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Preface

The Fall 2018 graduate-level EE221A Linear Systems Theory course, offered by Professor Yi Ma
in the Department of Electrical Engineering and Computer Sciences (EECS) at the University
of California, Berkeley, included content largely drawn from the following sources:

e Tomlin, Claire. Lecture Notes on Linear Systems Theory [10].

e Ma, Yi. Lectures Notes on Linear System Theory [T].

Callier, Frank and Desoer, Charles. Linear System Theory [4].

Sastry, Shankar. Nonlinear Systems: Stability, Analysis, and Control [9]

Liberzon, Daniel. Calculus of Variations and Optimal Control, A Concise Introduction
[6]
Yung, Chee-Fai. Linear Algebra, 3rd Edition. [11]

Yung, Chee-Fai. Lecture Notes on Mathematical Control Theory. [12]

The following collection of notes represents my attempt to organize this ensemble of
linear systems-related material into a friendly introduction to the subject of linear systems. The
chapters contain collections of lectures in Professor Claire Tomlin’s Lecture Notes on Linear
Systems Theory [10], presented in roughly the same order, with the exception of Lecture 11
(Linear Quadratic Regulator), which has been relocated to the end of the text. Chapter 1
contains content from Lecture 1, which gives an introduction to linear systems. Chapter 2
includes material from Lectures 2-6, and primarily reviews concepts in linear algebra, such as
fields, vector spaces, linear independence and dependence, linear maps and matrix representations,
norms, orthogonality, inner product spaces, adjoint maps, projection, least squares optimization,
and the singular value decomposition. Chapter 3 was organized from Lectures 7-10, and
formally introduces dynamical systems and their properties, beginning with the Fundamental
Theorem of Differential Equations, particular classes of dynamical systems (linear, non-linear,
time-invariant, time-varying), and concluding with properties of the matrix exponential and an
inverted pendulum example. Chapter 4, compiled from material in Lectures 12-15, discusses
notions of stability, as well as necessary and sufficient conditions for these different definitions
of stability. Chapter 5, which spans Lectures 16-22, defines controllability, observability,
stabilizability, and detectability, and explores different criteria that different types of systems
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6 CONTENTS

must satisfy in order to be controllable, observable, stabilizable, and/or detectable. Chapter 6
discusses the Linear Quadratic Regulator, the subject of Lecture 11, as well as the Hamilton-
Jacobi-Bellman Equation, as discussed in Chapter 2 of [6]. Finally, appendices including the
Basic Lypaunov Theorem and other stability theorems for non-linear systems, among other
material, have been added, partly for completeness, and partly to interest readers in more
advanced topics in control theory. This material originates largely from Chapter 5 of [9].

These notes have several possible shortcomings. To minimize the reader’s confusion, I
have attempted to unify the notation used in the references cited above, and correct most of the
typos in the text. Nevertheless, it is inevitable that minor errors or inconsistencies in notation
remain scattered throughout the notes (Readers have discovered such mistakes are welcome to
contact me at chihyuan_chiu@berkeley.edu). Regarding the material itself, Professors Yi Ma
and Claire Tomlin often gave useful remarks in their lectures that were not included in their
written notes. Although I have added as many of these comments into the notes as possible, it is
certain that I have missed many others. Moreover, some supplementary material from the Fall
2017 EE221 Linear Systems Theory course were omitted, since I found the material to be similar
to content already included. (e.g. Somil Bansal’s ”Special Lecture on the Linear Quadratic
Regulator,” which discusses dynamic programming solutions to the finite LQR problem, and
Dr. Jerry Ding’s 7 Alternative Derivation of Linear Quadratic Regulator,” which describes how
the Pontryagin Minimum Principle can be applied to solve the linear quadratic optimization
problem.) My inexperience with the subject of linear systems may also have contributed towards
errors in the notes. Nonetheless, it is my hope that the text remains a useful, introductory
reference to readers studying linear systems theory for the first time.

It is an honor for me to dedicate these notes to the following individuals. Naturally,
without the carefully prepared lectures and handouts given by Professor Yi Ma, and the
painstakingly detailed notes and figures organized by Professor Claire Tomlin, this work would
not exist. I would also like to acknowledge Professors Shankar Sastry, author of ”Nonlinear
Systems: Stability, Analysis, and Control” [9], and Professor Daniel Liberzon, author of
”Calculus of Variations and Optimal Control, A Concise Introduction” [6], for their time and
effort into compiling these works, which serve as the foundation of most of the material in the
last chapter and appendix. Somil Bansal, the Graduate Student Instructor for this course in
the Fall semester of 2018, deserves gratitude not only for meticulously preparing the discussion
notes included in this text, but also for taking the extra effort to arrange office hours, and
organize midterm and final discussion sessions. My appreciation extends to Professor Chee-Fai
Yung, who first sparked my interest in control theory, and who graciously allowed me to use
sections of his lectures notes in this work. I would also like to acknowledge my fellow classmates
in this course, many of whom provided helpful suggestions throughout the semester. Lastly, I
would like to thank my parents for their unending support and encouragement.

Chih-Yuan Chiu

University of California, Berkeley

Department of Electrical Engineering and Computer Sciences
December 2018



Notation

The following notation will be employed throughout this text:
N : Set of all positive integers
Z : Set of all integers’
Q : Set of all rational numbers
R : Set of all real numbers, i.e. the real line
C : Set of all complex numbers
C~ : Set of all complex numbers with a (strictly) negative real part
C- : Set of all complex numbers with a non-positive real part
CY : Set of all purely imaginary numbers
C* : Set of all complex numbers with a (strictly) positive real part
C+ : Set of all complex numbers with a non-negative real part
€: Is an element of (Is contained in)
V: For each (for all)
3: There exists
d!: There exists a unique
d7: Does there exist
5: Such that
A= B: A implies B
B < A: B implies A
A< B: A and B are equivalent
I,,: Identity matrix of dimension n x n
O,,: Zero matrix of dimension n X n
o: Composition of Functions
1y: Identity map from X to X
S1 C Sy: The set S is a subset of the set Sy
W < V: The vector space W is a subspace of the vector space V
W @ V: The direct sum of W and V.

w é V: The orthogonal direct sum of WW and V.
| - |: Norm of a vector
| - ||: Norm of a matrix or operator
X (s): Unilateral Laplace transform of z(¢)
(If the time-domain argument is capitalized, e.g. X (t), a hat is used, e.g. X(s)).
ug(t): Unit step function
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LTI: Linear time-invariant

LTV: Linear time-variant

SISO: Single-input-single-output
MIMO: Multiple-input-multiple-output



Chapter 1

Introduction

1.1 Lecture 1

Goals of Lecture 1:

1. An introduction to the broad concepts of modeling and analysis of engineering systems—
Modeling, Analysis and control, Verification, Simulation, Validation

2. An overview of the course

The difference between science and engineering is sometimes expressed in terms of interaction
with a physical phenomenon. Physical sciences study the phenomenon, while the engineering
disciplines design, manipulate, and control the phenomenon. Simply put, scientists describe
while engineers control.

The main purpose of control is to choose an input u(t) to a system such that some
pre-defined reward or cost is optimized.

SCIENCE ENGINEBERING

Prigin| | Mot ) Proset el |

‘E\V

. g 4 i} ’
measmmmk g&i}ﬁn‘h EJ

“unduretandin j mengortmuns d,othb

validahon mamauiﬁ‘}‘m‘ %f q,m.t_an
j Samul 0—\’4 o
Veri freahm

L

valtidahm



10

CHAPTER 1. INTRODUCTION

1. Modeling:

The same physical system may have different models, the best choice depends on the
problem at hand:

e MEMS Device:

_ tlubeall mao&{-—[a&sh buled
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e Hubble Space Telescope:

2. Hubble Space Telssespe
I
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Which model makes the most sense to use to move the telescope from one altitude
to another?

The utility of a model is in its predictive power: the ability to use it to forecast what
the system will do. For example, if, while modeling a system, you notice that input u;
produces output y; for each ¢ = 1,--- , m, then a model will be judged by what it predicts
the outcome will be when the input is other than uq, -+, u,.

A basic tenet of science and engineering is that it is of value to find compact, abstract
principles which serve as models rather than an exhaustive listing of rules. The principle
is that abstraction saves time and effort. Models can then be analyzed, starting from
abstract representations.

In the current age of artificial intelligence (AI) and machine learning (ML), it has become

possible to construct more complicated models, and extend (generalize) models to accommodate

an infinite number of possible inputs.

In general, dynamical systems can be categorized by their temporal evolution, linearity,
and time invariance.



1.1. LECTURE 1 11

(a) Temporal Evolution:
t is a "privileged” variable representing the progression of time. The reason ¢
is "privileged” is for its uni-directionality of evolution. However, there are many
models for the evolution of time.

e Continuous time:
teR

e Discrete time, synchronous:
te{nT|n € Z}
e Discrete time, asynchronous:
t e {t;Ji e N}, ort € Z,
i.e. e; represents events in a processor when it receives packets from a bus:

(b) Linear models, Nonlinear models:
Suppose the system can be in a finite number of ”states.” When this ”state
space” is finite, the system is usually modeled by a finite state automation:

Lj 'J; e

3

Here, it is understood that u causes the system to transition from state ¢; to state ¢s,
and so on.
FExample. A packet transmitting node transmits a packet and then waits for up to T
seconds (timeout) before responding. If an acknowledgement is received, it sends another
packet if one is available.

—B)Hatha ved .
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Here, there is no notion of linearity or nonlinearity explicitly (though we can have
finite state spaces which have linear structure). When the state space has a vector space

structure, we can talk about linearity or non-linearity.
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Analysis of linear models is much easier than that of nonlinear models (see EECS 222,

Spring Semester).

2. Analysis and Control:

Control, broadly speaking, is pervasive; consider the following list of applications:

Autopilots on aircraft and spacecraft
Air Traffic Control

Chemical Process Control

Mechatronic:

Control of ELectromechanical devices, e.g. robots, MEMS, spacecraft, disk drives

e Communication Networks:

Control of queues, flow control at the network level (congestion management)

Power Systems—Generators, turbines, power networks

INTRODUCTION
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e Quantum Chemistry:
Bond-selective chemistry, e.g. breaking strong bonds and retaining weak bonds

e Biological motor control:

How we organize control of our musculo-skeletal systems

e Telepresence:
Projecting your influence to a remote location

e Computational biology:
Understanding developmental biology

Indeed, some factors that have contributed to a renaissance in control techniques include:

e Cheap processing ability
e CAD tools for inexpensive prototyping new controller designs

e The need to take systems—designed in an era in which suboptimal operation was
adequate—to a level of greater performance, e.g. power systems, highways, air traffic,
and even the Internet

3. Verification:

Here, one applies control laws or analysis techniques to a possibly more detailed model
of the system than the one it was based on to see if one can analytically verify or prove
that the control law does what is advertised. For example, if you want to regulate some
system variables, you shoudl try to prove stability of the system. If you know that a
certain region of the state space is unsafe, you need to prove that you can keep the
trajectory out of that region.

4. Simulation:

Sometimes, one does not have a clear sense of how all the different parts of the system
behave when one focuses on simplified models and objectives. Simulation helps one to
get an overall sense of the system design, as well as a sense of how the controller behaves
on a model closer to the true system.

5. Validation:

Validation, usually through extensive testing, refers to the act of trying out a design
on teh true system and testing if requirements (safety, performance) are met. Since
the true system is different from the model, which has gone through several levels of
simplification, it is important that the design be robust, i.e. its performance degrades
continuously (”gently”) with changes in the model. A major difficulty lies in the fact that
in simulations, only a finite number of states can be sampled at any given time.

In particular, in the field of adaptive control, controllers are designed to adapt to a
control system with parameters that vary.
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Chapter 2

Linear Algebra Review

Note. In the following, aside from Professor Claire Tomlin’s notes [10], we will also make use
of definitions, theorems, and examples from Professor Chee-Fai Yung’s text on linear algebra
[11].

2.1 Lecture 2

Goals of Lecture 2:
Review of Linear Algebra

1. Functions:

Injective, surjective, bijective, left inverse, right inverse
2. Field, ring
3. Vector space, subspace
4. Linear independence and dependence

5. Basis, coordinates

Note (Reference). Callier and Desoer (C;D), Appendix A (A.1- A.3)

The purpose of abstraction is to describe mathematical, scientific, or engineering concepts
that share properties with familiar mathematical objects (Z,R,, etc.)

The following chart describes how linear algebraic concepts are used in the description
and analysis of linear systems:

1. Linear (vector) space:

State space, input space, output space

2. Linear maps:

Reachability map L,, Observability map L,

15



16 CHAPTER 2. LINEAR ALGEBRA REVIEW

3. Normed spaces:

Stability analysis

4. Inner product, Adjoint:

”Adjoint” linear systems, controllability Grammians, observability Grammians

Recall the notations used for the complex numbers, real numbers, and their subsets
(N,Z,Q,R,C), the set of quantifiers (€, ¢,V,3,3!,37,3), and implications (=, <=, <)

Definition 2.1 (Cartesian Product). Given two sets X and Y, the Cartesian product X x )
is the set of all ordered pairs (x,y) such that x € X andy € Y:

X xY={(z,y)lr € X,ye )}
The set of all ordered n-tuples of real (complex) numbers is denoted by R™ (C™).

Definition 2.2 (Functions). Given two sets X and Y, by f : X — ), we mean that for each
r € X, we assign a unique f(x) € Y. In this case, we say that f maps the domain X into
the codomain (or image domain) ), and we say that:

f(X) = {f(z)|lx € X}

1s the range of f.

“d(nmeun coo(.amoun,

Definition 2.3 (Injective Function). A function f : X — Y is called tnjective (or one-
to-one, or 1-1) if f(z1) = f(xg) for any x1,x9 € X, then x1 = x5. In other words:

f is injective <= f(z1) = f(xq) = 71 = X9

= 11 # 1y = f(21) # f(22)

Definition 2.4 (Surjective Function]). A function f : X — Y is called surjective if, for
each y € Y, there exists some x € X such that y = f(x); in other words:

f is surjective <= Vy € Y, dx € X 5y = f(x)
= f(X)=)Y
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Definition 2.5 (Bijective Function, Bijection). A function f : X — ) is called bijective,
or a bigection, if it is both injective and surjective; in other words:

f is bijective <= Vy € Y,z € X 5y = f(x)

Definition 2.6 (Left and Right Inverse). Consider f : X — ), and let 1x be the identity
map on X. We define the left inverse of f, if it exists, as the map g1, : Y — X such that

gLof:1X7

where g, o f : X — X, the composition of g, and [, is defined by (g, o f)(x) = gr(f(2)).
Similarly, we define the right inverse of f as the map gr : Y — X such that fogr = 1y.
If X =Y, and the left and right inverses of f : X — X exist, then they are identical
(Ezercise). This mapping is called the inverse of f and is denoted as f~1.

£ 0

¢
Theorem 2.7. A function f: X — Y has a left inverse g, <= f is injective.

Proof.

7«7 If fisinjective, then for each distinct z1, 29 € X, we have f(z1) # f(z2). Construct

a function gy : f(X) — X such that g.(f(z)) = x for each z € X. (This is a well-defined
function, due to the injectivity of f). By definition:

(gpo f(x) =gr(f(x) =2, VeelX
sgrof=1x

If f has a left inverse ¢}, then by definition of left inverse, ¢} (f(x)) = x for each x € X, so
g7 = gr. This demonstrates the uniqueness of the left inverse.

