. The mixed
H,/He control design method introduced in Chapter 10 is applied.

12.3.1 Problem and Solution

For the design of the satellite attitude control system, we stress on two types of
requirements.

12.3.1.1 Pole Region Assignment

In order that the designed satellite attitude system has desired dynamical properties,
the closed-loop poles are restricted to be within certain desired LMI region
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D={|seC, L+sM+:M" <0}, (12.20)
where

L and M are matrices of appropriate dimensions
L is symmetric

12.3.1.2 Disturbance Attenuation

Clearly, the disturbance 4 has an affection on both output vectors zoo and z3. Such
an affection needs to be minimized.

With the aforementioned analysis, a multiobjective design problem for the
satellite attitude system (12.10) can now be stated as follows.

Problem 12.1 For the linear system (12.10), design a state feedback control law
u= Kx
such that
1. The closed-loop eigenvalues are all located in I, that is
AMA+ BK) C D, (12.21)

with ID being given by (12.20).
2. The following Hog and Hj performance conditions

1Gea] . = [(CL + MoK T — A+ BIK) ' Ba+ Ni| < voo
[e.¢] o0
(12.22)

and
|Gerall, = |G = (A+ BIK) "By, < 12 (12.23)

are satisfied with some possibly small Yoo and y;.

Based on Theorem 10.3 and the optimization problem (10.27), we can formulate
the aforementioned problem into the following optimization problem with LMI
constraints:



384 m [MiIsin Control Systems

min oo + 20
—Z (OX

s.t. T <0
Xc, —-X

trace (£) < p
1 AX +BW + (AX + ByW)T + BBT <0
LRIX+MR®UX+BW)+M' @ UX +BW)T <0
AX +BW)' +AX+BW B (CX+D,w)T
B —Veool D! <0,
(C1X + D, W) Dy —Yoo!

(12.24)

and once a set of solutions Yoo, )/22, W, Z and X > 0 are obtained, the state
feedback gain matrix can be constructed as K = WX ™!, and the corresponding

y2 is given by \/p.

12.3.2 Numerical and Simulation Results
12.3.2.1 Controller
For the specific satellite, we have wg = 7.292115 x 1072 rad/s, and

I = 1030.17kg'm?, = I, = 3015.65kg:m*, I, = 3030.43kg-m?,

the same as in (12.17). Further, the LMI region in the design is taken to be the strip
region H} 3, which has the following characteristic function

Fi,, () = L+ sM +5M",

with

o) owef 2l

To solve the optimization problem (12.24), we choose the weighting factors as
o1 = ap = 1. With the function mincx in the MATLAB LMI toolbox, we obtain
the following set of solutions:
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Yoo = 0.001, 3, = 0.0048,

X=103x

0.0164 0.0000 0.0000 —0.0481 0.0000 0.0000 |
0.0000 0.0027 0.0000 0.0000 —0.0069 0.0000
0.0000 0.0000 0.0027 0.0000 0.0000 —0.0069
—0.0481 0.0000 0.0000 0.3006 0.0000 —0.0000
0.0000 —0.0069 0.0000 0.0000 0.0386 0.0000
0.0000 0.0000 —0.0069 —0.0000 0.0000 0.0383

> 0,

and

—0.0155 0.0000 0.0000 —0.9230 0.0000 0.0000
W = 0.0000 —0.0014 0.0000 0.0000 —0.3281 0.0000
0.0000 0.0000 —0.0014 —0.0000 0.0000 —0.3265

The state feedback matrix is then computed to be

K=wx"'=10%x
—1.8722  0.0000  0.00000 —0.6068  0.0000  0.0000

0.0000 —3.9822 0.0000 0.0000 —1.5611 0.0000
0.0000 0.0000 —3.9883 —0.0000 0.0000 —1.5665

With this gain matrix, the closed-loop poles are

512 = —2.9453 +;73.0820
s34 = —2.5846 % j2.5457 (12.25)
556 = —2.5883 % ;2.5507.

Using the function normin the MATLAB Ho, toolbox, we have for the closed-loop
system corresponding to the feedback matrix K the following:

| Gesi|| o, = 0.0010, || Goyu|l, =775 x 107°. (12.26)

In addition, for comparison, by some pole assignment technique we obtained
the following state feedback gain matrix

6
K, =10

0.3241 —0.3230 —0.0932 0.0815 —0.0562 —0.0583
x | —0.0776 0.0024 0.0623 —0.0034 —0.0228 0.0144
1.4482 —1.3762 0.4510 0.3677 —0.2356 —0.2660
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Corresponding to this gain matrix, using the function norm in the MATLAB Hy,
toolbox again, we have, correspondingly,

| Gened || o, = 01114, | Gu||, = 0.0054,

which are clearly larger than those given in (12.26).

12.3.2.2 Numerical Simulation

In this section, the numerical simulation is developed to show the validity of the
mixed Hy/H o feedback controller. The initial state is taken as

x(0) =[0.05 0.05 005 001 001 0.01]",

where the unit of angle is rad and the unit of angular velocity is rad/s. Meanwhile,
the disturbance torques are chosen as

1073 sin (wpz) Nm
d = {1073 sin (wgz) Nm
1073 sin (wpz) Nm

For comparison, using feedback matrices K and K, respectively, we obtain
the simulation results as shown in Figures 12.4 and 12.5. Figure 12.4 shows
Zoo signals, and Figure 12.5 shows z signals. In these figures, the solid
lines correspond to the controller K, while the dotted lines correspond to the
controller K.

From the simulation results, we can see that, with the mixed Hy/Hqo feed-
back controller, the closed-loop system is not only stable but also maintains better
disturbance attenuation ability.

12.4 Notes and References

In this chapter, attitude stabilization in a type of satellites is considered. Disturbance
actenuation and desired closed-loop eigenvalue location are achieved based on LMI
techniques.

12.4.1 Optimality versus Feasibility

In Section 12.2, the problems of Hoo and Hj feedback control of the satellite
attitude system are carried out. It is interesting to note that, in both cases, the
optimal solutions directly derived from the theories are not satisfactory. In the case
of Hoo feedback control, the obtained optimal gain matrix gives very slow response
transfer property, while in the case of Hy feedback control the optimal gain matrix
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Figure 12.4 System output z.

has a very large magnitude. Through some proper adjustments for both cases, we
have obtained satisfactory solutions. Such a phenomena indicates the following
points:

m In the original designs, only the Ho and H; requirements are con-
sidered, while the response transfer property and the control energy
problem are neglected. The adjusted conditions have taken these into
consideration.

m From a practical application point of view, the originally formulated Hoo and
Hj feedback control problems are not appropriate, they should have taken
the response transfer and the control energy into account.

m With many practical applications, often, many trials and tests need to be
carried out. This is the case with research, do not just give up easily!

12.4.2 Problem of Space Rendezvous

Besides the problems addressed in this chapter, there are also many others related to
satellite control. Particularly, the authors and their collaborators have also tackled
the problems of attitude maneuvering (Zhang and Duan 2012b, Zhang et al. 2012),
orbital transfer and rendezvous (Duan et al. 2010, Zhou et al. 2011a, 2012a,
Gao et al. 2011a, 2012a), and soft lunar landing control (Liu et al. 2008, Zhang
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Figure 12.5 System output z;.

and Duan 2012a). We remark that most of these problems can also be solved via
LMI techniques. For a' demonstration, here we give the formulation of the space
rendezvous problem.