=7 Suppose f : X — Y has a left inverse g5, and let 1,25 € X be given such that
f(x1) = f(x2). Then:
r1 = gr(f(z1)) = gr(f(z2)) = 22

Exercise. Prove that f: X — ) has a right inverse g <= f is surjective.
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Definition 2.8 (Field). A field is a composed of a set F of scalars (numbers), on which the
two operations addition ” +7 and multiplication ” -7 are defined. These two operations satisfy
the properties below:

1. Closure of +,- —For each a,b €F, a+b e F, and a-b (often simplified as ab) € F
2. Commutativity over +,-—For each a,b € F, a4+ b= b+ a and ab = ba.

3. Associativity —For each a,b,c € F, (a+0b)+c=a+ (b+c) and (ab)c = a(bc).

4. Distributivity —For each a,b,c € F, a(b+ ¢) = ab + ac.

5. Unit Elements—There exist scalars 0,1 € F, where 0 # 1, such that for each a € F,
a+0=04+a=aand1l-a=a-1=a. (It is possible to prove that 0 and 1 are unique).

6. Additive Inverse—For each a € F, there exists a scalar b € F such that a+b = b+a = 0.
(It is not difficult to show that b is unique. b is said to be the additive inverse of a, and
is often denoted as —a).

7. Multiplicative Inverse—For each a € F, where a # 0, there ezists some ¢ € F such that
ac = ca = 1. (It is possible to prove that ¢ is unique. ¢ is said to be the multiplicative
inverse of a, and is often denoted as 1/a or a™!).

Remark. A motivation for not allowing the additive identity 0 to have a multiplicative inverse
is to render the additive and multiplicative identities distinct. In other words, if 0 has a
multiplicative inverse, then 0 = 1.

Ezxample. Recall that R, C are the set of real and complex numbers, respectively. Define:

R(s) = the set of rational functions in swith coefficients in R
C(s) = the set of rational functions in swith coefficients in C
R[s] = the set of polynomials in swith coefficients in R

R, o(s) = the set of strictly proper rational functions

Note that R, C,R(s), C(s) are fields, while R[s], R, ,(s) are not (Not all elements in the latter
two sets have multiplicative inverses).

Furthermore, the subtraction of two scalars a,b € F (i.e. a—b) is defined as the addition
of a to the additive inverse of b, i.e. —b. Similarly, the division of two scalars a,b € F (i.e. ),
where b # 0, is defined as the multiplication of a to the multiplicative inverse of b, i.e. b~

Below, we introduce several categories of algebraic structures which share properties

with the field. The last of these, the vector space, is the most important.

Definition 2.9 (Ring, Commutative Ring). A ring is a set that shares all characteristics
of a field, except:

1. It may not be commutative under -
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2. It may not have an inverse under - for non-zero elements.

Rings that are commutative under - are known as commutative rings; rings that are not are
called non-commutative rings.

FExample. Examples of commutative rings include:
Z,R[s],C[s], Ry 0(s), Ry (s)
Examples of non-commutative rings include:
RTLXH, (CTLXTL’ ]RTLXTL[S], (C'IZXTL[SL RHXH(S)7 Cnxn(s)7 R;LXH(S)

Definition 2.10 (Vector Space). Let there be a set V and a field F. If there exist two
operations, vector addition + :V xV — V and scalar multiplication - : F xV — V (For
a €F, zeV, a-xis often written as ax) that satisfy the following axioms, V is said to be a
vector space over the field F:

1. For eachx,y eV, x +y=y + x.
2. For eachx,y,z€V, (x+y)+z=%x+ (y + 2).
3. There exists an element 0 € V such that for eachx €V, x + 0=0 4+ x = x.

4. For each x € V, there exists a y € V such that x +y =y + « = 0 (y is called the
additive inverse of x).

For each x €V and a,b € F, a(bx) = (ab)x.
For each x, y €V anda € F, a(x + y) = ax + by
For each x €V and a,b € F, (a + b)x = ax + bx

o RS &

For eachx €V, 1-x =x.

A vector space V defined over the field T is often denoted as (V,F), or simply V; it is
also common to remove the "IF” and simply say that V is a vector space. The elements of V
are known as vectors, while the elements of F are known as scalars. When F =R (or C), V is
said to be a real vector space (or respectively, complex vector space).

The definition of the operator + : V x V — V indicates that ¥V must be closed under
vector addition, that is, for each x, y € V, x 4+ y € V. Similarly, the definition of the operator
- F xV — V indicates that ¥V must be closed under scalar multiplication, that is, for each
x € Vand a € F, ax € V. The first four axioms in Definition 2.5 are related to vector
addition, while the latter four are related to scalar multiplication. The first and second axioms
respectively describe the commutative and associative properties of vector addition. Similarly,
the fifth axiom describes the associative property of scalar multiplication. The third axiom
explains that each vector space consists of at least one vector—the zero vector. The fourth
axiom declares that an additive inverse exists for each vector in a vector space. The sixth and
seventh axioms describe the distributive properties of scalar multiplication. The eighth and last
axiom (identity), may appear trivial at first glance, but will later be revealed to have great
significance.
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Ezrample. Examples of vector spaces include:

1. (F™,F): The space of n-tuples in F over the field F. Common examples include (R", R)
and (C™, C).

2. Consider the function space F'(D, V) of all functions which map D to V| where (V, F') is
a vector space, D is a set (e.g. R,R", etc.), and each f,g € F(D,V),d € D satisfy:
(a) Addition— (f + g)(d) = f(d) + g(d)
(b) Scalar multiplication— (af)d = a f(d).

Then (F(D,V),F) is a vector space.
Examples include:

1. (€([to,t1],R™),R)— The set of all continuous functions on [to,t;] — R”

2. (€*([to, t1],R™),R)— The set of all k-times differentiable functions on [tg,#;] — R"

Definition 2.11 (Subspace). Let (V,F) be a vector space, and let W be a subset of V. Apply
the vector addition and scalar multiplication operations of V are applied to W. If W then
becomes a vector space itself, then VW is said to be a subspace of V.

How can one determine whether or not a subset of V is a subspace? The theorem below
describes a simple method for determining the basic properties of a subspace.

Theorem 2.12. Let (V,F) be a vector space, and let W be a subset of V. Then (W,F) is a
vector subspace of (V,F) if and only if:

1.0eWw
2. For eachx, yeW,x+yeW
3. For eachx e W anda € F, ax € W

where 0 s the zero vector of V.

Proof.

Necessity: Suppose W is a subspace of V. From the closure of vector addition and
scalar multiplication, conditions 2 and 3 must be true. Since W is a vector space, the third
axiom of vector spaces implies that there exists in W a zero vector 0’ € W C V, such that for
eachxeW, x4+ 0 =0+ x=x. Butforeachz eV, x+0=0+x=x,s0x + 0" =
x + 0 . From the Cancellation Law of Vector Addition, 0’ = 0. In other words, the zero vector
0’ € W and the zero vector 0 € V are the same.

Sufficiency: Suppose W is some subset of V satisfying the above three conditions. A
careful observation of the axioms of the vector field reveals that besides Axiom 4, all axioms
that are valid in V will naturally also be true in W. In fact, Axiom 4 is also valid in W: For
each x € W, its additive inverse in V is —x = (—1)- x € W. |
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Definition 2.13 (Linear Dependence and Linear Independence). Let (V,F) be a vector
space, and let S be a subset of V. Then:

1. If there exist a finite number of vectors xq,Xsa, + -+ , X, and corresponding scalars ay, as, - - - a, €
F, not all zero, such that:
X+ -+ apx, =0

then S is said to be a linearly dependent subset of S (or simply, S is linearly
dependent). Likewise, the elements of S are said to be linearly dependent.

2. If § is not linearly dependent, it is said to be a linearly independent subset of V (or
simply, S is linearly independent). Likewise, the elements of S are said to be linearly
independent.

From the above definition, it is clear that S is linearly independent if and only if, for
each finite subset of arbitrary vectors xy, -+ ,x, in S:

CL1X1—|—"'—|—6L7LX7L:O

implies a; = ay = -+ = a,, = 0. Equivalently, S is linearly independent if and only if the only
linear combination of elements of S that generates the zero vector 0 is:

0=0x; +- -+ 0x,
Definition 2.14 (Basis). Let V be a vector space, and let B be a subset of V. If:
1. B is a linearly independent subset,
2. B is a spanning subset,
then B is said to be a basts for V.

Theorem 2.15. Let V be a vector space, and let B be a subset of V. Then B is a basis for V
if and only if each element of V can be expressed as a unique linear combination of elements of

B.

The unique linear combination of a vector x with respect to B is called the set of
coordinates of x with respect to B. The coordinate transformation of x from the basis B
to a different basis B, is left as an exercise.
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2.2 Lecture 3

This lecture concerns a review of linear transformations and linear operators.

Definition 2.16 (Linear Transformation). Let (U, F) and (V,F) be two vector spaces. If a
mapping L: U — V satisfies the following two conditions:

1. For each x,y €U, L(x +y) = Lx + Ly.
2. For each x € U and each a € F, L(ax) = aLx.

then L is said to be a linear map or linear transformation. If U = YV, the linear
transformation is also called a linear operator.

e

In the following text, the field F is often omitted when it is clear that Z and V are
constructed from the same field.

This property can clearly be extended to any number of coefficients, i.e. for any linear
transformation L : Y — V given ay, -+ ,a, € F and vq,--- ,v, € (V,F), we have:

L <Z aivi) = Z a; L(v;)

Example. Consider the mapping:
L:a52+bs—|—c—>/ (bt + a)dt
0

Then, with respect to the basis B = {s? s,1}, the representation of the mapping can be
described as follows:

(a,b,c) — (%b,a, 0)

Clearly, L is linear.

FExample. If we modify the linear mapping shown above to:
L’:a52+bs—|—c—>/ (bt + a)dt +5
0

Then this is no longer a linear map, since the zero vector 0 is no longer mapped to itself.
However, since L' — 5 is a linear map, L’ can be considered the composition of a linear map
and a translation. Such maps are known as affine maps.
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Definition 2.17 (Range, Null Space). Let a linear map L :U — V be given.
1. The range, or image, of L is the subspace defined by:

R(L) ={vjv =L(u),ucU} <V

2. The null space, or kernel, of L is the subspace defined by:
N(L) =A{u|L(u) =0} <U

It is not immediately obvious from their definitions that the range and null spaces of a
linear map are subspaces; this must be explicitly proved.

The range and null space are critical in the analysis of the injectivity and surjectivity of
a linear map. Given a system of linear equations characterized by:

Lu =0,
where b € V is given, the solution exists if L is surjective and is unique if L is both injective
and surjective (i.e. if L is bijective).
Theorem 2.18 (Dimension Theorem). Let U,V be vector spaces, where where dimld = n <
oo, and let L € L(U,V). Then:
nullity(L) + rank(L) = dimU. (2.1)
Proof. Exercise. [ |

Below, we discuss the matrix representations of linear mappings. Let U,V be finite-
dimensional vector spaces, and let a linear mapping L : U — V be given. Let By = {u;}}_, and
By = {v;}I™, be bases for U and V), respectively. In affect, the task of finding the image, under
L, of an infinite number of elements in U can be reduced to find the image of each element in
the finite set {u;}7_,. First, we associate U with V' as follows:

m

L(uj) = Z a5

i=1
Then, given any linear combination of {u;}"_;, e.g. x =" &u;, we have:
) 74 5=1 g =157 .

n m

L(r) = ij L(uy) = Zﬁj > agv;

—1

= Z (Z aij§j> vy = vai
i=1 \j=1 i=1

where we have defined 7, = Z?Zl a;;&;. In other words:

n= A
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where n = (1, -+ ,0m), £ = (&1, -+, &), and A = [a5]mxn, 1€

11 Q2 - Qip
Q21 Q22 -+ Ay
Am1 Am2 - Omn

We conclude that the linear map is uniquely defined by the matriz A. We say that A is the
matrix representation of L with respect to U and V; this is denoted by:

A=I[Ll

The following is useful to remember—The j** column of the matrix A contains the coordinates
of the vector A(u;) € V expressed with respect to {v;}1";.

Suppose, given some linear operator L : R™ — R"”, there exists a b € R" such that:
By = {b, Lb,--- , L"'b}
forms a basis for V. Then, since L™b € V, one can find coordinates aq, - - - , o, such that:
L™ = —apb — oy Lb— -+ — oy L1

In this case, the coordinate representation of b and the matrix representation A of L, both with
respect to By, are:

000 -~ 0 —ay ]
1 100 -+ 0 —a,,
0 0010 - 0 —ay,

b= , A= : :
0 000 -0 —a
000 -~ 1 —ay

This is often helpful in the analysis of linear systems (e.g. characterized by the form i =
Az + Bu), in which the entire state space can be decomposed into subspaces with matrix
representation of the above form.

Below, we consider the relationship between two matrix representations of the same
linear map L : U — V. Let By = {u;}}_, and By = {T;}}_, be bases for U, and let By = {v; }[2,
and By = {v;}I"; be bases for V. Let A, A be the matrix representations of L with respect to
Bu, By and By, By, respectively.
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Now, let x € U be given, and suppose:

&
=z =[u u U 5:2 =1 w T,
3
&
> 5:2 o w o w] [ om e w)
¢ 7
Similarly, for Lz € V, we have:
Le=Y o = 7
p -
P B e R L -
Min
m
= 77:2 =[o1 vy - vn]fl[v_l Uy Wl
T =Q

Now, if we define A = [L]}}, then:

SN
LT =Q = QAL = QTIAPE,

where:

Ll =A=Q7'AP

is the matrix representation of A with respect to By{w;}, By{7;}.
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A

fu:d i, ¢
53 AN

Essentially, a change in basis is equivalent to a change in matrix or vector representation.
Definition 2.19 (Rank, Nullity). Given a linear mapping L : U — V), define:
1. rank(L) = dim(R(L)).
2. nullity (L) = dim(N(L)).

We conclude our discussion on linear transformations with a corollary that summarizes
the important relationships between injectivity, surjectivity, and the existence of right and left
inverses.

Theorem 2.20. Let V,W be vector spaces, with dimensions m,n and bases By, mathcal By,
respectively. Let L -V — W be a mapping from V' to W, with associated matriz representation
A= LV € R™". Then:

1. The following statements are equivalent:

L 1s injective.
L is left invertible.
N(L) = 0y.

A has full column rank.

2. The following statements are equivalent:

e [ is surjective.

e L s right invertible.
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o R(L)=W.

o A has full row rank.

Proof.

1. 7(1) = (2)" : Suppose L is injective. Then, by definition, for each w € R(L), one
can identify a unique v € V such that Lv = w. The left inverse of L can thus be defined
as the mapping that associates each w € R(L) with the unique v € V such that Lv = w.

"(2) = (3)": Suppose there exists some left inverse L= of L, and let v € N(L) be
arbitrarily given, i.e. Lv = 0. Then, applying L~! to the left on both sides, we have:

v=L"'0=0

7(3) = (4)” : Suppose N(L) = Oy. Then N(A) = Og». This implies that, if A;
denotes the i-th column of A, for each i = 1,--- ,n, and a vector a = (a1, -+ ,a,)’ € R"
were given such that:

O:AU:a1A1+"'+anAna
then a; = --- = a, = 0. This implies that {A;,---, A, } are linearly independent, i.e A
has full column rank.

7(4) = (1)” : We will demonstrate that (4) = (3) = (1). By reversing the
above argument, we see that if A has full column rank, i.e. if its columns are linearly
independent, then Og» is the only vector contained in N(A), i.e. N(A) = {Orn}, and (3)
immediately follows.

Now, suppose there exist some vy,v, € V and w € W such that:
Lv, = Lvy = w.

Then L(v; —wvy) = 0, and since N(L) = Oy, we have v; — vy = Oy, or v; = vy. This shows
that for each w € W, there exists a most one v € V such that L(v) = w (specifically, if
w & R(L), no such v exists; if w € R(L), then one unique v exists). This establishes (1).

We have thus shown that (1) = (2) = (3) = (4) = (1), ie. (1),(2),(3),(4) are
equivalent.

2. Simply take the transpose of the above arguments; the desired results follow from the
simple fact that, if a matrix has full row rank, its transpose matrix must have full column
rank.

Corollary 2.21.
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2.3 Lecture 3 Discussion

Example (Discussion 6, Problem 5). Let B = {e1, €3, 3} be the standard ordered basis in
R3, and let C be the ordered basis given by:

1 0 1
C={c1,co,c3} =1 [1],]1],]0
1 1
Let A: (R} R) — (R3 R) be a linear map, with:
2 0 0
A(Gl) = | -1 s A(eg) =10 y A(63> = |4
0 0 2

Find the following:

1. [A]§, i.e. the matrix representation of A with respect to basis B for domain and basis C
for codomain.

2. [A]S, i.e. the matrix representation of A with respect to basis C for both domain and
codomain.

Solution :

1. Let A = [A]5, the matrix representation of A given with respect to the standard basis.
The problem gives us:

2 00
A=[Ae; Aey Aeg)=[-2 0 4
0 0 2

By definition of change of basis, for each i € {1,2,3} the elements of the vector [A]§e;
are the coefficients, in the same ordering, of Ae; when expressed as a linear combination
of basis vectors in C. In other words, if [A]Ge; = (a1, azi, as;), then:

Ael- = aubl -+ a2ibQ + agibg
We thus have:
[61 Cy 63} [.A]% =A [61 ()] 63}

:>[A]%:[C1 Co C3}_1A[€1 €9 63}

10 177'[2 00t oo

=11 10 -2 0 4 010
01 1 0 0 2 0 01
1 0 2

1

=~ |-30 6

2
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2. Repeating the above process, we have:

10 1
~ |11 0
01 1
1l
2|3

A [Cl Co 63]
2 00

-2 0 4
0 0 2

29
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2.4 Lecture 4

Definition 2.22 (Normed Linear Spaces). Let the field F be R or C. A linear space (V,TF)
1s said to be a normed linear space if there exists a map:

-1 :V— RT
satisfying the following axioms, for each vy,ve € V:
1. oy + ol < lua]] + [lve]]
2. |lev| < laf - [lv]
3. ||v|l = 0 if and only if v = 0.

Ezample. Common norms for the Euclidean space R™ are, for each = (z1,--- ,x,):

el = (f}u)

[e.e]
lzlh =l
i=1

el = (f;mrp)

=1

1. Two-norm:

SIS

2. One-norm:

3. p-norm:

Sl

4. oo-norm:

[£]loe = max [z;] = lim ||z,
i pP—00
The following is not a norm, but is still sometimes referred to as the ”ly-norm”

lim ||z||, = number of non-zero entries in
p—0

Definition 2.23 (Equivalent Norms). Two norms || - ||, and || - || are called equivalent if
there exist o, B € R such that, for each v € V:

myl[vlla < flvfls < mulvfla

In other words, |||, and ||-||» are topologically equivalent, in that qualitative comparisons
of norms of different vectors hold in any norm. It can be shown that any two norms on a finite-
dimensional vector space are equivalent.

Ezample. Common norms for the function space C([to, 1], R") are, for each f € C([ty,t1],R"):



24. LECTURE 4 31

i =[ | NI

[flloe = max{[[f(t)l[c, t € [to, ta]}

1. Two-norm:

[NIE

2. oco-norm:

Definition 2.24 (Induced Norms). Let L : (U,F) — (V,F) be a continuous linear operator,
and suppose U,V are endowed with the norms || - ||y and || - ||y, respectively. Then the induced
norms of L is defined by:

A
Al = sup 124
o Tl

Theorem 2.25 (Facts about Induced Norms). Let (U, | - [lu), (W, |- lv), W, | - lw) be
normed linear spaces, and define L,L :V — W and M : U — V. Then, for each v € V and
ac R:

L[ Loflw < L]l - [vflv

2. |laLl] = |af - [|L]

3L+ Ll < ILfli + 1L

4. ||L|li = 0 if and only if L = 0.
5. |LM < ] - 1M

This definition leads naturally to the concept of sensitiviity—A measure of how the
solution x to Az = b changes as A and b are perturbed. Let A : F* — F” with b € F*. If A~!
exists, the solution x = A~!b is unique, and is denoted as the nominal solution:

Ty = A_lb
Now, suppose A and b undergo the following perturbations:

A— A+5A
b—> b+ 6b
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and the solution xy undergoes a perturbation zyg — xg + dx. Then:

(A4 9)(zo + 0x) =b+ b
= Axg+ Adx + §Axg =~ b+ 0b
= Adx + 0Axg = b
=0x = A7 [—0A -z + 6b]
= [6z| < JA7H: - [I0A]; - ] + |d0]],

5 ) ob
= By Jioan+ 2],
PN EN
) dA||; |6b|
T
< AT - Al [ IA] + | All]zol |
) 0All; oD
< A7V 1Al - {HHAN + "b” :

since Axg = b implies ||A|| - |xo| > |b|.
The quantity:
R(A) = [A7H - JIAl > 1

is defined as the condition number of A. If k(A) > 1, then small changes in §b and §A can
induce large changes in dx. In other words, the larger the conditional number of A is, the more
difficult the system is to stabilize.

Definition 2.26 (Inner Product Space). Let the field F be R or C, and consider the linear
space (H,TF). The function:

(,y:HxH-—R"
15 called an inner product if, for each x,y,z € H and o € F:
1 (z,y+z) = (z,y) + (2, 2).
2. (x, ay) = alz,y)

3. |z|? = (z,z) > 0 iff x # Og.

4. (z,y) = (y, 7).

A complete inner product space is known as a Hilbert space. Here, completeness refers
to the fact that every Cauchy sequence in the space must converge.
A vector v € H that satisfies [v| = (v,v) = 1 is said to be a unit vector.

Ezxample.
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1. (F",F,(-,-)) is a Hilbert space under the inner product:

(w,y) =) Ty =2y
i=1

for each x,y € F".

2. Lo([to, t1],F™), the space of square integrable F"-valued functions on [tg, ], is a Hilbert
space under the inner product:

o= | " py gt de

for each f, g € Lo([to, t1], F").

Inner products allow us to define orthogonality of vectors and discuss angles between
vectors. Henceforth, we will abbreviate (H,F, (-,-)) as H.

Definition 2.27 (Orthogonality). If H is an inner product space space, then x,y € H are
said to be orthogonal if (x,y) =0, and x € H is said to be orthogonal to a subset S C H if
(x,s) =0 for each s € S.

Definition 2.28 (Orthogonal Complement). If (H,F,(-,-)) is an inner product space, and
M C H, then:

M*+={ycH:{(r,y)=0VorecM}<H

is a subspace of H, and is called the orthogonal complement of M.
Theorem 2.29. Given a Hilbert space H and some M C H:

1. M n M+ ={0}.

2. (M*)* = span(M).
Proof.

1. Let © € H be given such that x € M N M~*. Then, since x € M and x € M*, we have
(z,x) = 0. This implies that = = 0g.

2. Exercise.
[ |

Given a Hilbert space H and some subset M C H, then H = M ® M+, where "®”

i
denotes the direct sum. (In fact, H = M @& M*, where "®” denotes the orthogonal direct
sum.)
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Definition 2.30 (Adjoint). Let F =R or C, and let (U, F,{-,-),) and (V, F,{-,-),) be innner
product spaces. Let A : U — V be continuous and linear. Then the adjoint of A, denoted as
A* | is the (unique) map A* : V. — U such that:

(v, Auyy = (A%, u)y

Ezample (From an old prelim). Let f(-),g(-) € € ([to,t1],R™) and define a linear map A :
(g([to, tl], Rn) — R by
A(f() = (9(), F())

for any f(-), g(-) € €([to, t1],R™). Find the adjoint map of A.
Solution :

By definition of adjoint, A* must satisfy, for any = € R, f, g € € ([to, t1], R"):

(A, f()) = (Af (), w)m = 2 - (g(), ()

In other words, the mapping is characterized by:

A= g()
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2.5 Lecture 4 Discussion

FEzample (Discussion 8, Problem 2). Let M, N be two subspaces of V. Suppose By, =
{mq,---,m,} and By{ny,--- ,n,} form bases for M and N, respectively. Show that V" = M&N

if and only if B = {my,--- ,my,ny,--- ,n,} is a basis of V.
Solution:
=7 Suppose V = M & N. To verify that B is a basis of V', we need to show that the

vectors in B (1) are linearly independent, and (2) generate V.

1. Let v € V.= M @ N be given arbitrarily. Then there exists some (unique) m € M and
n € N such that v = m+n. Since By, and By are bases for M and N, respectively, there
exist some (unique) scalars oy, -+ -, @y, b1, -+ , B, such that:

m=aimy + -+ apmy,
n=pin + -+ Byng

Thus, we have:

v=m+n
=oymy + -+ apmy, + Bing + -+ Byny,

so B={my,---,my,ny,---,ngspans V.
2. To demonstrate linear independence, let scalars oy, - -+, ap, B1, -+ , B, be given such that:

Oélml+"'Oépmp+61n1+"'+/6qnqZOV‘

eM eEN

Since 0y € M U N, we also have:

Oy + Oy =0y.
~ =~
eEM eEN

But V.= M @& N, so by definition the decomposition of 0y as the sum of a vector in M
and a vector in N must be unique. It follows that:

ap=-=qa,=0

Br=ro=p,=0,

which establishes the linear independence of B = {my,--- ,my,ny, -+ ,ny}.
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=7 For the other direction of the proof, we essentially reverse the above argument.
Suppose = {my,--- ,mp,n1,--- ,n,} form a basis for V. Fix an arbitrary v € V. Then there
exists (unique) scalars oy, -« -, ayp, b1, -+ , By such that:

v=oymy +---apmy+ Bing + -+ Byng

Vv Vv
unique, € N unique, € N

This establishes our desired conclusion, V = M & N.

Remark. The above result can be extended to yield the following immediate corollary—Suppose
My, My, --- M, <V, and that, for each : = 1,--- ,n, the set B; forms a basis for M;. Then:

V=M®e& - &M,

if and only if:
B=BU---UB,

forms a basis for V.
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2.6 Lecture 5

The definitions given in the previous lecture lead naturally to the concept of orthogonal
projections. For instance, suppose b € R? is a unit vector, i.e. [b] = (b,b) = 1. Given
any nonzero v € R? (the case v = 0 is trivial), define:

u* = (v,b)b

Then v — u* L b, since:

<U o U*7b> = <U - <U7b>7b>
= <U7 b> - <U, b><b7 b> =0
This observation is officially recorded as the theorem below.

Theorem 2.31 (Projection Theorem). Let V be a finite-dimensional inner product space
with dim(V) =n, and let S < V. Fizv € V and consider the problem of finding:

inf [v — 2.2
inf v — s (2:2)

It 1s not always true that there exists a solution to the above equation.

1. Suppose the optimization problem (2.31)) is solvable, with solution §. Then § is optimal if
and only if:
(v—=8) LS

Furthermore, the optimal vector § is unique.

2. Suppose S is complete, then (2.31)) is solvable.

3. Suppose S is finite-dimensional. Let B = {by,--- ,b,} be a basis for S, and define the
matriz M € C™™ be defined by:

M = [<bi7 bj>]an

Then M is non-singular, and (2.31)) is solvable by the unique solution:

n

§= ZaZbZ

i=1

where:

(05} <b1,’0>

Proof.
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1.7 =7  Let § be optimal. Suppose by contradiction that (v — §) L S is false. Then
there exists some s; € S and « # 0 such that:

(s;,v—8 =a#0
Clearly, s; # 0y. Define 3 = a/|s1|*> # 0, and Ve, = 5 + 351 € S. Then:

|V = Spew|* = |v — 5 — Bs51]?
= v = 8" + 1Bsu]* — (v — 5, Bs1) — (Bs1,v = 3)
= v = 3]* + [B]’|s1]* — Ba — af
= v = 8" + |af’[si]* — 2[af*]s,|*
= v — 3" — [af*]s.|"

<|v—3?
which indicates that s is not optimal, a contradiction.

7«7 To show the converse, let © be any vector satisfying (v — §) L S. Then:

o 52 = (0= §) + (- )P
=|v—38"+|5— s> +2Re({v—3,5—s))
=lv—3§+5—s)
> v — 3
since the fact that v —§ L S and § — s € S implies (v — 8,5 — s) = 0. This shows that §
is optimal.

Finally, we show that, given v € V, the condition (v — §) L S uniquely determines s.
Suppose there exists some s’ € S such that (v —s') L S. Then:

sincev—5L S, v—s LS ands—s €8.

2. Define 7 = inf,cg [v — s|. By definition of infimum, there exists a sequence of vectors
{sk}?2, in S such that:

lim |v — sx| =7
k—o0

Let € > 0 be given. Then there exists some Ny € N such that |[v — s;| < %e for each

k > Ny. Now, let ky,ky > Ny be given. Using the triangle inequality, we have:
|5k1 - 51?2’ < |U - Skl’ + ’U - Sk2‘ <€

This shows that {s;}72, is a Cauchy sequence in S; since S is complete, this sequence
converges, say, to some sg, completing the proof.
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3. Since M}, = (b;, b;) = (b, b;) = M;;, the matrix M is Hermitian. That it is nonsingular
can thus be demonstrated by showing that it is, in fact, positive definite. Let a nonzero

n-tuple of scalars a = (ay,--- ,a,) € C"\{0} be arbitrarily given. Then:
RVED ) SETRIEY ) o Sy
=1 j=1

2
>0

n

Z CLibi

=1

since the fact that B forms a basis for S indicates that Z?:l a;b; = 0 if and only if a; =0
for each ©+ = 1,--- ,n, contradicting the fact that a is nonzero.

Since S is finite-dimensional, it must be complete. Part b) then implies that (2.31)) is
solvable, while Part a) offers a method for finding the solution. In particular, let the
optimal solution be of the form:
§ = Z Ozjbj
j=1

By Part a), (v —35) L S, soforeachi=1,---,n
O:(bi,v—§):<bi,v—zn:ajbj>
=1
= (b, v) — Zaj (bi, b;)
= (b;,v) = Z% bi, b;) ZM a;.
j=1

In other words:
o (by,v)

o (b, v)

completing the proof.
[ |

Orthogonal projection finds uses in filtering (de-noising), which is used to eliminate
components of noise ”orthogonal” to the true output of a system (e.g. Consider an output of
the form y = Az + n, where n L R(A)).

To simplify the form of the matrix M, we usually wish to obtain an orthonormal basis
from a given basis. This is because, if the basis under consideration is orthonormal, M becomes
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the identity matrix, and we thus have:

o (b1, v)

ay, (b, v)
The proof of the following theorem provides an algorithm for doing so.

Theorem 2.32 (Gram-Schmidt Process for Orthonormalization). Fach finite-dimensional
inner product space has an orthonormal basis.