It is seen from Example 7.14 that, under certain conditions, the relative orbital
dynamic model of spacecraft rendezvous can be described by (7.70). By denoting

the second-order linear system (7.70) can be converted into the following state-space
form:

x=Ax+ Biu+ Byd
y = Cx,
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with
o0 o0 o0 1 0 0]
0 0 0 0 1 0
0 0 0 0 0 1
4= 30 00 0 2wy O (12.27)
0 0 0 —2wy 0 0
| 0 0 —w} 0 0 0]
| 03x3
B, =B, = , (12.28)
I3

and the observation distribution matrix is taken, assuming thatall the three Euler
angles are measurable, as

C=[5 03x3],
The transfer function of the system is obviously
Gyi(s) = C(sI —A— B K) " 'B,.

The problem of spacecraft rendezvous is to find a controller for the system in the
form of

u = Kx,

such that || Gy (s) “oo or || Gy (5) H2 is minimized.
Of course, aconsequence of this design is the achievement of closed-loop stability,
which produces

lim x(z) = 0.
t—>0Q

This ensures the rendezvous requirement since the relative distance between the
object and the chaser tends to zero.
Such a problem obviously can be solved via LMI technique in a similar way.

Exercises

12.1 For the satellite system (12.6), show that the gravity torques are given by
the formulas in (12.7).
12.2 With the parameters given in (12.17),
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1. check the stability of the open-loop system (12.10)—(12.15);
2. find out the value of H Ggood ” -~ and || ngd 2 with

Gooa = Ci (sl — A By + Dy,

Z

and

Gl =C (sl —A~" By,
and compare the obtained values with those corresponding to the closed-
loop system designed in Section 12.2.

12.3 It is seen from Subsection 12.2.1 that the obtained optimal solution does
not give satisfactory response performance, while a feasible solution to the
altered LMI in (12.18) does. Find another solution for the problem by
reasonably altering the original LMI condition.

12.4 Let wy = m/12(rad/h). Solve the H spacecraft rendezvous control
problem described in Section 12.4.

12,5 Let wy = m/12(rad/h). Solve the Hy spacecraft rendezvous problem
described in Section 12.4.
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Appendix A: Proofs of
Theorems

A.1 Proof of Theorem 4.1

This proof follows the same lines in Chilali and Gahinet (1996) and Yu (2002) but
with all the details fully explained.

A.1.1 Preliminaries

In order to prove the theorem, we first give two preliminary lemmas.

Lemma A.1 Let A € R”™”, and A(A) = {s51,52,...,5,}. Then, there exist a

sequence of nonsingular matrices 73,4 = 1,2, ..., such that
lim kalATkz A édiag(sl,sz,...,sn). (A.1)
f— 00

Proof  When the Jordan matrix of A is diagonal, it follows from Jordan
decomposition that there exists a nonsingular matrix 7 satisfying

T7VAT = A.

In thiscase, we may simply take 7, = T, k= 1,2,....

Now consider the case that the Jordan matrix / of 4 is not diagonal. Without
loss of generality, we may only demonstrate with the case that / is composed of only
one Jordan block, that is,

393
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Again, by Jordan decomposition, there exists a nonlinear matrix Vp such that
Vo lAVy =J. (A.2)
Choose
Vi = diag (" K%, k1),
then we can easily verify that
V, Vi = 0, k),

with

“
“© o=

O(s, k) =

“
o Rl

Premultiplying by V/:l and postmultiplying by V}, both sides of (A.2) produces
V, 'V AV V=V, Ve = O, k).
Since
kli)ngo O(s, k) = diag(s,s,...,s),
it is obvious that
Ty =VoVe k=1,2,...

are a sequence of matrices satisfying (A.1). |

Lemma A2 Let P = X + Y, with X, Y € R”*”, be a Hermite matrix. Then,
P is positive definite, that is,

2Pz >0, VzeC?

if and only if

Q:[); _XY]>O.
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Proof  Since P is Hermite, we have

x'=x, v'=-v. (A.3)
Therefore,
W' Yu=0, VYueR" (A.4)
Choose
z=x+jyeC"

where x,y € R”. Using (A.3) and (A.4), we have

Pz = (x+p)" (X +Y) (x+19)
= (' = ") (X +7Y) (x+ )
= (" = ") [ = 1 44 (94 15
X — x4y Xy 4y Y
+j (=" X+ X+ 5 Ve + 5" 1)
=" (00— W)ty (Y + 3)

X —Y||x
T T
= | X .
e ][Y X ] u
Therefore, the conclusion follows in view of the arbitrariness of vectors x, ¥,

and z. [ |

It clearly follows from Lemma A.2 that the real part of a Hermite positive definite
matrix is symmetric positive definite. Such a fact will be used in the following proof.

A.1.2  Sufficiency

Suppose Rp(4, P) < 0 holds for some symmetric matrix P, and let s be an arbitrary
eigenvalue of 4, and » € C” a nonzero vector satisfying MA = soH. Then, it is easy
to derive

(I ® ""HRy(4, P)I & v)
=@M (L®P+M® AP)+M"' @ (AP)") (I @ v)
=L® (P + M@ MAPy) + MT ® (7 (4P)T0)
= MPu(L 4 sM +35M7)

=M PuFp.
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Since Rp (4, P) < 0, we have from the aforementioned relation that
Z}HPZ/F]D) < 0,

which, together with P > 0, gives Fp < 0. Thus, A is D-stable.

A.1.3 Necessity

Suppose A is D-stable. We need to show that there exists a symmetric positive
definite matrix P such that Rp(4, P) < 0. The proof is divided into three steps.

Step 1. The diagonal case
Let us consider the case that 4 is diagonal, that is,
A =diag(s1,...,5,) £ A,

wheres; €D, i=1,2,...,n Then, we have

RoAD=LQ@I+MQA+M" @ A"
= U'"diag (Fp(s1)se..» Fo(s2) U,
where U is the product of some elementary matrices. It follows from s; € D that

Fp < 0 holds. Therefore, the aforementioned relation gives Rp(A,7) < 0. In this
case, we have P = [ satisfying Rp(A, P) < 0.

Step 2. The general case

Without loss of generality, we assume that the diagonal elements of A are composed
of the eigenvalues of A. Similarly, we can get Rp(A, 1) < 0. Following from Lemma
A.1, we can construct a matrix sequence {73} such that

lim 7, 'AT, = A.
o k

Since Rp (Y, I) is continuous with respect to Y, using the aforementioned relation
we get

Jim Rp(T, 'ATy. ) = Rp(A, 1) < 0.
— 00

Therefore, there exists a sufficient large number ¢ > 0 such that Rp( Tq_ 14 7, 1) <0.
Taking T = T, gives

Rp(TYAT,I) <0, (A.5)
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then
(I ® DRy (T, ATy, DU ® T')
=(I@DILR®I+M(TAT) + M' @ (7' AT ® TH)
=L (ITH+MeUATTY + MT @ (ATTHHH
= Rp(4, TTH). (A.6)
Using this relation and (A.5), we obtain

RpA, TTH) < 0.