Proof. This theorem can be proved by directly constructing an orthonormal basis for an
arbitrarily given finite-dimensional inner product space V. If ¥V = {0}, then the empty set
¢ is an orthonormal basis for V. Suppose V # {0}, and {vy,---,v,} is a basis for V. Define
subspaces W; of V, for each i = 1,2,--- | n as:

W; = span{vy, vy, -+ ,Vv;}

Evidently, Wy C Wh C --- C W, C V.
To construct a basis for Wy = span{v, }, let:
Vi

u =
C il

Since wu; is a unit vector, {u;} is an orthonormal basis for W. Suppose an orthonormal basis
{uy, - -ug} for Wy, has been defined, for some k = 1,2,--- ,n—1. Define Py, as the orthogonal
projection onto W, and let:

Vi1 — Py, (Vier1)
Vi1 — Py, (Vi) ||

By induction, an orthonormal basis {uy,--- ,u,} for W, =V can be found. [ |

Upt+1 = |

A numerical example of the Gram-Schmidt orthonormalization process is given below.

Ezample. Consider the following set in R3:

1 2 3
B=<|2|,]3], 4] p ={v1,v2,v3}
3 4 )
Suppose we wish to obtain an orthonormal basis B’ = {v], v}, v4} with the same span as B.

First, note that v; — 2vy 4+ v3 = 0, so it suffices to restrict our attention to {vy, va}.
Applying the Gram-Schmidt orthonormalization procedure, we have:

’ V1 1 1
V1 X

L D)
! |v1] V14 3

’ <U2,’Ul> 20 1
- =3 -Z 2| =2 |1
e T B O 7
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Normalizing the above orthogonal vectors, we have:

1
2
3

1

2

41



42 CHAPTER 2. LINEAR ALGEBRA REVIEW

2.7 Lecture 6

Definition 2.33 (Self-Adjoint Maps). Given an inner product space (H,F,(-,-)g), let A :
H — H be a continuous linear map with adjoint A* : H — H. The map A is said to be
self-adjoint if A= A*, i.e. for each x,y € H:

<{L‘, Ay>H = <A‘Ta y>H

Ezample (Hermitian Matrices). Let the linear map A : F" — F” be represented by a matrix
A = (aij)ijeqi, m} € F". Then A is self-adjoint if and only if the matrix A is Hermitian.
Equivalently, A = A*, meaning a;; = a@;; for each i,5 € {1,--- ,n}, or that A is equal to its
complex conjugate transpose.

Definition 2.34 (Unitary Matrix, Orthogonal Matrix). A matriz U € F*™™ is called a
unitary matriz if:
Ur=U"".

Equivalently, U is a unitary matriz if and only if the n columsn and n rows of U form
orthonormal bases for F". If F = R, such a matriz is said to be orthogonal.

Below, we present an important theorem often used in mathematical optimization.

Theorem 2.35. Let V and U be finite-dimensional inner product spaces over C or R, with
dimensions n and m, respectively. Let L € L(U,V) be given, and define r = rank(L). Then

there exist ordered, orthonormal bases By = {uy,-- 0, Wpy1,- -, W, }, for U, and By =
{Vi," Ve, Vos1, -+, Vi }, for V), such that:

1. {uy,--- 0} is an ordered, orthonormal basis for Ker(L)* = Zm(L").

2. {Wy1, -, Uy} is an ordered, orthonormal basis for Ker(L) = Tm(L")*.

3. {vi,---,v,} is an ordered, orthonormal basis for Tm(L) = Ker(L')*.

4. {Vip1, -, Vi } is an ordered, orthonormal basis for ITm(L)* = Ker(L").

5. Lu; = o;v;, Lv; = o;u;, where o; > 0, for eachi=1,--- ,r.
In particular, oy, ,0, are said to be the singular values of L, uy,--- ,u, are said to be
the right singular vectors of L, while vi,--- ,v, are said to be the left singular vectors
of L.

Proof. To demonstrate Part 2 of this theorem, consider the positive operator L'L € £(U). Since
r = rank(L) = rank(L'L), there exists an ordered, orthonormal basis By = {uy, -+ , Uy, Upyy, -+, u,}
consisting of eigenvectors of L'L, with corresponding eigenvalues satisfying:

AIZZ)\T>O:)\T+1:+)\TL
Foreachi=7r+4+1,--- ,n:

ILw, | = (Lu;, Lu;) = (L'Lu;, w)) = AgfJuil* = 0,



2.7. LECTURE 6 43

so Lu; = 0. Thus, span({u,41,---,u,}) C Ker(L). Conversely, suppose v = Y " a,u; €
Ker(L). Then:

0= (Lv,Lv) <Z alLul,ZaJLuj> = iiaia;(Lui,Luj>

i=1 j=1
S NTENETES ) UTAVIRTES 3 NS
i=1 j=1 i=1 j=1 i=1 j=1
= Z |ai|2)‘z2a
i=1
Thus,a; = 0 for each ¢ = 1,2,--- ,r, so v € span({u,41, -+ ,u,}), which implies Ker(L) C
span({u,;1, -+ ,u,}). This establishes Part 2, i.e. Ker(L) C span({u,41, - ,u,}). Since
{uy, -+ ,u,, w41, - ,u,} is orthonormal, {uy, - ,u,} is thus an ordered, orthonormal basis

for Zm(L) = KCer(L"), which confirms Part 1.
To prove Part 5, define o; = v/A; for each i = 1,2,--- ,n. Then:

LiLu, = \u; = oy,

In particular, o; = 0 for each i =r+1,---  n. Define v; = (1/0;)Lu;. Then:

Lui _ O;Vi, Z: 1727 T
0, 1 <r

This establishes Part 5.
To prove Part 3, for each 2,7 =1,--- ,r

(vi,v;) (Lu;,Lu;) = — (L'Luy, u;) = 2 = 4,
0i0; 0i0; of
so {vy,---,v,} is an ordered, orthonormal basis for Zm(L) = Ker(L')*. Using the Extension
Theorem (Alternate Proof for Theorem 2.84) and the Gram-Schmidt Process (Theorem 6.31),
choose normalized vectors v,,1,- - ,v, such that {vy,--- v, -+ v,yq, -+, v, } such that By
is an ordered, orthonormal basis for V. Evidently, {v,41,--+,Vy,} is an ordered, orthonormal

basis for Ker(L"), which verifies Part 4. It is not difficult to observe that:
LLTVZ‘ = O'iLlli = O'?Vi,
S0 Vi, -+ ,V, are eigenvalues of LL' corresponding to A\ (= ¢?),- -, \.(= 02). |

r

The singular value decomposition can also be presented as shown below.
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Theorem 2.36 (Singular Value Decomposition for Matrices). Let M € C™" with
rank(M ) = r. Then there exist unitary matrices U € C™™ and V € C™*" such that:

M:UZV:U[Zl 0} v

0 0
where:
o 0 - 0
0 o9 -+ 0
Xi=1. . 1,
0O 0 --- 0
where o1 > 09 > -+ > o, > 0 are called the singular values of M, and the representation

above is called the singular-value decomposition of M.

Theorem 2.37. Let M € C™ ™ with rank(M ) = r, and let M = UXV™ be the singular-value
decomposition of M. Partition U and V as:

U:[Ul UQ}, V:[‘/l,‘/ﬂ,
where Uy, V, € C™*". Then:

1. The columns of Uy and Uy form orthonormal bases for R(M) and N(M*), respectively.
(Note—these are subspaces of C™.

2. The columns of Vi and Vy form orthonormal bases for R(M)* and N (M), respectively.
(Note—these are subspaces of C".



Chapter 3

Dynamical Systems

3.1 Lecture 7

In this section, we investigate properties of differential equations. In particular, given a
differential equation:

= f(x,t), x(to) = xo
where z(t) € R, f(z,t) : R® x R — R" we are interested in the conditions under which:

1. A solution exists, i.e. there exists some z(t), defined for all t > ¢, satisfying the given
differential equation.

2. The solution is unique.
Definition 3.1 (Piecewise Continuity). The function f(x,t) : ]R”l@ — R™ is said to
be piecewise continuous in t if, in any compact interval, f(zx,-) : Rt — R" is continuous
except at a finite number of points.
Definition 3.2 (Lipschitz Continuity). The function f(x,t) : R* x Rt — R is said to
be Lipschitz continuous in x if, for each t, there exists a piecewise continuous function
k() : Rt — Rt such that:
for each x,y € R", and t € RT. This inequality is called the Lipschitz condition.

We wish to present a theorem for the existence of a unique solution to a differential
equation with certain continuity restrictions. However, before presenting the theorem, we first
examine the following lemma.

Lemma 3.3 (Bellman-Gronwall Lemma). Let u(-), k() be real-valued, piecewise continuous

functions on RT, and assume that u(t),k(t) > 0 on RT. If, for some differentiable, non-
decreasing function c(t):

u(t) < c(t) —I—/ k(T )u(r)dr = Z(t) (3.1)

to

then:
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Proof. Without loss of generality, suppose t > ty. Define:

then u(t) < Z(t). In differential form:

%Z(t) — (t) + k(t)ult)
Z(to) = c(to)
Multiplying both sides of by the non-negative function:
k(t)e™ [t k() dr >0
we find:

0 > [ult) — Z(£)] - k(t)e "

> (%Z(t) —dt) — Z(t)k:(t)) e oK)
o i . _ftto k(7)dr / _ftto k(r)dr
- (dtZ(t) —Z(t)k(t)) e — () e

<1, since k(t)>0
> (%Z(t) - Z(t)k(t)) e ho MDA iy
o i —ftt k(r)dr .
- (Z(t) e~ o c(t))

Thus, the function Z(t) - e~ Jig mydr c(t) is decreasing, and must at any time ¢ be less than
its value at tq:
Z(t) - e oD 4y < Z(ty) — elty) = 0
Su(t) < Z(t) < cft) - el O
[

Theorem 3.4 (Fundamental Theorem of Differential Equations). Consider the differential
equation:

T = f(x,t), x(to) = o
where f(x,t) : R" x Ry — R™ is piecewise continuous in t and Lipschitz continuous in x. Then

there exists a unique function of time ¢(-) : R+ — R” that is continuously differentiable almost
everywhere, and satisfies:

.</5(t0) = I

o(t,0) = f(o(t),1),
for each t € [to, t1]\D, where D denotes the set of discontinuity points of f as a function of t.
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Proof. Construct a sequence of continuous functions:

t
Im—l-l(t) EIQ—l—/ f(J]m(T),T)dT, m:071a2)"'
to

where xo(tg) = to. The idea is to show that
1. The sequence of continuous functions:

converges to: a continuous function ¢(-) : R¥ — R”,

2. ¢(-) is a solution of the given ODE, i.e.:
(é - f<¢7 t)u ¢<t0) = Zo.

3. ¢(+) is the unique solution. This technique is known as the ”construction of a solution by
iteration.”

We proceed to prove each of the above claims.

1. To show that ¢(-) is a continuous function, we first demonstrate that {z,,(-)}5° is a Cauchy
sequence in the Banach space (C([t1,t2],R™), R, || - ||), Where to,t € [t1,ta]:

/t [f(l‘m(T), T) — f('rm—1<7'>,7')} dt

fomea(8) (0] =|
< /t | f(zp(T),7) = f(Xme1(7),7)| dT

< / K(T) N (T) — Tos (7)]| dr

to

<7 / |m(7) = Tus (7) |

where £(t) is a piecewise continuous function arising from the fact that f(x,t) is Lipschitz

continuous in z, and where we have defined K = sup k(t). By the definition of {x,,(-)}3°:
te[tl,tg]

$1<t> =X+ /t f(l'o,T) dT, te [tl,tg]
oz () — o] S/t Hf(%,T)HdT§/2||f(x0,r)Hd7-EM

t1

Since xq is specified, M is known.
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Thus, if we define T' = |t — to| and apply the recursive bound derived above, we have:
|xa(t) — x1(t)]]| < ME|t — to| = MET
1
ls(t) — 2a(0)] < 5 MRT?

1 —m m
|za(t) — z1(8)]| < EM}@ T

Next, recall that || f(+)]|ec = max {|f(¢)|,t € [t1,2]}. To see that {z,,(-)}>_, is a Cauchy
sequence in (% ([t1,t2],R"), R, || - ||x), observe that for any m,p € N, we have:

[Zmtp(-) = Zm ()0 =

Z Tkt (- —xm+k(‘)]

o0

Thus, given any € > 0, we can always choose a sufficiently large m € N such that, for
each p € N:

[2mip(-) = Zm()lloo < €
By definition, {x,,(-)}>°_, is Cauchy.

2. Next, we must show that ¢(-) is a solution of the given differential equation, i.e. gb =
f(o,t), d(to) = zo. It is sufficient to show that:

o(t) ::L‘o—i-/t f(o(r), 7)dr

since the differential equation would follow by differentiating with respect to ¢t on both
sides, while the initial condition can be obtained substituting ¢ = ¢, on both sides.

By construction, we already have:

T (t) = g +/t f(xp(7), T)dT
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Moreover, by the proof in Part 1, x,,(-) — ¢(-) on [t1,ts] as m — oco. It remains to verify
that:

t t
[ t@ntr)nir — [ sotr).nir
to to
as m — o0o. This can be done straightforwardly, by once again observing the convergence

of {z,,,(t)}o_, (with respect to the infinity norm) derived in (1):

/ [/ (&), 7) = F($(r),7)] dr

to

:/t | f(@m(T),7) = f(&(7),7)|dr
g/ K(T) - |2 (T) — @(7)| dr

<R ffen() = 60 T
(GIDIS

k- Me T .
m/!

IN

T

which approaches 0 as m — oo.

3. Finally, uniqueness can be demonstrated using the Bellman-Gronwell Lemma. Suppose
¥(t) is a solution satisfying:

Y(t) = f(8),1),  ¥(to) = o
Then:

[ 761, - 160 7))

< / F@(r),7) — F(é(r), 7)) dr
- t

< / B(t) - [(r) — o(r)| dr

to

By the Bellman-Gronwell Lemma (here, ¢; = 0), we have |1(t) —¢(t)| = 0, i.e. ¥(t) = ¢(t)
for each t € [ty,to].

FExample. Consider the time-variant system:
z(t) = A@)z(t) + B(t)u(t),
ZL‘(to) = 29

Show that the solution to this ODE is unique.



50 CHAPTER 3. DYNAMICAL SYSTEMS

Solution :
Suppose ¢(t) and 1 (t) are two solutions to the given ODE. Then ¢(ty) = 1 (to) = o,
and:
o(t) = A(t)o(t) + B(t)u(t)
U(t) = At)v(t) + B(t)u(t)
Then:

(1) — ¢(t)] =

< [ 1A 1) - ot e

< JAO - [ 1otr) = o(r) dr

where the infinity norm of A(t) was taken over the interval [to,t1]. By the Bellman-Gronwell
Lemma, |¢(t) — ¢(t)] = 0, so ¥(t) = ¢(t) for each ¢t > 0. The proof is done.

Ezxample (Reverse-Time Differential Equation). Consider again the differential equation:

m':f(xat)a l‘(t()) =

Suppose f(z,t) satisfies the hypotheses of the Fundamental Theorem, so that the solution exists
and is unique for t > t,.

Now, consider 7 € (0,%g), i.e. 7 =tyg—t for some t € (0,%y). Show that there exists a
trajectory z(7) such that z(7) = z(t).
Solution :

The proof can be done by constructing a differential equation for z(7) that satisfies the
constraints imposed in the Fundamental Theorem:

d d

2(1) = ——a(t) = = f(2(t).t) = —f(2(7), t0 — 7)

= f(2(7).7)

Since f(z,t) is piecewise continuous in ¢ and Lipschitz continuous in z, we see that f(z,7) is
piecewise continuous in 7 and Lipschitz continuous in z. This is because, given any z;(7), z2(7),
if we define 21(7) = z1(to — 7) = 21(t) and Z5(7) = 22(to — 7) = 22(¢):

[F(22(7), 7) = F(2(7), Tl = | f (2a(7), to = 7) = f21(7), t0 = 7)|
= [ f(22(2), 1) = f(21(2), 1)
Thus, given the relation between f and f, f(x,t) is Lipschitz in z if and only if f(z,7) is

Lipschitz in z. The hypotheses of the Fundamental Theorem are thus satisfied, so f is Lipschitz
in z.
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3.2 Lecture 7 Discussion

Definition 3.5 (Locally Lipschitz). A system of differential equations is said to be locally
Lipschitz in R™ if, for each r > 0, there exists some L, > 0 such that:

[f(@) = fW)l < Lr - [ =y
for each x,y € B,(0), where B,.(0) is the n-dimensional ball of radius r centered at 0.

Theorem 3.6 (Mean-Value Theorem in R"). Suppose S is an open subset of R", and
assume that f . S — R™ is differentiable at each point of S. Let x,y € S be given such that
A+ (1 =Ny €S for each X € [0,1]. Then there exists some X € (0,1) such that:

1f(y) = f@)] < f ()] ly — 2|
where z = Ax + (1 — N)y. Here, f'(z) denotes the Jacobian of f at z.
Note. The above version of the Mean-Value Theorem follows directly from Apostol [1], Theorem
12.9, pg. 355.
Ezample (Discussion 4, Problem 1). Consider the following system of differential equations.

Ty = xf — x%

As in Lecture 7, f(x1,29) = (21, %2) = (2% + 23, 23 — 23). Prove that f is locally Lipschitz but
not (globally) Lipschitz.

Solution :

1. To show that the system is locally Lipschitz, we apply the n-dimensional Mean-Value
Theorem. Fix r > 0, and let =,y € B,.(0) be given. Since f is continuously differentiable
throughout R?, we can calculate its Jacobian at any point (21, 29) € B,(0) as:

afy 9
(21, 2) = o o _ |2 2=
1, <2 Ofs  0fa ( | 221 _222
z1,22) || p

o1 8_302

< V8r
F

where the subscript F' denotes the Frobenius norm. (Since all norms are equivalent on
R?, norms can be arbitrarily chosen so long as their use is consistent). Note that, since
(21,22) € B,(0), we have 22 + 2? < r. Since this holds for any (21, 2;) € B,(0), which is
convex, we can apply the Mean-Value Theorem to get:

[f(x) = fy)| <8r- |z —y|

as desired.
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2. Suppose by contradiction that there exists some L > 0 such that:

|f(x) = fw)h < L-|z—yh

where the subscript ”0o” denotes the one-norm, defined on R? by:

)

The local Lipschitz property of f, as demonstrated above, implies that that this
inequality may in fact hold if z,y are constrained to be within a sufficiently small ball
centered at the origin (0,0). Thus, to achieve a contradiction, we must take z,y € R? to

be sufficiently large, e.g.:
.= 2L L
“lo] Y7o

1 -1 = |5 ] - [

oL] (L
wete=ah = | ][] -

Clearly, |f(z) — f(y)|1 < L-|z —y|1 does not hold in this case, a contradiction.

= |v1| + |v2]

In this case:

=37

Ezxample (Discussion 4, Problem 2). Consider the following linear system:
&= A(t)z(t) + B(t)u(t)
Jf(to) = X

Provide a sufficient condition for the linear system to have a unique solution.

Solution:
By the Fundamental Theorem, f should be:

e Piecewise continuous in ¢, for any given x, and

e Lipschitz continuous in x, for any given ¢, with the Lipschitz constant piecewise continuous
in time.

Thus, if we:
1. Fix x —A(t), B(t), u(t) are piecewise continuous in t.
2. Fix t —Observe that:
) = F(a, D] <A@ - [21(8) — 2(2)

Thus, it suffices to show that A(t) is bounded and piecewise continuous.
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FExample. Consider the following linear system:
T = Ax(t)
z(0) = xg

where A € R™™" is nonzero. Now, suppose the initial state zy undergoes a variation z to
become Z(0) = xo + To. Then the system evolves according to:

= Ax(t)
#(0

&>

~—

:(L‘O

By subtracting each corresponding equation in the above system, we arrive at a third system
for the error of the system:

T = Ai(t)

#(0) =
Use the Bellman-Gronwell Lemma to show that, as |Zo] — 0, we have |Z(t)] — 0 for any
t 10,77

Solution:
The problem can be solved by appropriately bounding the error of the state at time .
Rewriting the system for Z(t) as an integral equation, we have:

Ft) = 7o+ /t AF(t)dt
= J#(0)] < Jaol + / AL 3 at

where the Cauchy-Schwarz Inequality has been applied. Since |Z| is constant and || Al| > 0, we
can apply Bellman-Gronwell lemma to find:

()] < |do| - o 1Al = |z] - ellAlt

Remark. Essentially, the problem statement claims that the error in the state x(t) at any given
time ¢ can be made arbitrarily small by adequately reducing the error in the initial state x;.
The solution reveals that although this is true, the bound increases exponentially with ¢.
Ezample (Differential Version). Let x(t) be a non-negative, continuously differentiable function
on [0, 77, satisfying:

o(t) < A(t)x(t) + B(t)
for each t € [0,7], where A, B are non-negative integrable functions on [0,7], and vectors on
the two side of the inequality are compared term by term. Show that:

() < exp ( /0 CA() d7> - [m(()) + /0 "B df}

for each t € [0, 7.



54 CHAPTER 3. DYNAMICAL SYSTEMS

Solution:
We proceed by rewriting the inequality describing @(¢) in integral form, and applying
the Bellman-Gronwell Lemma:

= 2(t) < [m(O) + /0 tB(T) dT} - exp ( /0 tA(T) dT)

since the term in the square brackets is non-decreasing:
d t
— {x(O) +/ B(T)dT} =B(t)>0
dt 0

Ezample (Discussion 4, Problem 4). Suppose that the dynamical system:

#(t) = A(t)z(t) + B(t)u(t)
y(t) = C)z(t) + D()ul(t)

admits the unique solution:
t
x(t) = ®(t, to)xo +/ O (t,to) B(T)u(r)dr,
to

for each t € [ty,00). Identify the state transition function, the output read-out map, and the
response function.

Solution:
The state transition function s(t, to, g, ute, t]) is:

() = B(t, to)zo + / O(t,to) B(r)u(r)dr

to

the output read-out map is:

while the response function is:

y(t) = Ct)D(t,to)xo + C(t) - /t O (t,t0) B(T)u(T)dr + D(t)u(t)

to



3.3. LECTURE 8 95

3.3 Lecture 8

A system representation is a mathematical model of an input-output system. Consider, for
example, the representation in Lecture 7:

T = f(x,u,t), f:R*"xR" x Rt - R"
y = h(x,u,t), h:R™ x R" x Rt — R™
with initial condition x(ty) = zo.
Another example is the discrete-time representation:
Trr1 = [(r, ur, k)
Yr = h(zg, ug, k)

To motivate the following abstract description of a dynamical system, consider first the
concrete example of a passive electrical circuit.

Ezample (Electrical Circuit). As an example, consider the following electrical circuit:

-Ql f.@.l JG_"_}_ @z__

.

where:

1. @1, 09, q: Fluxes ¢1, 9o and capacitor charge ¢, considered here to be state variables.
2. u: Voltage source, considered here to be the input

3. y: Voltage across Ry, considered here to be the output
Then, by KCL and KVL, we have:

q= L—1¢1 - L—2¢2
1 R,
o1 = 561— L—1¢1 —Uu
1 Rs
Pg = 5q_ L—2¢2
R
y= "oy
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In system representation:

q 0 = -]« 0
¢l =\ 1 0 | |on|+|-1]u
G2 % 0 —]E—j 05 0

q
=y=[0 0 %] o1
2

The above description can be generalized into a formal definition of a dynamical system

Definition 3.7 (Dynamical System). Let time T be a variable defined on T = (00, 00) or
[0,00) (continuous-time case) or {nT,n € Z} (discrete-time case). A dynamical system is
a 5-tuple:

U, %, ¥, s,r)

defined on T, where:
1. Input space: (U)
U is the set of input functions from T — U:

u(t) = {u(t), T = U}

Typically, U = R™.

2. Output space: ())
Y is the set of output functions from T — Y

ut) ={y(t), T = Y}

Typically, Y = R™.
3. States: (X)

Y. is a set, called the state space, that contains all state trajectories

Y ={z(t),te T}

Typically, > = R"™.

4. State transition map: (s)

The state transition map:

ST XTxYxU—X

is a mapping from a given pair of initial and final times (%o, ¢ ), an initial state (x,), and
an input functions (ulto,t1]), to a final state (x(t1)):

‘/L‘(tl) - S<t17 tO; X, U)
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By convention, the third element in s(-, -, -, ) refers to the location of the trajectory x(t) at
the time given by the second element in s(-, -, -, ). For instance, writing x(t) = s(t, 7,2, u)
indicates that the initial condition under consideration is ' = x(T).

5. Output Read-out Map: (r)

The output readout function:

ro T XY xU—=Y

1s a mapping from a given point in time t, and the state and output at time t, to the
output y(t) at time t:

y(t) = vt x(t), u(t))

Remark (Difference between ulty, t;] and u(t)). All state transition maps s take into account
the action of u on the state trajectory z(t) at all times in T. When considering state transitions
between different points in time (given an initial state), it is usually insufficient to merely
consider the effect of w at any specific point in time between [tg,?;]. On the other hand, in our
model of dynamical systems, we assume that the output y(t) at any point in time t' depends
only on the state and input at time t' (i.e. x(t'),u(t'), respectively. Thus, when calculating
y(t'), it is enough to know z(t') and u(t'); we do not need to know ultg, ¢1].

Definition 3.8. For any given dynamical system, the state transition map s is required to
satisfy the following two azxioms:
1. State Transition Axiom:

Let tg,t1 € T be given, with to < t;. The state transition axiom states that if
u(t), u(t) € U satisfy:

u(t) = u(t), Vit € [to,t1] N'T
for each interval [to,t;) N'T, then:

s(t1, to, xo, u) = s(t1, o, o, u)

2. Semi-Group Axiom:

Let to,t1,to € T be given, with tg < t; < to. The semi-group axiom states that if
u(t), u(t) € U satisfy:

S(tg,tl,l’(tl)ﬂL) = S(tg,tl,S(tl,to,lL’o,u),U)
= 3(t27t07x07u)

for each initial state xo € X and input function u € U.

Remark (Interpretations of the State Transition Axioms).
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1. State Transition Axiom:

Only the input between the initial and final points of time will affect the state
trajectory. This property is suggested by writing:

x(tl) = 8<t7 t07 Lo, u[t()? tl])

2. Semi-Group Axiom:

In other words, the concatenated effects of applying the same input « throughout the
time intervals [tg,t1] and [t1,t5] is the same as the effect of applying u throughout the
total time interval [t, t5], assuming all initial conditions are aligned.

Below, we define two important classes of dynamical systems—time-invariant systems
and linear dynamical systems.

Definition 3.9 (Shift Operator). Define the shift operator T, : U — U as:
(Tru)(t) = u(t —7)
(Similar notations are used for T, : Y — Y.)

Definition 3.10 (Time-Invariant Dynamical System). A dynamical system is said to be
time-invariant if:

1. U 1is closed under T, for each T.

2. For each to,t, 7 € T, where ty < t1, and each xo € X, u € U, we have:

s(ty, to, ko, u) = s(ty + 7,to + T, 20, Tru)

Definition 3.11 (Linear Dynamical Systems). A dynamical system is said to be linear if:
1. U,3%,Y are linear spaces over the same field TF.

2. For each ty,t € T, with ty < t, the response map p is linear in X X U, i.e. for any
T1,T9 € X and oy, 9 € F:

p(t, to, a1y + oo, ayuy + aoug)

=ay - p(t,to, x1,u1) + oz - p(t, Lo, T2, u2)

Remark. The above axioms in the definition of linearity for dynamical systems basically state
that, in order for a dynamical system to be considered linear, the parameters and mappings
associated with its definition must satisfy the following properties:

1. Any two states, or their linear combinations, can be added together. So can any two
inputs or any two outputs.
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2. For any given initial time ¢, and final (time of response) time ¢, the (output) response of
the dynamical system to a linear combination of 2-tuples of (initial state, input), i.e.:

ay(xor,ur) + - -+ an(Ton, Un)

is the linear combination of the responses of the system to any particular 2-tuple (2,1, u,),
with the same coefficients aq, -« -, ay,.

Definition 3.12 (Zero-State Response, Zero-Input Response). Given a linear dynamical
system (U, 3, Y, r,s), suppose Os, and 0y are the zero elements of ¥ and U, respectively. Then:

(LU(), u) = (QE,U) + (130, (91/{)
= P(t> thanu) = p(tatﬂa 927u) + p(t7t07x07 91/1)

Define:

p(t, to,0s,u) = zero-state response

p(t, to, zo,6y) = zero-input response

We have thus shown that the response map of any linear dynamical system can be written as the
sum of a zero-state response and a zero-input response. The linearity of each can be established
by observing that both Os. and 6, can be written as linear combinations of itself:

p(ta th 927 Uy + a2u2)
=Qq p(t, to, 92, Ul) + s - p(ta Lo, HZa UQ)
p(t, ty, ¥1To1 + QaZoo, ‘91/{)

= - p(t,to, To1, 0u) + o - p(t, to, oz, Ou)

Finally, we establish the concept of equivalent states and equivalent representations for
two dynamical systems.

Definition 3.13 (Equivalent States). Let D = (U, %, Y, s,r) and D = (U, %, Y, 5,7) be two
dynamical systems with the same input and output spaces (U and Y, respectively). We say that
an initial state xo € X of D and an initial state To € X of D are equivalent if, for eacht > ty:

P(t> th Lo, U[to, t]) = p(ta th joa U[to, t])

In other words, stating that zo € ¥ and = € 3 are equivalent states is the same as
stating the following—If at time ¢y, the systems D and D are initialized at state zo and o,
respectively, and are subject to the same input u[tg, t] during the interval [t, t], then they must
have the same response p at t.

Definition 3.14 (Equivalent Representations). Two dynamical systems D and D are said
to be equivalent if and only if, for each to € T, x € D, there exists at least one state T € D that
15 equivalent to x at tg. Thus, equivalent system representaitons have the same input-output
pairs.



60 CHAPTER 3. DYNAMICAL SYSTEMS

3.4 Lecture 8 Discussion
Ezxample (Discussion 4, Problem 4). Suppose that the dynamical system:

#(t) = A(t)z(t) + B(t)u(t)
y(t) = C)z(t) + D()u(t)

admits the unique solution:
t
x(t) = ®(t, to)xo +/ O (t,to) B(T)u(r)dr,
to

for each t € [tg,00). Identify the state transition function, the output read-out map, and the
response function.

Solution:
The state transition function s(t, to, g, u[to, t]) is:

xm—émm%+/¢@m3mmﬂw

to

the output read-out map is:

while the response function is:

y(t) = Ct)P(t,to)xe + C(1) - /t O (t,t9) B(T)u(T)dr + D(t) u(t)

to
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3.5 Lecture 9

In Sections 7 and 8, we considered the system to be evolving according the differential
equation © = f(z,t), where f can be of any form, so long as it guarantees the existence of a
unique solution. Here, we restrict our attention to specific forms for f(z,t), as well as specific
forms for writing the output in terms of the states and inputs. This will allow us to define a
mapping ®(t, 1), called the state transition matriz, that concisely describes the state trajectory

x(t).