Letting P = TTH, we have Rp(4, P) < 0.

Step 3. Finding a real P
If the matrix P = 77" is real, then P = TTH > 0 holds. Therefore, the proof is
done. Now suppose that P = TTH is not real, note that

Rp(4, P)
= L® [Re(P) +jIm(P)] + M ® [A(Re(P) + jIm(P))]
+ M" ® [ARe(P) + jIm(2) ]!
= Rp(A4, Re(P))
+ L Q@ Im(P) + M @ (AIm(P)) + M & (AIm(P)"],

we have
Re[Rp(4, P)] = Rp(4, Re(P)).
Further, it follows from (A.6) that
Ry, TTH = L@ (TTH) + M @ (ATTH) + MT @ ATTHH, (A7)

we can easily show that Rp (4, 7TH) is Hermite. Therefore, it follows from Lemma
A.2 that

Rp(A,P) < 0 = Re(Rp(4,P)) <0,
we obtain
Rp(A,Re(P)) < 0.

Finally, using again Lemma A.2 to P = TTH, we know Re(P) > 0. Therefore,
Re(P) is the desired real symmetric positive definite matrix. The proof is then
completed.
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A.2 Proof of Theorem 5.1

The proof is divided into two subsections.

A.2.1 Inequality

In this step, we show that

H%%%%?gfncowm. 4 s)
Notice that

[ISOLIO] )

e M2 Ty 1,720, ur et

e 166G

1
T, 12O

() ll2 705 w(s) € H

(s
H COROR |,

u(s)

()1l

() 1270, u(s)€H2

1G Qe 2l =100, »

we then have

sup {IG$)v$) 5} -
o) 2=1,v(s)H2

su

{”G(S)u(f)“z} _
) 11270, () €Ho

()12

Hence, we need only to prove the first relation in the theorem.
Furthermore, note that

G (j0) G (jo0) < Amax { G (jo) G () } 7,

by definition, we have

utl (Ja)) Gt (J(,()) G (Ja)) u (J(,()) dw

5[~

A
o
g~
é%g é%?ﬁ é%g

IGEu3 =

1 (jo) Amax { G (j0) G (j©) } u (jo) dow

A
X
av

(ja)) sup (Xmax {GH (Ja)) G (Ja))}) u (Ja)) dw

weR

5]~
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= sup (07 {G ()} %

|
g8
N
jas}
S
N
S
ol
e

= G2 Nu)1I3

that is, (A.8) holds.

A.2.2 Tightness

In this step, we need only to show that || G(s) || o is the least upper bound of

IG©us)ll
lus)ll,

To do this, we need only to prove, for any given € > 0, there exists a signal
e (s) € Hy with ||z (s)||, = 1 such that

GO uc) 2 = 1Gloo = €. (A9)

Step 1. Constructing ue (s)
Let wp be a frequency such that oy {G (Ja))} = Omax. Lhen, by singular value
decomposition, there exist vectors #;, v; with unit length and
winy =38 (i—j), viwy=238(i—j),
such that

7

G(]a)()) = Omax¥#1 (on) UI1{ (Ja)()) + Z O','ul'(ja)()) UZH (ja)()) (A.10)
=2

with » = rank (G(ja)o)) and 0; < Opmax, 2 > 2.
If 0 < wg < 00, we can write v (ja)o) as

O[]Cje1
apel®
U1 (]CUO) = : >

jo
g€ 1

where «; € R is such that §; € [—, 0). Clearly, we have

9
Zaf =1
i=1
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Let 8; > 0 be such that

6, = arg (ﬂf;ij) e [—7,0), (A.11)

and let #(s) be given by

us(s) = A ENIOIAON (A12)

where the scalar function #, (s) is taken as

ug(ja))z {\/g, w€f{w:|lo—aw| <elJ{w: o+ w| <€},

0, otherwise,

with & being a sufficiently small scalar. Cleatly, by construction, we have ¢ (jwg) =
v (ja)o). Then, we can derive

1
ol = 2o Jou o) oo = - Tt =1,
from which it follows that

o) = o | ot ) ) o

I
[\%)
§|=

g2

W:&N

£
[a T
3
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= e (o) [

=1

Hence, u,(s) € H; and has unit H, norm.

Step 2. Showing (A.9)
With the #(s) obtained in Step 1, we have

IG($)us(s)113

o0

:% [ 4! (j00) 6™ ) 6 o) s o) oo

—0o0

wo+¢€

=3 | ugl (ja))d)H (Ja)) Gt (ja))G(ja))d) (ja)) U (ja))da)

[ 000 0) )G (0)6 (0) e )do. 13

—wy—¢

1
2n

Clearly, there exists a scalar y > 0.such that forany w € {w : |o — wy| < €},
9" (jo0) " (jvo) G (jo0) ¢ (jeoo)
< ¢"(j0) G" (jo) G(j0)¢(je) + ¥ lo — a]
< ¢"(jo) G" (j) G(j0) ¢ (joo) + ve, (A.14)
and for any @ € {0 : |® + wo| < €},
¢ (jwo) G (jewo) G (jevo ) (jeoo)
< ¢" (—jo) G" (—jo) G (<jo) ¢ (—jo) + ¥ o + o]
< ¢" (mjw) 6" (-jw) G (<jo) ¢ (=jw) + ve. (A.15)
Hence, using (A.13) through (A.15), and the notation

H(s) = GH ()G,
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we get

I G(s)us() 113

1 wo+¢€
= 5= | ' (j0)8" (00) 6™ (jw0) G on) @ (jwo) e (jo) deo
wo—¢&
1 —wo+E&
+o- | ()" (<jwo) H (<jn) ¢ (—jwo) ue(jo)de
—wo—&
1 wo+e —wo+é€
—ve- f N (j) s (jow)dew + f H(jo)ue (jo)do
wo—E& —wo—¢&
wo+€
= ] = (j©)2)'(j0) G (jwo) G (jewo)or (jeo) we (joo) deo
wo—&
1 —wo+E
+5- | (o)l (Sjwo) H (<jon) 11 (—jeo) e (j)do
T
—wo—&
= ve [lue o)
1 wo+¢e
== j 02t (j0) e (joo) dw
wo—E&
1 —wo+¢€
o2 | om0 (0)do — ye us (o) |
—wo—¢&

= 02y || e () |3 = ve ue (o) |3

=0l —ye
= 1GOI% — ve,

which clearly implies (A.9).
If wp = 00, we can simply choose #(s) = v1u(s). The proof is finished.