Definition 3.15 (System Representation). The system representation R = [A(-), B(+), C(-), D(-)]
stands for the dynamical system:

z(t) = A(t)x(t) + B(t)u(t), x(to) = xo

where we have:

u(t) € R™
y(t) € R™
z(t) € R",

with matriz-valued piecewise continuous functions:

The input u(t) € U, where U is the set of piecewise continuous functions from R+ — R™.
We wish to show that (3.2) and (i3.3|) satisfy the conditions of the existence and uniqueness
theorem for differential equations; this would imply that z(¢) and y(t) € R™ is well-defined for

all t > ty. Rewrite (3.2)) as:

(t) = A(t)x(t) + B(t)u(t)
p(x(t),t)
Observe that for each x, the function p(z, t) is piecewise continuous in ¢, since A(t), B(t), u(t)

are piecewise continuous in ¢. Also, for each fixed t, p(z,t) is globally Lipschitz in z (with
Lipschitz constant ||A(t)||; piecewise continuous in t), as shown below:

[p(21,1) — p(a2,t)] = |A(E) (21 — 22)
< [[A@) i1 — 22
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The solution z(t) can be represented in terms of the state transition map s, while the
output can be represented by the response map p:
I’(t) = S(t’ lo, To, U[to, t])
y<t) = ,O(t, tO? o, u[t07 t])

Ezxample (Linearization). One of the reasons for adopting a system representation of the
form (3.2)), (3.3), is that state perturbations in non-linear systems can be characterized via
linearization. Consider a general non-linear system with dynamics of the form:

T = f(x,u,t), x(tg) = o
y = h(z,u,t)

and suppose that a small perturbation is applied to the state (x) and input (u) of the system,
thus inducing a slight change in the output (y):

r—> x+0x
x(ty) — o + 0xg

u— u+ou

Yy —>y+ 0y

Then, Taylor expansion gives us:

T+ 0% = f(x + 0z, u+ ou,t)

0 0
—f(x,u,t)—l—%f(x,u,t) 5'7:_'_%]0(3:7“725) ou
— A(f) €Rnxn = B(t) € Rn*
= 0 = A(t) - dz + B(t) - du
Similarly, we have:

y+ 0y = h(x + dx,u + du,t)
= h( t)—l—gh( 131 —i—ﬁf( t)| o
= h(z,u, 5 s s v+ o fl@u, u

Vv Vv
=C(t) e Rroxn = D(t) e R0 X"

= dy=C(t)-0x + D(t) - du
In summary, we have:

0t = A(t) - dx + B(t) - u
dy = C(t) - dx + D(t) - du
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Below, we define the state transition matriz for dynamical systems with system representation
of the form (3.2)) and (3.3), and demonstrate its relationship to the state x(t).

Definition 3.16 (State Transition Matrix). Consider a dynamical system (U,3,Y,s,r)
with system representation given as in (3.2)), (3.3). The state transition matriz ®(t,1))

of the system is defined as the unique solution to the following differential equation, where
X(t) € R™™ for each t € R:

X = A(t)X, X(to) = Xo (3.4)

Proposition 3.17. Consider a dynamical system (U,3,Y,s,r) with system representation
given as in (3.2), (3.3), and state transition matriz ®(t,ty). Then:

1. The (unique) solution to the differential equation:
&= A(t)z, x(ty) = o

1S given by:
:E(t) = S<t7 toﬁo) = q)(tatO)xO

Moreover, for each t,to,t, € RT, we have:
2. (b(t, to) = q)(t, t1> : q)(tl,to).

3. [®(t, t)] " = B(to, 1)

4. det(t, to) = exp ( S tr(A(r) dT)
Proof.

1. By the Fundamental Theorem, we only have to show that the given expression satisfies
the given differential equation and initial conditions. For the differential equation, we
have:

d d
E [@(t, to)l’o} = [Eq)(t, t()):| o = A(t)l‘o
At t = ty, we have:

l'(to) = (I)(to,to)ilfo = 29

The proof is done.

2. Here, we will show that the expression on the right-hand side satisfies the matrix differential
equation that defines ®(¢,ty), as well as the given initial condition:

d

%[é(t,tl) - B(ty, )] = [A@t) - (¢, t1)] - D(t1, to),
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since, by definition, ®(¢,¢;) is the unique solution to the matrix equation:
X =A@t)X, X(t) =1
For the initial condition, we have at t;:

O(ty,t1)P(t1,t0) = P(t1, to)

3. Observe that:

so @(tg, 1)1 = (¢, ).

4. The given equation can be rewritten in its differential form, as follows:

d
%(I)(tto) =tr(A) -det(q)(tato))

This can be shown by observing that:

D(t,tg) = O(t, o) + A(t) ®(to, t) dt + O(dt?)
= (I + A(t)dt)®(t,ty) + O(dt?)

= det(®(t +dt,tg)) = |1+ _ aydt + O(dt?)| - det(®(t, ko)) + O(dt?)
=1
= [1+tr(A) - dt] - det®(t,t9) + O(dt?)
d _
= —det®(t,ty) = lim det®(t + dt, o) — detd(t, )
dt t—0 dt

= tr(A) - det(D(t, ty))

Now, we wish to demonstrate what happens when a nonzero input function u(t) is
superimposed onto the system. Consider an input u(t) imposed onto the system during the
infinitesimal time period [t', ¢’ + dt], where:

o<t <t/ +dt’ <t

as shown in the figure below.

ot J

4o 4+’ t4dt’ ﬁ‘t

w2

4
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Analyzing the trajectory x(t) at times t',t' + dt and ¢, we find:

z(t') = O(t', to)xo
o(t' +dt') = x(t') + [A{)x(t') + Bt )u(t)] dt’
= z(t) = O(t, ' + dt')x(t’ + dt')
= ®(t, ¢’ +dt') [x(t') + [A{ )z (') + B(t')u(t')] d']
=®(t, ¢’ +dt') [T+ At )dt'|x(t') + @(t, ' + dt') B{t'yu(t') dt’
~ Ot + dt) Ot + dt)

where L®(t,t0) = A(t) D(t, to):

d
A(t)(t, to) = E@(tﬂfo)
O+ dt ) — Dt 1)
- dt’
O+ dt' t) — I
dt’

= Ot +dt' t') =T+ A@)D(t,ty)dt'

65

Theorem 3.18. The state transition and response maps for a dynamical system with system

representation (3.2), (3.3) are:

s(t, to, o, ufto, t]) = (¢, to)xo + /t O(t, t"YB(t u(t') dt', (3.5)
p(t, to, xo, ulto, t]) = C(t)®(t, to)xo + C(t) /ttfb(t t)B(t)u(t') dt’ + D(t)u(t), (3.6)
respectively.

Proof. To verify (3.5)), we must demonstrate that the expression on its right-hand side satisfies
the differential equation (3.2)). By taking the derivative of s with respect to time, we have:

d

%s(t, to, To, ulto, t]) = [%@(t, to)} zo + D(t, ) B(t)u(t)

= [A()®(t, t0)] xo + B(t)u(t)
— A(t)z(t) + B(t)u(t)

It remains to show that the initial condition is satisfied:
I(to) = (I)(t, to)l’o +0= Zo

Finally, (3.6) follows when ([3.5)) is substituted as x(t) into (3.3)). This completes the proof.
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Theorem 3.19. The state transition function (3.5) satisfies the state transition axiom and the
SEMI-group ariom.

Proof.

1. State Transition Axiom:

Let inputs u(-) and u(-) be given such that they take identical values in the time
interval 7 € [ty,t]. Then we have:

s(t, to, 2o, ulto, 1]) = B(t, to)zo + / t o(t, ¢)B(t )u(t') dt
= B(t,to)xo + /t O(t, ") Bt Ya(t') dt’

to

= S(tv th :L‘()?ﬂ[th t])

2. Semi-Group Axiom:

To check the semi-group axiom, we must compare s(ts, t1, s(t1, to, o, u[to, t1], u[t1, ta]))
and S(tg, to, To, U[to, tQ])I

8(t27 t17 S(tla tOv Zo, U[to, tl]) U[tl, tQD)

=d(tg,t1) - ((I)(tl,to)xo + /t:l (I)(tl,T>B<T>u(T)dT) + /: O (to, 7)B(T)u(T)dr

:(ID(tg,to)xg—i-/1¢(t2,T)B(T)u(T)dT+/ O (ty, 7)B(T)u(r)dr

to t1

= (ty, to)zo + / 2 O(ty, 7)B(T)u(T)dT

to
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3.6 Lecture 9 Discussion

Ezample (Discussion 5, Problem 5, Fall 2009, 2015 Midterms). For a non-singular
M(t) € R"*" determine an expression for:

in terms of M (t) and M~'(t).

Solution :
The desired result can be derived by applying the definition for the inverse of a matrix
and the product rule for differentiation:

I=M(t) M7t

:O:{%M@wwﬂﬂ+M@[%M4w]
:>%M‘1(t) = —M"t) l%M(t)} M)

Ezample (Discussion 5, Problems 6, 7, Fall 2014 Midterm). Given a system of the form
(3.2) and (3.3), with state transition matrix ®(¢, t)

1. Find an expression for:
d
—P(t
dT ( 77-)
in terms of ®(t,ty) and A(t).
2. Prove that ®(ty,t) is the unique solution to the matrix differential equation:

d
X = =XOAW),  Alto) =1

Solution:

1. We repeat the solution process of the above example for ®(¢, 7):

[=®(tt) = (t, 1) (1, 1)

:>()::{£;®(u7)}¢%u7)%—®(tr){éé@(ntﬂ

:>i7_(1)(t.7') = —P(t, 1) [%q)<7—7 t)] ®(t,7)
= —®(t,7) [A(T)(I)(T, t)]
=—®(t,7)A(7)
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where ®(7,¢) is the unique solution:

diTX = A(1)X, X(r)=1.

2. First, we verify that ®(t,t) satisfies the given differential equation. This follows directly
from the results derived above (simply replace ¢ and 7 with ¢, and ¢, respectively:

d
Lo (tT) = —0(t, ) A(7)

i%@(to,t) = —®(to,t) A(t)

Remark. Any uniqueness issues in the definition of ®(t,#y) can be circumvented by noting that,
when A(t) is piecewise continuous in ¢, the differential equation %X (t) = A(t)X (¢) satisfies the
Fundamental Theorem (which extends to matrix differential equations).
Ezample (Discussion 5, Problem 8). Calculate the state transition matrix for the differential
equation & (t) = A(t)x(t), where:
t 2

A=y 2

Solution-1:

Since A(t) € R**? for each t € R, the state space ¥ is 2-dimensional, i.e. z(t) =
(z1(t), 22(t))T. Let the initial conditions be z1(ty) = a and xs(ty) = b, and rewrite the
differential equation as:

jfl = thl + 21‘2
jﬂ‘g = —X2

The second equation implies that zo(t) = be~ %), Substituting this result into the first
equation, we have:

l.'l = tl’l —+ 2b6_(t_t0)

The solution to z1(t) can then be found via the integrating factor method:

1,2 2 _ 142
=e 2V g —te 2V gy = 20772t
d 1t2 1,2
= — (e_§ $1> = 2be 12!
dt
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where, in the final step, we have integrated from t; to ¢ on both sides of the equality. In
summary, we have for z1(¢) and z5(t):

t
21 (t) = e28) . q + 26%/ eI dr b
to

To(t) = e~ (t=to) . p
Since the state transition matrix uniquely satisfies x(t) = ®(¢,ty)zo, we find that:

3(=13)  9p—3(t*—to) [t —T—572
€2 e 2 e 2 T
(b(t’ t()) B 0 e‘([t;foto) :|

Solution-2:
Another method is to solve for ®(¢,¢y) directly, from its definition as the unique solution
to the differential equation:

X()=AMWX(@),  X(to) =1
Define the components of ®(¢, 1) as:

_ [ Pu(t o) Pia(t, o)
(1) = me(t,to) @22(75,150)}

Then the differential equation uniquely satisfied by ®(¢,t) becomes:
(i)u(t, to) (i)lz(t; to)} _ {An(t) A12(t):| [@11(757 to) Piaft, to)]
A (t) Aga(t)]| [Pai(t to) Poalt,to)

@21(75, to) <I>22(t, to)
o 2] [anteto) gt

This can be expressed as four differential equations, one each for D11 (L, to), Pra(t, to), Por(t,to),
and Pos(t,tp):

Dyy = tPyy + 20y

Dyy = tPy; + 20y,

Dy = —Dyy

Dgy = — Doy

with initial conditions:
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From the differential equations for ®5; and ®yy, we immediately conclude that ®o(t,%5) = 0
and Poy(t, tg) = e~(t=t)  Substituting into the differential equations for ®;; and ®;5, we have:

Dyy = 1Py + 2e )
Dy = 1Dy
Using the initial conditions (i>11(to, to) =1 and (1912(250, to) = 0, we have:
B (t,10) = 3D
@12(t7t0) = 267%@277&0) /t e*Tf%TQdT,
to

in agreement with the solution presented above.

Ezample (Discussion 5, Problem 10). Determine whether the dynamical system described
by the following equations is linear:

Bj B Lir?i(rtl)(izzo)] + m u(t)
y(t) = [0 0] (?)

Assume that u(t) is piecewise continuous in t.

Solution:

The system is linear since the response map, which is identically 0, is linear with respect
to any tuple of initial state and control, (xg, u[tg,t]). This problem emphasizes the fact that,
even if the dynamics of the system appear non-linear, the system itself is linear by definition if
its response map is linear.

Ezxample (Discussion 5, Problem 11). Find a mathematical representation for the system
presented below, and determine whether it is a dynamical system. Is it linear?

U

-f;\ T 1 x Yy
&Y s

Solution:

1. Since multiplying by 1/s in the frequency domain is equivalent to an integrator in the
time domain, we have:

r=-2x+u

y=x
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2. Applying (3.9) to the given differential equation, with the initial condition z(ty) = xo, we
find:

t

x(t) = e 200l gy 4 / u(r) - e 2"dr

to

To verify that the above trajectory is that of a dynamical system, we must verify that it
satisfies the state transition axiom and the semi-group axiom:

e State Transition Axiom:

Let u and ' be input functions taking identical values at each point in [tg,?].
Since the given state trajectory only depends on values of u in the time interval
[to, 1], it satisfies state transition axiom.

e Semi-Group Axiom:
We have:

8(t27 t1, S(tla tO? o, u[th tl])a u[th t2])

t t
:e—Q(tg—t1) (6_2(t_t0)1'0 i / 1 u(T) ) 6_2(t1—7)d7_> n / 2 U(T) ) 6_2(t2—7)d7_

to t1
t
= 2t2—to u(r) - e 2" dr 4 / 2 u(T) - e 2= qr

t1

(1) e
— e 2(tzt0 u(r) - e 2" dr

t1
)ZL’O +/
to
to
).To "—/
to

:S(tla tOu Zo, u[t()’ tQ])
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3.7 Lecture 10

It will become apparent that the solution to the differential equations , involves the
matrix exponential e’4. Thus, we devote the first half of this section towards understanding
this expression.

The following material, which establishes the convergence of ¢4 for each
square matrix A and each t € R, is not included in the Lecture 10 Notes. It
originates from Professor Chee-Fai Yung’s Lecture Notes on Mathematical Control

Theory [12].

Below, we extend (3.5) and (3.6) to the special case where A(t), B(t),C(t), D(t) are fixed
matrices whose values are independent of time. However, we first require a result for the
convergence of a particular sequence of matrix polynomials.

Definition 3.20 (Convergence of a Series of Matrices). Let {c™} be a sequence of m xn
matrices. We say that ), ¢ converges if each series ), cg-g) converges, where:

Cr, = [Cgc)]mxn

If > cgf) converges for each i, j, then we define:

Theorem 3.21. If Y, ||ck|| converges, then ), ci converges.

Proof. Without loss of generality, take the Frobenius norm. Since |c | < ||ex|| for each 4, j,

and ), |lcx|| converges, the series -, |C¢j( )} converges for each ¢,j. In other words, >, cg“')
converges (absolutely), for each 4, j, so ), ¢, converges by Theorem [ |

Theorem 3.22. For each square matriz A, the infinite sum:

2
k=0

converges.

Proof. For each k =0,1,2,---:

A _IIA'“||<||A||’“
EV( - kD Tk

A
Z AIF _

The rigllt—hand side converges, by the Comparison Test. Thus, by Theorem [3.21 so does
o A
AT |
k=0 &I

k=
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With the above results, we can now simplify (3.5)) and (3.6)) for the case where A(t), B(t),
C(t), D(t) are all constant.

Lecture 10 Notes begin here

Corollary 3.23. Let D be a dynamical system with system representation (3.2) and (| -, with
A(t), B(t),C(t), D(t) all constant (i.e. time-independent). Then the State transztwn matrizc
O(t,tg) for D is:

B(t, 1) = et (3.7)

As a result, the state transition and response maps for a dynamical system with system representation

(13-2), (3.3), when A(t), B(t),C(t), D(t) are all constant, are:

t
z(t) = etz +/ AR (T dr (3.8)

to

y(t) = C(t) et Az 4 C(t) /t et=74B u(r)dr + Du(t) (3.9)

to

Proof. To show (3.7), we must show that e(*~%)4 satisfies (3.4)):

d d | th Ak d | th Ak > tk Ak
T —alz | T | :Z;th<T)]
oo tk lAk tkAk'H
B Z k!
k=1
:Ae :etAA

The exchange of the inﬁnite sum and the differentiation in the third equality relies on the fact
that the convergence of (75, k > 0) to etA is umformly continuous in ¢ (see Rudin [§]). (3.5))
and . then follow by substituting (3.7]) into and (| . (Observe that the norm of A,
a constant matrix, offers a natural ch01ce for the Llpschltz constant. Thus, if u(t) is piecewise
continuous, all the conditions of the Fundamental Theorem are then satisfied.) [ |

Other properties regarding the matrix exponential e*4 are discussed below.
Theorem 3.24 (Properties of the Matrix Exponential).
1. e =1.
o)A A | sA _ psA | A
. If (and only when) AB = BA, we have e!A+B) = ¢t4 . ¢tB

2

3

4. ()™t =et4
5

. If A= PBP™', then e = Pe!BP1,
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Proof.

1. By definition of the matrix exponential:

O=I4+14+040+---=1

2. By expanding the left-hand side of the given expression, we have:

e(t—i-s)A:Z H‘SnAn ZZ( )tksn—k.%

=0 n=0 k=0
! A”
k.n—k
>y e L
k=0 n=k
_ — 1 k.n (n+k)
o Z Z k[n!t A
k=0 n=0
— 6tA GSA
_ 84 etA
3.7 =" By expanding the left-hand side of the given expression, we have:
t" A + B t"
t(A+B) _ kEpn—k °
oy B zz( )
=0 n=0 k=0
t
_ kpn—k ~
-3 ot B
k=0 n=k
_ ZZLA’“B” . 4+b)
kn!
k=0 n=0
— oA otB
— B A

where the fact that AB = BA has been used, in conjunction with the binomial theorem,
to separate the A and B terms in the expression (A + B)".

7 < 7 Conversely, suppose e/A+B) = ¢t4etB  Differentiating both sides twice and
taking t = 0, we have:
GHA+B) _ jtA | tB

= (A+ B)e!™B) — ¢tA(4 4 B)e'P
= (A+ B)?e"ATH) = ¢4 (A(A+ B) + (A+ B)B) '®
= A> 4+ AB + BA+ B*> = A* + 2AB + B?

=AB = BA
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4. Since A and —A clearly commute, we have from the above derivation:

I = eO _ 6t(AJr(—A)) _ etA . eftA _ eftA . etA

5. By definition of the matrix exponential:

=tk Bk = tkPBkp~!
tBp—1 __ -1 _
PetPp _P<Z kl)P => o
k=0 k=0
 ~t(PBPTY NtRAE
=2 T w Lw
k=0 k=0

Methods for calculating e**, when A is independent of ¢, include:

1. Direct Expansion

2. Laplace Transform

3. Cayley-Hamilton Theorem

4. Diagonalization or Jordan Canonical Form

However, if A = A(t) is time-dependent, the differential equation must be directly solved
(either for z(t), or for ®(t)). The process is rather time-consuming. Examples are furnished in
the discussion problems following this lecture.

For very simple matrices, e/* can be directly calculated. In general, the results of the
above theorem allow e to be calculated via diagonalization or Jordan decomposition. Other
methods for calculating e, as listed above, are demonstrated in examples in Discussion Notes
following this chapter.

01
=10

Find e*4 using the definition of the matrix polynomial.

Solution 1 : (Direct Calculation)
Since A2 = O, we have A" = O for any n = 2,3,---. Thus:

FExample. Suppose:

1 ¢
tA _
e —I+tA—{O 1}

For more difficult examples, the Laplace transform can be used to find the matrix
polynomial. Consider again the matrix differential equation X = AX, X(0) = [,,. By taking
the Laplace transform on both sides, we have:
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X = AX
=5X(s) — X(0) = AX(s)
= (s — A)X(s) =1
= X(s) = (s — A)~
=a(t) =L (s - A~}
where the adjugate matriz adj(sI — A) of A is the transpose of the cofactor matriz C
of A, as shown below. We define A;; as the matrix obtained by deleting the i-th row and j-th
column of A:
Cii(A) = (=1)"det(Ay)
adj(4) = [C(4)]"

Solution 2 : (Laplace Transform)
From above, we know that ' = £71(sI — A), so:
s —1
sl — A= [O 5 ]

= (s~ )" = [g ﬂ - [

et = (s — A1} = £ { [

Ol
SOul- o |,_\an|,_.
1

Below, we revisit the derivation of the solution to the linear time-invariant system:

t(t) = Az(t) + Bu(t), x(to) = xo
y(t) = Cz(t) + Du(t)

The solution is given by (3.8) and (3.9), as reproduced below:

t
z(t) = etto)Ag 4 / e(t_T)ABU(T)dT

to

y(t) = Ct) e + C(t) /t e "ABu(r)dr + Du(t)

to

Below, we show that these formulas can be derived via Laplace transform and inverse Laplace
transform. Consider the Laplace transform of the linear time-invariant system:



3.7. LECTURE 10 7

sX(s)—xy =AX(s)+ BU(s)
sY (s) =CX(s)+DU(s)
N (s) = (sI—A)tazg+ (sI —A)'B U(S)A
(s) =C(sI — A lxg+ D(sI — A)"'BU(s)
x(t) =L7H(sI — A ao+ LY (sT — A7)+ (Bu)(t)
= elt=to)Ag 4 ftz e=IABy(T)dr
y(t) =CL Y (sI — A) oo+ DL (s — A7} x (Bu)(t)
= Celt=t)Ar, + D ftto eNABu(r)dr

Ezample (Inverted Pendulum). Consider the inverted pendulum described by the differential
equation and figure provided below:

mi?6 — mglsinf =1

Analyze its dynamics.

Figure 10.1

I
!
- m
| JL/
¥4
S

Solution:

The given dynamics can be rewritten as:

0 =0Q% +u
y==~0
where we have defined: p -
F=7 =5

By taking the Laplace transform on both sides, we have for the transfer function G(s):

_Y(s) 1 1
G(s) = U(s) 202 (s+Q)(s—Q)

The zero-state response of the system can thus be represented by the figure below. This system
has an unstable pole at s = 2.
Figure 10.2
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Closed-Loop Solution:

Suppose we try to cancel this pole by passing the input through another controller with
transfer function and applying some sort of closed-loop feedback:

Figure 10.3

S I

Now, suppose we close the loop:

Figure 10.4
R(s) J
R-?Im —fats %S)

If we apply a step function for the input R(¢), the resulting closed-loop step response is
as follows (the MATLAB code used to generate figures in this example is provided at the end
of the section):

Figure 10.5
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Step Response

_——— e ——— e T

[ TURREE S

Amplitude

LS [ — |
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0 ) 4 6 8 10 12 14 16 18 20
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Now, Consider the original dynamics as:

.i‘l:ZEQ

.@2 = 92x1 +u

We wish to replace u with as the overall input of the composite system. This can be done by
introducing a third state variable, x3, from the relationship between u and u:

A good candidate for x3 is thus x3 = u — u, which yields &3 = Qu. The state space equations
for the above (open loop) system are (see accompanying figure):

.fl:.fg
(@2 = QZ$1 +u
T3 = Qu

Figure 10.6
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MATLAB Simulations for Closed-Loop Step Response and Initial State Response:

|

For the remainder of this example, we will suppose 2 = 1 for simplicity. If so, the above
equations can be rewritten in matrix form as follows:

01 O 0
z=11 0 —=1|lz+ 1| uw
0 0 O 1
—_— =~

=A =B
y=1[10 0]z
=C

Now, consider the closed-loop system obtained by using as our input @ the difference
between a desired output r and the output y(¢) (via feedback), as shown below. Here, we take:

u(t) = co - ug(t)

where ug(t) denotes the unit-step function.
The dynamics of the closed-loop system can be analyzed in the frequency domain as
follows (see accompanying figure):

Figure 10.8

K ;gfi;g:AxafB‘iI X [¥=x]

As a sanity check, we can use the Final-Value Theorem to verify that the steady-state
response of the system is stable:

=6

lim y(t) = lim sY(s) = ¢

t—o0 s—0t
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Back in the state space representation, the closed-loop system becomes:

#=(A— BC)x+ BR (3.10)

y=Cx

Consider the following two types of system response simulated and plotted using MATLAB

1. Closed-Loop Step Response:

Figure 10.9
4 . SepResponse
1.2
‘ |
1« [
| -
|
8 08t |
: JJ)LGLC% W samg 1
2 06
a befne (no

%rpué&)
bt ... |

4 i d

S 2

¢ B % 5 5 W % W B mTm
Time (sec)

2. Closed-Loop Initial-State Response:

Figure 10.10
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Response to Initial Conditions

do———— ey ———— B e e E S A P

3.5r

| is unotable |

31

g |
%2.5( g |
g J
| i
2
|
T2 25

Time (sec)

Qualitative Analysis to Explain Instability:

The above simulation results illustrate that, although pole cancellation modifies the
poles in the transfer function, which connects the input and output of a system, it cannot
eliminate sources of instability within the system itself. Thus, when the system may become
unstable when initialized at particular states, even in the absence of external inputs. Below,
we qualitatively analyze the state space model to gain more insight into this phenomenon.

By , the solution to (3.10)) is:

¢
x(t) = et(AiBC)xo + / t=T(A-B0) p R(7)dr,
0

where e/4=5Y) can be calculated via the inverse Laplace transform:

s —1 0
tATBO) — (T — A =L [0 s 1
1 0 s
1 52 S 1 !
— 1 5 1 s —s
T ls 1 82

Note that (sI — (A — BC))™! can be evaluated via Gauss-Jordan elimination, use of
the adjunct (classical adjoint) matrix, or any other method for evaluating the inverse of an
invertible matrix. In particular, Gauss-Jordan elimination provides an straightforward method
for evaluating (sI—(A—BC'))™!, while the adjunct matrix method reveals that (sI—(A—BC))™!
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is a rational function with polynomials of degrees n—1 and n in the numerator and denominator,
respectively.

Recall that we wish to understand why the closed-loop step response of the system is
stable, while the initial state response, with z(t) = (1,0,0)7 is not (to be more precise, it is
the first term in the response, which is a 3D vector, that is unstable). We do so explicitly
below. This time, consider from a qualitative viewpoint the response y(t) under the two types
of responses simulated earlier:

1. Closed-Loop Step Response—R(t) = 0, and zg = (1,0,0)7:

A-BC)

Similarly, only certain components of e are necessary in the evaluation of y(t)

in this case:

t ) 1
= B e 7
/OE {s2+s+1} T

t
= / 6_0.5(15_7—) COS (0866<t - T)> dT
0

which is stable, since the poles in this case, s = —0.5 + j0.866 are all on the left half of
the complex plane.

2. Closed-Loop Initial-State Response—R(t) = 0, and x¢ = (1,0,0)7:

It is, in fact, unnecessary to evaluate each term in e/4=5%); the figures given above

imply we only have to show that certain parts of the response converge:

y(t)=[1 0 0]=(t)
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Since s3> — 1 includes s = 1 as a pole, the resulting y(¢) is a linear combination of
exponential and sinusoidal terms, one of which is e'. This demonstrates that y(¢) has
an unstable mode due to the pole at s = 1.

For this purpose, it is actually unnecessary to evaluate every term in e/“=5%); we only

need to obtain the (1,1) entry.

This result can be interpreted by comparing A and A — BC"

01 0

A=|1 0 -1
00 0]

0 1 0]
A-BC=|0 0 -1
10 0]

We can straightforwardly compute the eigenvalues of A and A — BC' as follows:

o(A)={1,-1,0}

o(A— BC) = {1, % ijO.S?}

Note that the unstable eigenvalue at s = 1 is still present, even after the control is applied.

Note. The MATLAB code used to generate the figures in this example is as follows:

Figure 10.7
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EECS221A CJT
Inverted Pendulum
Unstable mode "invisible" in TF but "visible" in state space model

o o° of

First define the transfer function and
plot the closed loop step response

= tf('s');

= 1/(s*2-1);

= (s-1)/s;

= G n o oe

% unity feedback closed loop system
step (K*G/ (1+K*G) ) ;

% Next, define the state space model

[ 3. 6 L 8wy 60 8l I,(Z,:iJ

[01 1]1"';
[1 0 0];
0;

Unww
o

% open loop state space model
sys_ol = ss(A,B,C,D);

% unity feedback closed loop system
sys_cl = ss(A-B*C,B,C,D);

% closed loop step response
step(sys_cl,20);

% initial state response of closed loop system
$initial (sys _cl,[1 0 0]);
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3.8 Lecture 10 Discussion
Ezample (Discussion 6, Problem 3). Compute e for the following matrix:

-

Below, we compute e in three different ways—(1) Laplace Transform, (2) Cayley-
Hamilton Theorem, (2) Diagonalization.

tA

Solution 1:  (Laplace Transform)
We have:

LH(sI —A)
et

5+3
ﬁli s—i—3 2{5—;3 s—?—l}}

I
l\

1 S+ 3 2
(s +2)2 1 s+1
%(cost + sin t) e 2tsint
- —2¢ %sint e *(cost —sint)

Solution 2 :  (Cayley-Hamilton Theorem)
To invoke the Cayley-Hamilton Theorem. which roughly states that all square matrices
satisfy their own characteristic equation, we must find the characteristic function of A:

WA =A+1DA+3)+2=X+4\+5

The roots of xa(A), i.e. the eigenvalues of A, are —2 + 1.