A.3 Proof of Theorem 5.2

This proof is also composed of subsections, and in a way it is similar to the one given
in Section A.2.
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A.3.1 Inequality
In this step, we show that

IG©u@)IH < 1GOOI a3 (A.16)

Define the autocorrelation matrix of #(¢) as

T
]
Ru(®) = lim — f u(t + 1) (1)dt,

if the limit exists and is finite for all . The Fourier transform is called the spectral

density of #, denoted by S, (j»)
oo
Suu(la)) = j Ruu(f)e_jwr dr.
—00

Then, the power of the signal «(z) is
lu(®)llp = (trace (R (0%

It is also easy to show that

o0

i
o)} = 5= | wace (Su(j00)) do. (A.17)

o
Moreover, if G(s) is a stable p x ¢ transfer function with (5.10), then
Sy(jo) = G(j0)Suu(jw) G (j). (A.18)
Similar to the proof of Theorem 5.1, we need only to prove the first relation. By

(A.17) and (A.18), we have

IG$uls) |3 = L f trace (G(jo) Suu(jo) G (j)) do
= = [ race (Sua(je0) 6 (j0) G ) dov

< sup ()"max (GH (Ja))G(Jw))) %T trace (SW(Ja))) dw

IGO)IZ 1) 117 -
That is, the relation in (A.16) holds.
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A.3.2 Tightness

In this step, we only need to prove that there exists a #(s) € P with [|u(z)|p = 1
such that the equality relation in the inequality (A.16) holds.

Step 1. Constructing u(s)
Similar to the proof of Theorem 5.1, we let (A.10) and (A.11) hold. If 0 < wy < oo,
then we choose #(s) as (A.12) where

g (5) = tey (5) = V2sin wos.
Then,

Ruwouwo (t) = cos (woT)

and

00 ) | p = Rty © =11

Also, we have

Sty g (j©) =7 (8.(w = wp) + 8 (@ + wo)) .

Then, by (A.18), we have

S”sus(jw) = ¢(Jw) Suwo Uay (JC()) ¢H (JC()),
from which it follows that

1
llp = 5 | trace (Suu (j0)) do
—00

o0

— % f trace ((]b() )Suwo”wo (Jw) (PH(J )) dw

1 oo
= 3 J St ()0 ) ¢ o)

2 (¢ o) (jon) + 9 (<jon) ¢ (<jou)
1.
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Step 2. Showing the equality relation in (A.16)
With u(s) = us(s) and by using (A.10), we have

trace (G (jo) Sy, (j) GH (jw)) do

N
5] -

I
)
g~
é%g é%éﬂ é;@

I G(s)u(s) |13 =

trace (G (o) () Suuya, (10) 8" (j0) G () ) dv

Suagiiog (109" (j0) G (jo) (G (jo) (j)) dew

[\
g~

[¢" (jwo) G" (jwo) (G (jewo) b (jeoo))
+ 9" (—jwo) G (<jwo) (G (<jwo) ¢ (—jwo))]
= [¢ (j0) G™ (jewo) (G (jo) B (jewo))]

_ 2
_Jmax

= 1GOI%, .

SR

The case wy = 00 can be treated similarly. The proof is finished.

A.4 Proof of Theorem 6.11
A.4.1 Necessity

Let ¢ € R satisfy det(i¢7 — A) # 0 and consider the input
u(t) = exp(i¢ t)up,

with #y € R”. Then, it can be shown that the corresponding state response is
given by

x(¢) = exp(i¢ 1) (it I — A) "' Bug.
In fact, with x(#) given earlier, we have

Ax + Bu = [Aexp(i¢ 1) (it ] — A~ + exp(i¢ 1) ] Bug
= [AGtT — A" + I] exp(i¢ ) Bug
= it (it I — A) ™" exp(i ) Buy,
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and
5(t) = (exp(iL 1) (i I — A~ Bug)'
= (exp(i¢#))' (i1 — A)~' Buy
= i¢ exp(i¢ £) (it I — A) "' Bug
= Ax + Bu,
thus this x(#) is a state response of the system. Further, the corresponding output is
¥(£) = Cx(2) + Du(2)
= Cexp(ic 1) (it I — A) "' Bug + Dexp(ict)ug
= exp(i 1) G (i Yuo.
With this pair of system input and output, we have

exp(ic )G (i | [explic )G ig)ug
s(u,y) = ) .
exp(i t)ug exp(i¢ t)up

1 1

oH .
— [G(’O} Q [G(Zﬂ " (A.19)

aH .
— exp(=iC #) expli¢ Dubl {G(ZC)} Q [G(Zg)} ”

7 7

which happens to be a constant for all time € R.
For "> 0, we further have, using (A.19),

T T G(it) H G
js<u<z>,y<r>>dr=juoH[ f] Q[ (f)] uode
0 0

. H .
— il [G(f)] Q [G(f)] 0.

Since up and 7" > 0 are arbitrary, the relation (6.29) clearly implies

. H .
[G(;o} Q[G(;f)}zo, Ve eR. (A.20)
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A.20 can be easily shown to be equivalent to (6.33). In fact, using the maximum
modulus principle (Lemma 2.14), we have

[G(zc)} [G([zz)] -0, VreR
( G( G(;()]) -0, VeeR
( Gf) G(S)D >0, VseCT

[G@]H Q] z0wecr.

< Omin

< Omin

A.4.2 Sufficiency

Let the relation (6.33) hold, hence (A.20) holds. Since the system is controllable,
for an arbitrary positive number 7', there existsa control # which transfers x(0) = 0
to x(7") = 0 within the time interval [0, T]. Without loss of generality, we may
assume that

w(t) =0, x(t)=0, whent<Oandz> 7. (A.21)
Hence,
y(#) =0, whens>T. (A.22)
On the other'hand, we have
Y(it) = C(li¢ — A)~'BU(i¢) = G(it)U(ic). (A.23)

Premultiplying by UM (i¢) and postmultiplying by U (i¢) both sides of (A.20), and
using the relation (A.23), gives

o) 17 [Y )
ol o[ veer 420

Let

Ve
Vi) = [ UE?)] ,

then (A.24) is equivalent to
Vi)'QV(ic) =0, Vi eR.
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Taking integration yields

+00
) 1 . H .
(Vi)q =5 | VEorQvinds = o.
—00
Define the inverse Laplace transform of V' (s) as follows:

= e =01, (1.25)

and using the generalized Parseval lemma (Lemma 2.16), we have

+00
1
v())q = 5 | v0" Quode = LV (i5)] g2 0. (A.26)
0

Further, noticing (A.25), (A.21), and (A.22), we have

+0o0 +ool:

f v T Qu(r) dr =

0

which, together with (A.26), clearly implies (6.29).

A.5 Direct Proof of Theorem 6.15

The bounded-real lemma was proved in Section 6.5 based on a result for dissipativity.
Here, we give a direct proof, which makes use of Parseval lemma and Theorem 5.1.
Using the well-known Parseval lemma, we have

+00 %

y©llz = ly@1l2 = (f )/H(t)y(t)dt) , (A27)
0
+o0 2

l#()ll2 = (D)2 = f dH(u(nde | (A.28)
0

On the other hand, since

y(8) = G(5)uls),
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we have, following Corollary 5.1,
ly@llz2 < 1GG) oo llz(s) 2. (A.29)
A.5.1 Necessity

Now suppose that the linear system (6.27) is nonexpansive, then by definition we
have for arbitrary 7 > 0, that

T T
ey = [ @ue) dr (A.30)
0 0

Specially taking 77 — 400 in the aforementioned relation yields

—+00 +00
I)/H(t))/(t) dr < j (B u(s) de. (A.31)
0 0

With the help of (A.27) and (A.28), we get from (A.31),

ly@ll2 = lus)ll2- (A.32)

On the other hand, it follows from Theorem 5.1 (and also its proof in Section
A.2) that || G(5)]| o is the least upper bound of

IG()uls)
()12

Therefore, for arbitrary € > 0, there exists a #¢ (s) € H» such that

G ()ue(s) 2

= |G|l — €. A.33
ll24e (5112 16Ol ¢ (A.33)

Denote the output corresponding to #c(s) as ye(s), then

Je (5) = G()ue(s),

and we can get from the relation (A.33) the following relation

e,
[ZXOIE

Since (A.32) holds by assumption, we also have

=Gl — €. (A.34)

e@lz _

A.
Ol (A.35)



410 ® Appendix A: Proofs of Theorems

Combining the aforementioned two relations gives
[G@lloe =1 +e.

Note that € can be chosen arbitrarily small, we thus have || G(5)|| o, < 1, that s, the
transfer function of system (6.27) is bounded-real.

A.5.2  Sufficiency

Suppose that the transfer function of system (6.27) is bounded-real, then it follows
from Proposition 6.3 that (6.48) holds. This gives, in view of (A.29), the relation
in (A.31).

Based on the pair of system input #(#) and output y(¢) satisfying (A.31), define,
for arbitrary 7" > 0, the following new system input

. , T
) = {g(t) f T

and define the corresponding output y(z) by
36) = L7 56O = Gu(s),

then we have for this pair of system input and output the following relation:

+o0 +oo
[Feimd = [ @@ dn (A.36)
0 0
Note that
T T
f 0y dr = f FH(@)5(r) de (A.37)
0 0
and
+00 T
j @) de = juH(t)u(t) ds, (A.38)
0 0

we finally have from (A.36) that the relation in (A.30) holds for arbitrary 7 > 0,
that is, the linear system (6.27) is nonexpansive. The proof is then completed.
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A.6 Proofs of Lemmas 7.3 and 7.4

Letting
ES 1
Z_M, y_[yd]’

we can convert the second-order linear system (7.51) into the following extended
first-order state-space model

z = A,z + Bu
{)/ = C,z, (A.39)
where
0 I 0 .
A= [—Az‘ 'Ay —AZ_IAJ » Be= |:A2_1 B] ,  Cy= diag(C), Cy). (A.40)

A.6.1 Proof of Lemma 7.3

To prove this lemma, we need the following two results.

Lemma A.3 (Duan et al. 1989) A matrix A€ R"*” is Hurwitz stable if
A+ AT <o.

This result can be easily deduced from the main result in Section 7.5.2.
Here, we present a different proof.

Proof + Let A be an eigenvalue of 4, x be a corresponding eigenvector, then we have
Ax = Ax.
Premultiplying both sides of the aforementioned equation by x!! yields
xHAx = axty. (A.41)
Taking complex conjugate of (A.41) and adding it to (A.41) gives

AT + Ax = 0+ 1)t
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Thus, AL + 4 < 0 implies

A+ A
Re L(A) = % <0.

This completes the proof. |

Lemma A.4 (Duan et al. 1989) Let A € R”*”, E € §” and £ > 0. Then, the
matrix £A is Hurwitz stable if

A+ AT <o, (A.42)

and the matrix pair (E4, C) is observable, where

CTC=—UA+ 4. (A.43)

Proof It can be easily verified that the following Lyapunov equality
P(EA) + (EATP=—-CTC <0,

has a solution 2 = E~! > 0. Then, matrix EA is Hurwitz stable in view of the
Lyapunov stability theory. n

With the help of the aforementioned lemmas, we can give a proof of Lemma 7.3

as follows.

Proof of Lemma 7.3

The second-order linear system (7.51) is Hurwitz stable if and only if 4, in (A.40)
is Hurwitz stable. Thus, we only need to prove the Hurwitz stability of 4,.
Partition the matrix A, as

where

-1
0 0 Ay
E=|"0 , A= .
[0 Azl} [—Ao —AJ

Then, we can verify that £ > 0, and

+ o 0

in view of (7.54).
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On the other hand, there exists a nonsingular matrix G satisfying GTG =
Aq +A1T > 0. Letting
c=[0 G|,
then we have
A+ AT =-C"cC.
Furthermore, in view of rank(4; '40) = n, rank(G) = n, there holds
oy sl -/
rank |:S c e] = rank Az_lAO sl +A2_1A1 =2n VseC. (A.44)
0 G
Thus, (4., C) is observable. Therefore, the conclusion follows from Lemma A.4.

A.6.2 Proof of Lemma 7.4

To prove this lemma, we suffice to show the following three results.

LemmaA.5 Given P € S”, P >0, the following conclusions are equivalent:

1. P+ AP > 0.
2. det(P + rAP) #0,Vr € (0,1].
3. L(PTIAP) > —1.

Proof  First we show the equivalence between the first two conclusions.
Let P+ AP > 0, then
P+ AP=r(P+AP)+ (1 —nP >0, Vre(0,1],

which means det(? + »rAP) # 0, Vr € (0,1].
Conversely, denote

f(r) =det(P+rAP), gi(r) =1 (P+rAP), i=12,...,n,

then functions f(r) and g;(r), i = 1,2,. .., n, are both continuous in the interval
r € (0, 1]. If the second conclusion holds, then

f(@) #0, Vre(0,1],
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which implies
gi(r)#0, i=12,...,n, VYre(0,1].

Furthermore, we know ¢;(0) = A;(P) > 0, then due to the continuity of g;(r), we
have

gi(r)>0, i=12,...,n, Vre(0,1].

Specially letting » = 1 yields the first conclusion.
Next, we prove the equivalence between the second and the third conclusions.
For arbitrary » € (0, 1],

det(P + rAP) # 0 <= det(/ + rP"'AP) #0
1
— M(PTIAP) £ ——
r
— 1(PTIAP) > —1.

With this we complete the proof. [ |
LemmaA.6 Let P > 0, then P+ AP > 0 if Apin(P) > ||AP]],.

Proof  In view of Lemma A.5; we have

Amin(P) > [|AL]l; = omin(P) > AP,
1
Omax(P~1)
= omax(PTIAP) < 1
= p(P7'AP) < 1
= Amin(PT'AP) > —1
= P+ AP > 0.

> Omax(AP)

Then, we complete the proof. n

LemmaA.7 GivenP? > 0,P+ AP > 0 if
eVl < dmin(P),
where / is the number of the nonzero elements of matrix AP, and

b AP =[Ap]

&= max{|Apl-j

nxn'
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Proof  In view of Lemma A.6, we have

8\/2 < Amin(P?) = [AP|lp < Amin(P)
= [[APll; < Amin(P)
= P+ AP > 0.

Thus, the conclusion holds. [ |

With the help of Lemmas 7.3, A.6, and A.7, we can prove Lemma 7.4 easily.
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Appendix B: Using the
MATLAB® LMI Toolbox

LMIs have been shown to provide a powerful control design tool. For solution
of LMIs, there are basically two types of effective methods, namely, the ellipsoid
methods and the interior point methods.

Based on the interior-point method, Gahinet, Nemirovskii, and some other
researchers produced a software package called LMI Toolbox, which is for use with
MATLAB®. This LMI toolbox is designed to assist control engineers and researches
with a user-friendly interactive environment. Through this environment, one can
specify and solve many often encountered engineering problems involving LMIs.

In this appendix, we have given a very brief introduction to the MATLAB LMI
toolbox to help the readers to get a quick start. For a much more detailed description,
one needs to refer to the User’s Guide for LMI Control Toolbox by Gahinet et al.
(1995). One can also check with the help document for LMI Lab from the MATLAB
window following the procedure:

Help — Product Help — Robust Control Toolbox — LMI Lab.

This is convenient when you are really working on some LMI problems with
MATLAB since it provides you with a sort of online help environment.

As is all know, for usage of a particular MATLAB command in the LMI
toolbox, one can simply check with the help message in the command file simply
by typing in the MATLAB working window “help M-file name.”

B.1 How to Describe LMIs?
The LMI toolbox can handle any system of LMIs of the form
NTLX, ..., Xgk)N < MYR(X, ..., Xp)M,
where X1, ..., Xk are the decision variables, L(X3,...,Xx) and R(X1, ..., Xx) are

linear functions and M, NN are matrices of appropriate dimensions.

417
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The specification of an LMI system involves two steps:

1. Declare the dimensions and structure of each matrix variable.
2. Describe the term content of each LMI.

There are two ways of generating the internal description of a given LMI system:

m Command-based description by a sequence of lmivar/lmiterm
commands that build it incrementally

m LMI editor description via the lmiedit where LMIs can be specified
directly as symbolic matrix expressions

B.1.1 Command-Based Description

The description of LMI problems in the MATLAB LMI toolbox involves several
MATLAB commands.

setlmis

The description of an LMI system should begin with set1lmis and end with
getlmis. The function setlmis initializes the LMI system description. It can
be used in the following two ways:

m setlmis ([]): Resets the internal variables used for creating LMIs so that
one can create a new system of LMIs.

m setlmis(lmisys0): Uses an existing LMI system 1misysO as the
starting point for creating a new system of LMIs. Subsequent commands will
add to the LMI system 1misysO to construct a new set of LMIs.

getlmis
When the LMI system is completely specified, type
Ilmisys = getlmis

This returns the internal representation 1misys of this LMI system. The command

getlmis must be used only once and after declaring all the matrix variables and
all the LMI terms.

lmivar

After initializing the description with the command set1lmis, the matrix variables
are declared one at a time with lmivar and are characterized by their structure.
The function Imivar can be used as follows:
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m X = lmivar(type, struct) adds a new matrix variable X to the
LMI system currently specified. You can use the identifier X for subsequent
references to the variable X in calls to Imiterm.

m [X,ndec,xdec] = lmivar (type, struct) alsoreturnsthe total
number of decision variables associated with X, ndec, and the entry-wise
dependence of X on these decision variables, xdec.

In command 1mivar, the first input specifies the structure type and the second
input contains additional information about the structure of the variable:

Inputs:
type: Structure of X, which takes values of 1, 2, or 3, as defined next:

When type = 1, X is symmetric block diagonal.
When type = 2, Xis full rectangular.
When type = 3, X takes some other form.

struct: Additional data on the structure of X, which varies with the
variable type as follows:

i. When type = 1, this second input struct is a matrix with
two columns and as many rows as diagonal blocks. The first
column lists the sizes of the diagonal blocks and the second column
specifies their nature with the following convention:

1 stands for full symmetric block.
0 stands for scalar block.
-1 stands for zero block.

ii. Whentype = 2,struct = [m,n] if Xisanmxn matrix.
iii. When type = 3, struct is a matrix of the same dimension
as X, where each entry is
0ifxX(i,3) = 0.
+n if X(i,J) = nth decision variable.
-nif X(i,3j) =(—1) x nth decision variable.
Outputs:
X: Identifier for the new matrix variable. Its value is £ if £# — 1 matrix
variables have already been declared. This identifier is not affected by
subsequent modifications of the LMI system.

nedc: Total number of decision variables.

xdec: Entry-wise dependence of X on the decision variables.

lmiterm

lmiterm(termid, A, B, flag) addsone term to some LMI in the LMI system
currently specified.
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Inputs:
termid: four-entry vector specifying the term location and nature.
i. The first entry specifies which LMI.

+n: Left-hand side of the #th LMI.
-n: right-hand side of the nth LML

ii. The next two entries state which block. For outer factors, set
termid (2:3) = [0 0]; otherwise, set termid (2:3) = [1i
j1 if the term belongs to the (1, ) block of the LMI.

iii. The last one is what type of term.
0: Constant term.
X : Variable term AXB.
-X: variable term AXTB.
In the earlier points, X is a matrix variable by 1mivar.

A: Value of the outer factor, constant term, or left coefficient in variable
terms AXB or AXTB.

B: Right coefficient in variable terms AXB or AX| B.

flag: Quick way of specifying the expression AXB+(AXB) Tina diag-
onal block. Set flag = ’s’ to specify it with only one Imiterm
command.

Two examples are given as follows:
Example B.1
Given
m=[ 000 2= 23] m=[Ter 39)
describe the following LMIs in MATLAB:
ATP+PA; <0

ATP+PA; <0

ATP+PA; <0
I <P.

The MATLAB file for solving the aforementioned problem is given as follows:

% specify parameter matrices

Al = [-1 2;1 -31; A2 = [-0.8 1.5;1.3 -2.71;
A3 = [-1.4 0.9;0.7 -2.01;

% define the LMI system



setlmis ([]

)
P = Imivar (1, [2 11); % declare the LMI variable
Imiterm ( [1 1 1 P],1, Al, ’'s’); % #1 LMI, left-hand side
Ilmiterm 211 P1,1, A2, 's’); % #2 LMI, left-hand side
3 11P],1, A3, ’'s’); % #3 LMI, left-hand side

Imiterm -4 11 P],1,1); % #4 LMI, right-hand side
[4 11 0],1); % #4 LMI, left-hand side

Imisl = getlmis; %$finishing description

[
(I
Imiterm ( [
(I
(

Imiterm

Example B.2

Given

describe the following LMIs in MATLAB:

ATX4+ XA+ Q XB
BTx -1 <0

0<X
0<Q.

The MATLAB file for solving the aforementioned problem is given as follows:

% specify parameter matrices

A= [-1-21;3 2 1;1 -2 -1]1; B = [1; 0; 171;

% define the LMI system

setlmis ([]) %initialing

X=1lmivar (1, [3 1]); % declare the LMI variable

Q=1mivar (1, [3 1]); % declare the LMI variable
[111X],1, A, 's’); % #1 LMI, the (1,1) block

Imiterm [11109],1,1); % #1 LMI, (1,1) block

] -

Imiterm (
(
Imiterm ( [1 2 2 0],-1); % #1 LMI, the (2,2) block
(
(
(

Imiterm ([1 2 1 X],B’,1); % #1 LMI, the (2,1) block
Imiterm ([-2 1 1 X1,1,1); % #2 LMI, right-hand side
Imiterm [-31109],1,1); % #3 LMI, right-hand side

Ilmis2 = getlmis; % finishing description
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B.1.2 LMI Editor Description

The LMI editor Imiedit is a graphical user interface (GUI) to specify LMI
systems in a straightforward symbolic manner. Typing

Imiedit

calls up a window with several editable text areas and various push-buttons. To

specify your LMI system,

1. Declare each matrix variable (name and structure) in the upper half of
the worksheet. The structure is characterized by its type and by an addi-
tional “structure” matrix. This matrix contains specific information about the
structure and corresponds to the second argument of Imivar.

2. Specify the LMIs as MATLAB expressions in the lower half of the worksheet.

Though somewhat less flexible and powerful than the command-based descrip-
tion, the LMI editor is more straightforward to use, hence particularly well-suited
for beginners. Thanks to its coding and decoding capabilities, it also constitutes a
good tutorial introduction to Imivar and lmiterm.

B.2 How to Modify LMIs?

Once specified, a system of LMIs can be modified in several ways with the functions
dellmi, delmvar,and setmvar.

dellmi

The first possibility is to remove an entire LMI from the system with del1mi. The
format is as follows:

newsys = dellmi (lmisys, 1lmid)

It removes the LMI with identifier 1mid from the system of LMIs described in
Imisys. 1lmid is the ranking of the LMI in the LMI system initially created with
setlmis/getlmis. To easily keep track of LMIs after deletions, set 1mid to
the identifier returned by newsys when this LMI is created.

delmvar

Another way of modifying an LMI system is to delete a matrix variable, that
is, to remove all variable terms involving this matrix variable. This operation is
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performed by delmvar. Note that delmvar automatically removes all LMIs
that depended only on the deleted matrix variable. The format is as follows:

newsys = delmvar (Imisys,xid)

It deletes the matrix variable with identifier xid from the LMI system 1misys.
The updated LMI system, newsys, is returned. For safety and to easily keep
track of modifications, set xid to the value returned by 1mivar when the matrix
variable was created.

setmvar

The function setmvar is used to set a matrix variable to some given values. As a
result, this variable is removed from the problem and all terms invelving it become
constant terms. The format is as follows:

newsys = setmvar (lmisys,xid, xval)

It sets the matrix variable with identifier xid to the value xval. All LMI terms
involving this matrix variable are evaluated and added to the constant terms. Since
setmvar does not alter the variable identifiers, the remaining matrix variables can
still be referred to by their original identifier.

Inputs:
lmisys: Array describing the system of LMIs.
x1d: Identifier of the variable matrix to be set.
xval: Matrix value assigned to the matrix variable xid (a scalar ¢ is
interpreted as # * /).
Output:
newsys : Updated description of the LMI system.

B.3 How to Retrieve Information?

Recalling that the full description of an LMI system is stored as a single vector
called the internal representation, the user should not attempt to read or retrieve
information directly from this vector. Three functions called lmiinfo, lminbr,
and matnbr are provided to extract and display all relevant information in a
user-readable format.

Imiinfo

Lmiinfo is an interactive facility to retrieve qualitative information about LMI
systems. This includes the number of LMIs, the number of matrix variables and
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their structure, the term content of each LMI block, etc. To invoke 1miinfo,
enter

Imiinfo (Ilmisys)

where 1misys is the internal representation of the LMI system produced by
getlmis.

lminbr and matnbr

These two functions return the number of LMIs and the number of matrix variables
in the system. To get the number of LMIs in LMI system 1misys; for instance,
enter

nlmis = lminbr (lmisys)
To get the number of matrix variables in LMI system 1misys, type
[nmvars,varid] = matnbr (lmisys)
or
nmvars = matnbr (lmisys)
where nmvars is the number of matrix variables, and varid is the vector of

matrix variable identifiers in the LMI system 1misys.

B.4 How to Convert between Decision
and Matrix Variables?

While LMIs are specified in terms of their matrix variables Xi, ..., X}, the LMI
solvers optimize the vector x of free scalar entries of these matrices, called the decision
variable. The two functions mat2dec and dec2mat perform the conversion
between these two descriptions of the problem variables.

mat2dec

Commandmat2dec constructs decision variables vector from values of the matrix
variables in the LMI systems. The format of this function is

xdec = mat2dec(lmisys,x1l,x2,...,xn)
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Inputs:
lmisys: The LMI system.

x1,x2,...,xn: The particular values of the matrix variables
X1,X2,...,%X3 of system lmisys. mat2dec accepts up to 20
matrix variables. An error is issued if some matrix variable remains
unassigned.

Outputs:

xdec: The decision variables from matrix variable values.

dec2mat

Command dec2mat extracts matrix variable value from vector of decision
variables. The format of this function is

X = dec2mat (lmisys, xdec,xid)

Inputs:
lmisys: The LMI system.

xdec: The vector of decision variables.

xid: The identifier of matrix variable of LMI system 1misys.

Outputs:
X: The corresponding values of matrix variables with the identifier xid.

B.5 How to Solve LMIs?

With the MATLAB LMI toolbox, one can solve three types of basic LMI problems
with commands feasp, mincx, and gevp, respectively.

B.5.1 feasp Command
The function feasp solves the feasibility problem, that is, Problem 3.7, which can
be stated as follows.
Find a solution x € R” satisfying the following LMI problem
A(x) < B(x).
The corresponding function in MATLAB is

[tmin,xfeas] = feasp(lmisys,options, target)
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which solves the feasibility problem defined by the system Imisys of LMI
constraints. When the problem is feasible, the output xfeas is a feasible value
of the vector of (scalar) decision variables. The format is as follows:

Inputs:

Imisys: Array describing the system of LMI constraints.

options: (optional) Five-entry vector of control parameters. Default
values are selected by setting options (7)=0:

options (1) : Not used.

options (2): Maximum number of iterations (default = 100).

options (3): Feasibility radius R. R > 0 constrainsx tox x <
R? (default = 10%). R < 0 means “no bound.”

options (4): When set to an integer value L > 1, forces ter-
mination when # has not decreased by more than 1% over the last
L iterations (default = 10).

options (5): When nonzero, the trace of execution is turned

off.

target: (optional) target for tmin. The code terminates as soon as r <
target (default = 0).

Outputs:

tmin: Value of # upon termination. The LMI system is feasible if and
only if tmin < 0.

xfeas: corresponding minimizer. If tmin < 0, xfeas is a feasible
vector for the set of LMI constraints.

Given a feas

ibility problem of the form A(x) < B(x), feasp solves the auxiliary

convex programming:

min ¢
s.t. A(x) < B(x) + .

The system of LMIs is feasible if and only if the global minimum tmin is negative.
The current best value of ¢ is displayed by feasp at each iteration.
The following example illustrates the use of the feasp solver.

Example B.3

Find a positive definite symmetric matrix P such that the LMIs in Example B.1

hold.

The MATLAB commands for the LMI description (step 1) are given in Example
B.1. Here, we only write the commands for the feasibility problem (step 2).
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Step 2. Solve this LMI problem and use dec2mat to
get the corresponding matrix P
solve the feasibility problem

tmin,xfeas] = feasp(lmisl);
extract the matrix P from the decision variable xfeas

= dec2mat (1lmisl, xfeas, P);

o — 0 o° o°

d

B.5.2 mincx Command

The function mincx solves the convex minimization problem, that is, Problem
3.8, which has the following form:

min  clx
X

s.t.  A(x) < B(x),

where
x € R” is the vector of decision variables

c € R” isa given vector

The corresponding function in MATLAB is

[copt,xopt] = mincx(lmisys,c,options,xinit, target)

Inputs:

Imisys: Description of the system of LMI constraints.

c: Vector of the same size as x. Use defcx to specify the objective ¢l x

directly in terms of matrix variables.
options: (optional) Is similar to that in feasp.
xinit: (optional) Initial guessforx ([] if none, ignored when unfeasible).

target: (optional) Target for the objective value. The code terminates
as soon as a feasible x is found such that c'x < target. (default =

—1029).

Outputs:
copt: Global minimum of the objective ¢! x.

xopt: Minimizing value of the vector x of decision variables.

The following example illustrates the use of the mincx solver.
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Example B.4
Given the following linear system

{)’(:Ax+82u+31w

z=Cx+ Du,
where
-3 =2 1 2 0
A= 1 2 11, Bi=|0|, By=|0 2],
1T =1 -1 1 0 1

1T 0 1
C‘[o 1 o]' D=1,

design a state feedback control law u = Kx and find the minimal positive scalar
¥min such that the closed-loop transfer function matrix satisfies |Gz ()2 < Ymin.

According to (8.16), the Hy control problem with minimum disturbance
attenuation level ymin can be turned into ‘the following convex minimization
problem:

min P
X, Z,W,p
st. (AX+BW)T +AX + B,W + BBl <0
£z CX +DW
[(CX +ow)T X } <0

trace (£) < p,

where X, W, and Z are matrix variables to be solved, and the minimal value of ,/p
equals t0 Ymin-
The MATLAB file for solving the aforementioned problem is given as follows:

% Step 1. Describe this LMIs in MATLAB

% specify parameter matrices

A=[-3-21;12 1;1 -1 -1]; B1L = [1; 0O; 171;

B2 = [2 0;0 2;0 1]; C = [1 0 1;0 1 0]; D = eye(2);
% define the LMI system

setlmis ([]) % initialing

% declare the LMI variable

X = lmivar(l, [3 11); W = lmivar(2,[2,31);

7 = lmivar(1l, [2 1]); rou = lmivar(l, [1 11);
% #1 LMI, left-hand side

Imiterm ( [1 1 1 X],A, 1, 's’);
Imiterm ( [1 1 1 W],B2, 1, ’'s’);
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Imiterm ( [1 1 1 0],B1l*B1l");

% #2 LMI, left-hand side

Ilmiterm ( [2 1 1 z],1,-1); % the (1,1) block

Imiterm ( [2 1 2 W],D,1); % the (1,2) block
([212X],C,1); % the (1,2) block

Imiterm ( [2 2 2 X],1,-1); % the (2,2) block

% #3 LMI, left-hand side

Imiterm ( [3 1 1 Z],[1 01,[1 01");

Imiterm ( [3 1 1 Z],[0 11,[0 11");

% #3 LMI, right-hand side

Imiterm ( [3 1 1 roul,1l,-1);

Imis3=getlmis; % finishing description

1miterm

% Step 2. Solve this LMI problem and use dec2mat to get the
% corresponding matrix X

Q

c = mat2dec(lmis3,0,0,ones(2)); % obtain vector ¢
[copt,xopt] = mincx(lmis3,c); % solve the

optimization problem

X = dec2mat (lmis3,xopt,1l); % extract matrix X
W = dec2mat (lmis3,xopt,2); % extract matrix W
7Z = dec2mat (1lmis3,xopt,3); % extract matrix Z
K = Wxinv(X); % get the feedback gain

By the LMI Toolbox in MATLAB, we obtain the controller gain matrix

K = =1.0000 —0.0000 —1.0000
7 | —0.0000 —1.0000 0.0000 |-

B.5.3 gevp Command

The function gevp solves the generalized eigenvalue problem, that is, Problem 3.9,
which has the following form:

mi}r} A

st A(x) < AB(x)
0 < B(x)
C(x) < D(x).

The corresponding format in MATLAB is

[tmin, xopt] = gevp(lmisys,nlfc,options,t0,x0, target)
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Inputs:
Imisys: Description of the system of LMI constraints.
nlfc: Number of linear fractional constraints (LMIs involving 7).
options: (optional) Is similar to that in feasp.
t0, x0: (optional) Initial guesses for 7, x (ignored when unfeasible).

target: (optional) Target for tmin. The code terminates as soon as ¢
falls below this value (default = —10°).
Outputs:

tmin: Minimal value of z.

xopt: Minimizing value of the vector x of decision variables.

Example B.5
Consider the following optimization problem

min  «o
X
st. I<P
ATP+PA <aP
AJP+PA; < aP
ATP+PAT < aP,

where Ay, Ay, and A3 are given in Example B.1.

The MATLAB file for solving the aforementioned problem is given as follows:

%Step 1. Describe this LMIs in MATLAB

% specify parameter matrices

Al = [-1 2;1 -3]; A2 = [-0.8 1.5;1.3 -2.71;
A3 = [=1.4 0.9;0.7 -2.01;

% define the LMI system

setlmis ([]) % initialing

P = lmivar (1, [2 1]); % declare the LMI variable
Imiterm ([1 1 1 0],1); % #1 LMI, left-hand
)

Imiterm ([-1 1 1 P],1,1); % #1 LMI, right-hand
Imiterm ([2 1 1 P],1, Al, ’'s’); % #2 LMI, left-hand
Imiterm ([-2 1 1 P],1,1); % #2 LMI, right-hand
Imiterm ([3 1 1 P],1, A2, ’'s’); % #3 LMI, left-hand
Imiterm ([-3 1 1 P],1,1); % #3 LMI, right-hand
Imiterm ([4 1 1 P],1, A3, ’'s’'); % #4 LMI, left-hand
Imiterm ([-4 1 1 P],1,1); % #4 LMI, right-hand

Imis4 = getlmis % finishing description
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%$Step 2. Solve this LMI problem
[aa,xopt] = gevp(lmis4,3);

B.6 How to Validate Results?

The LMI toolbox offers two functions to analyze and validate the results of an LMI
optimization.

evallmi

The function evallmi evaluates all variable terms in an LMI system for a given
value of the vector of decision variables, for instance, the feasible or optimal vector
returned by the LMI solvers. The format of this function is

evalsys = evallmi (lmisys,xdec)

where
1lmisys is a created LMI system
xdec is the vector of decision variables

Recall that decision variables fully determine the values of the matrix variables. The
“evaluation” consists of replacing all terms involving the matrix variables by their
matrix value. The output evalsys is an LMI system containing only constant
terms. The matrix values of the left and right sides of each LMI are then returned
by showlmi.

showlmi

Once the function evallmi is performed, the left- and right-hand sides of a
particular LMI are returned by showlmi.

[lhs, rhs] = showlmi (evalsys,n)

Inputs:
evalsys: Array describing the set of evaluated LMIs (output of
evallmi).
n: Label of the selected LMI as returned by newlmi.
Outputs:
lhs: The left-hand-side value of the nth LMI in the LMI system
Imisys.
rhs: The right-hand-side value of the nth LMI in the LMI system
Imisys.
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