Thus, the Cayley-Hamilton Theorem implies that A% +4A4 + 5 = 0. Now, consider the
function e**, which we will treat as an infinite polynomial of A, with coefficients dependent on ¢.
We hope to express e in such a way that allows us to easily compute ¢4 by replacing A with
A. To that end, consider the long division of e'* over x,(A4). By the Polynomial Remainder
Theorem, there must exist polynomials ¢(\),r(\), with the degree of r(\) less than 2 (the
degree of x(A), such that:

e =q(\) - (N +4X+5) + (1A + ¢p) -
——
=r(A)
The coefficients ¢g,c; € C can be readily computed by taking A to be the eigenvalues of A,
since they are the roots of the polynomial A% + 4\ + 5:

270 — ¢ (=2 — i) 4 ¢
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Solving for ¢, ¢1, we have:

6= Z%(eit —e ) =e Hsint
ey =e (" —sint(—2+1i)) = e *(cost + 2sint)
Substituting back into e'*, we have:
= g(A) - (N2 4N+ 5) + (e sint)\ + e *(cost + 2sint)
Finally, replacing A with A, we have:

=q(A) - (A +4A+5) + (e *sint) A+ e *(cost + 2sint) 1,
= (e % sint)A + e *(cost + 2sint) 1,

e *(cost +sint) e 2tsint
N —2e 2sint e 2(cost — sint)
Solution 3 : (Diagonalization)

Finally, ' can also be computed by diagonalizing A, since, if A = PDP~!, where P is
invertible and D is diagnol, then ¢4 = PetP? P71,

From above, we find that the characteristic equation of A is xx(A) = A\? + 4\ + 5, with
roots at —2 £ 4. Using this fact, we find that the following serves as possible values for P and

D:
B 1 1 =2+ 0 4 {1 —0 —i
P_{—l%—i —1—1}’ D_[ 0 —2—1’1’ P _Z{I—I—i z]

Thus, we have:

A _ PetDP—l
1 1 e ! (cost +isint) 0 L1 =i i
B e e 0 e ?(cost —isint)| 2 |1+i i
_ [e7#(cost +sint) e 2tsint
N —2e sint e ?(cost — sint)

The last equality can be verified by rearranging terms.

Ezample (Discussion 6, Problem 6). Calculate the state transition matrix for #(t) = A(t)z(t),

where:
Alt) = [3 ! 1}

Let x(tg) = (a,b)T, and rewrite the differential equations as:

i‘l = tiL‘l + tl’g, $1(t0) = a,

Ty = —Tg, za(ty) = b,
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The second differential equation, which only concerns x,, yields the solution x,(t) = b-e~(t=t0),
Thus, the first equation becomes:

Ll"il — tZEl = bte_(t_to), l’l(tg) = a
d 1,2 1,2

=— (e 2V g, ) = bte 2"t
dt ( 1)

¢
_ 142 _ 142 _1_2
=e 2y —e 2tOOL:b-et“/ Te 27 7
to
142 2 142 t 1.2
=S(t)=a-e 2070 4 p.e2! +t°/ Te 2" 7T
to
: : _ _1p
where the integrating factor was calculated as I(t) = e/ =™ = e¢~2%" Thus, we have:

(t) =

e i) L oit?ty (U121
|:6L €2 O +b-e2 ftoT6 : }E@(t,to)l’(to)

b . ef(tfto)
L@2—3) 12+ ft —ir2 7
e2 o/ ez TE 2
:>q)(t7t0) = |: 0 e—t(%—t()) :|

Alternatively, ®(¢,ty) could have been derived by directly solving the differential equation:

D(t,t0) = A(t)D(t, 1), P(to, to) = I

and evaluating differential equations for each of the four elements in ®(¢,ty) € R?*2. (The same
procedure is outlined as an alternate solution in Discussion 5, Problem 8). This is left to the
reader as an exercise. In particular, ®15(¢) (which, as the above derivation shows, is the most
”complicated” element in ®(t,ty)) satisfies the differential equation:

Dy = 1Dy + te_(t_t())y Dy5(tg) =0

Ezample (Discussion 6, Problem 7). Compute €' and e'42, where:

5 -3 2
Alzl_94 _15] A= |15 —9 6
10 —6 4

Solution :

1. We will solve this problem using Laplace transform and the Cayley-Hamilton Theorem.
Note that diagonalizing A; (or finding its Jordan canonical form) involves finding the
eigenvectors (and/or generalized eigenvectors) of A, which is a time-consuming process.)

(a) Laplace Transform:
Using Laplace transform and inverse Laplace transform, we have:
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e = L7 (sT — A)”
Ry ‘}}
s+5
1{ |:S—|—5 1 ]}
s+9) s+5 +4 4 s+9

e )

@ =2t)e ™ te~ "
| —AteT™ (14 2t)e ™

I
h

(b) Cayley-Hamilton Theorem:

The characteristic equation of A; is:
Xa(A) = (A+9)(A+5) +4=(A+7)"
Let g(\) and ¢y, cg € R be given such that:

qA) - A+ T+ ead+ e
tt’\: ) - AN+ —+2¢(\) - A+ 7) + ¢y,

where the second equality follows by taking the derivative with respect to A. Substituting
A = 7 into the above equation, we have:

so (c1,c0) = (te™™, (14 T7t)e~™). Substituting back into e, and replacing A with A,
we find:

et =q\) - A+t AN+ (1 4+ T)e™™

e =q(A) - (A+TL)? +te™™ A4+ (14 Tt)e "1,
=te " A+ (1+THe ",

(1 —2t)e te™™

| —dte™™ (14 2t)e ™

2. We will solve this problem using Jordan decomposition and the Cayley-Hamilton Theorem.
As we will see below, the Jordan decomposition approach actually allows us to find

4 without actually finding the eigenvectors and generalized eigenvectors of A. Since

A € R*3, Laplace transform in fact becomes a more time-consuming approach for this
particular problem.
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(a)
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Jordan Decomposition:

By observation, the three columns of A, are simply multiples of the same
vector, (1,3,2)T. Thus, two of the three eigenvalues of Ay are 0, with two linearly
independent eigenvectors, (2,0, —5)7 and (0,2,3)”. Since tr(Ay) = 0 is the sum of
the three eigenvalues, the third eigenvalue must also be 0. If there existed a third
linearly independent eigenvector for A,, then As is diagonalizable with diagonal
matrix D = O, which would in turn imply A, = O, a contradiction. This implies
that A, can only be Jordan decomposed, i.e. Ay = PJP~! where:

J:

o O O

1
0
0

o O O

Note that J2 = O. Thus, by direct expansion, we have:

et = Qe"Q7 = QU+ t1)Q 7 =T +tA,
145t -3t 2
=| 15t 1-9t 6t
10t —6t 144t

Cayley-Hamilton Theorem:

Again, by observation, we note that the three eigenvalues of Ay are all 0. Thus,
XA()‘) = \3. Let:

€t)\ = q()\) . )\3 + CQ)\2 + Cl)\ + ¢
te = qga(N) - A* 4 2e0\ + ¢
t2e = g3(N) - A3 + 2¢y

where the last two equalities were derived by differentiating the first once and twice,
respectively, and go(A) and g(\) represent polynomials of A that depend on g(\).
Substituting A = 0, we find that:

1
(02761760) = (§t27t7 1) .

Substituting back into e**, and replacing A with A,, we have:
1
etkzq(A)-A3+§t2-A2+t-A+1
1
= 2 = §t2A§ +tAy 4+ Iy = tAy + I,

where A2 = O (it takes some time to verify this).



Chapter 4

System Stability

4.1 Lecture 12

Consider the time-invariant dynamical system:
x(t) = A(t)x(t), x(0) = xg
which, as shown in Lecture 10, has the state transition matrix:
d(t,0) =
The Laplace Transform method of evaluating the matrix polynomial e is provided below.
d(t,0) = e = L7H(s] — A)7'}.

The expression:
adj(sl — A
(S.[ o A)—l — J( ) ’
det(sl — A)
where det(sI — A) and adj(sI — A) (classical adjoint) are n-dimensional and n — 1-dimensional
matrices, respectively, can be used to evaluate (sI — A)~1. Alternatively, (sI — A)~! can also
be evaluated via Gauss-Jordan elimination.
Below, we introduce a very important property of the characteristic equation of a square
matrix. However, before doing so, we must introduce the concept of a matrix function.

Theorem 4.1 (Cayley-Hamilton Theorem). Let A € R"™" and suppose its characteristic
polynomial has the form:

xa(s) =det(s] —A) =s"+dis" +---+d,_15+d,

Then:
xa(A) = A" +d, A"+ dy A+ d ] =0

Remark. In the statement of the Cayley-Hamilton Theorem, we have overloaded the notation
Xa(+) to describe polynomials of either scalar or square matrix inputs with the same coefficients
as the characteristic polynomial of A.

91
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Proof. Consider the inverse of (sI — A), computed using the classical adjoint of A:

_1 adj(sl — A)
(sT=A)" = det(sI — A)

= (s — A)-adj(s] — A) =det(s] — A) -1
Let adj(A), which is of degree n — 1, have the following form:
adj(A) = Bys" ' + B1s" 2+ -+ B, 25+ B, 1
Then the above equation becomes:
(8[ - A)(B()Snil + B18n72 + -+ Bn,QS + anl)
=(s"+dis" "+ dpis+dy)]
By comparing coefficients on both sides of the equation, we have:
BO == I
By = ABj_1 + d1, Vk=1,--- ,n—1
O=AB, 1 +d,I
We claim that, for each kK € 1,--- ,n:
0= Aanfk + Akildnfk+1 +oeee A+ dnflA + dn

This can be done via induction, by working backwards from n — 1. When k£ = 1, we have
O = AB,,_1 + dn—11. Suppose the claim holds for some k € {1,--- ,n — 1}. Then:
0= Aan—k + Ak_ldn—k—H +-+ dn—lA + dn
= Ak(ABn—k—l + dn—k) + Ak_ldn—k—i—l +-+ dn—lA + dn
= AkJranfkfl + Akdnfk + Akiankarl + o+ dnflA + dn

By induction, the claim holds. Taking £ = n — 1 completes the proof. |

The Cayley-Hamilton Theorem is both of significant theoretical interest in linear and
abstract algebra, and useful as a computational tool for evaluating functions of square matrices.
Alternative proofs for the Cayley-Hamilton (some of which may appear less ad hoc than the
one presented above) are provided in the appendix.

Now, consider a polynomial p(s) of degree m > n (where m may be infinite), and
suppose we wish to evaluate the matrix p(A). By the Polynomial Remainder Theorem, there
exists polynomials ¢(s) and r(s) such that:

p(s) = q(s) - xals) +r(s),

where the degree of ¢(s) is m — n, if m is finite, and infinite otherwise, and the degree of r(s)
is less than n. By the Cayley-Hamilton Theorem, x4(A) = 0, so:

p(A) = q(A) - xa(A) +7(A) = r(4)
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We have thus reduced the problem of evaluating a matrix polynomial of > n (and possibly
infinite) degree to one of solving a matrix polynomial of < n degree. This is particularly useful
when n = 0o, i.e. when p(s) is an infinite polynomial, as is the case when p(s) represents the
Taylor expansion of a continuously differentiable, non-polynomial function (i.e. sin s, coss,e®,
etc.) Examples are given in the Discussion notes following this lecture.

Dyadic Expansion:

We devote the next part of this section to a discussion of dyadic expansion. Let A € R™*"

be a diagonalizable matrix with n distinct eigenvalues Ay, Ay - -+, \,, and corresponding right
(column) eigenvectors ey, es -+ ,e,. Define:
P = [61 ey - en} ,
M O - 0
0 Xy -+ 0
D=|. . . :
0 0 An

Then we have:

A [61 €9 €n} = [)\161 )\262 )\nen}
=P
A1 0O 0
0 A 0
=[e1 e en .
=r 0 0 An
=D
=A=pPDP!
The above process is known as the diagonalization of A.
Now, let vf, vl .- oI be the rows of P~!. Then:
A=PDP'=(P Y 'DP
W7 A 0 - 0] [of
vl 0 A -+ 0] [oF
vl ] 0 0 o (vl
ol [T [\ 0 -2 0 Aol
ol ol [0 A - 0 Al
= | A= | =
vl ol 10 0 An Ay vl
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It follows that v7 A = Aol for each i = 1,--- k. We call {vf,--- oI} the left (row)
eigenvectors of A.
Now, let us return to the expression A = PDP~!, and rewrite P and P~! as a collection

of the column and row eigenvectors of A, respectively:

A=PDP™!
)\1 0 0 ’U?
0 )\2 0 U2T
0 O A ug

n

T

= g )\ieiviu
i=1

where each e;v! is a rank-1 matrix called a dyad.
Observe that:

T
U1
1 U2T Zn T
I=PP " = [61 €y €n} . = €;U;
.T =1
UTL
vlT vlTel vlTeg v{en
T T T T
I=P "P=| . [61 ey - en]: .
vl vle; vley vle,

The first equality states that the dyads of A sum to the identity matrix, while the second
implies that:

vi e = dij,
where 6;;, called the Kronecker delta, is 1 if © = j and 0 otherwise.

Example. Find the minimal polynomial of:

A=

S O N
S N =
N O O

Solution :
Since o(A) = {2}, the characteristic polynomial of A is:

xa(s) = (s - 2)°

However, in fact, we have:
(A-20)*=0

This demonstrates that the characteristic polynomial is not always the minimal polynomial.
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Theorem 4.2. If A € C™" has n distinct eigenvalues \q,--- , A\, € C, with corresponding
eigenvectors vy, - -+ , Uy, then {vy, -+ v} forms a basis for C"*".

Proof. Suppose by contradiction that {vy,---,v,} are not linearly independent. Then there
exist aq,--- ,a, € C, not all zero, such that:

oavy + -+ apv, = 0.

Without loss of generality, suppose a; # 0. Applying (L — Aol )(L — A3]) -+ - (L — A\, I) on both
sides, we have:

0= (L—XI)(L—=XI)---(L— XN D)(cyo1 + -+ + av)
= (L — NoI)(L = AsD) -+ (L — A\uI)vy +0
= 1A — A2)(A1 = Az) -+ (A = An)ur
70,
a contradiction. The above equalities follow from the facts that (1) The (L — ;) terms in the

product (L — XoI)(L — A3I)--- (L — A\, 1) all commute, since they are all functions of the same
mapping L, and (2) (L — X\;I)v; =0 for each i =1,--- n. [ |

Alternatively, this theorem can be proved via induction, as demonstrated below.

Proof. The lemma can be proven using by induction. When k = 1, we have Lv; = A\jv;, where
v1 # 0, so {v1} is a linearly independent subset. Suppose the lemma is valid for some k — 1,
where k € {2,3,---}. Let:

a1V] + AoUg + -+ + + Qg Vg =0
Then:
0= (L — )\kl)(alvl + agUg + -+ - + (Zk’l)k)
= a1 (M — Ag)vr + a2(Ag — Ap)va + -+ + a1 (Mot — M) vkt + ap( A — Ap) vy
—_———

=0

By the induction hypothesis, {vq, v, -+ ,v5_1} is linearly independent, so:
ar(Ar = M) = az(Ae — M) = - = ap1 (A1 — Ak) =0

Since \; # A\, for each ¢ # k:

ap=ay=---=a_1 =20

So Equation (4.1) becomes ayvr, = 0. Since vy # 0, we have a; = 0, which indicates that
{v1,v9, -+ , v} is a linearly independent subset. The proof follows by induction. [ |
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This theorem can be applied to the solving process of a matrix differential equation
Z = Axz. Recall that its solution is:
z(t) = e

If A has n distinct eigenvalues Ay, --- , A, € C, with corresponding eigenvalues vy, - - - , v,, then
by the above theorem, we can write:

Ty = Z n:(0)vy,
i=1

which allows us to simplify the given expression for x(t):

o0

z(t) = elay = Zm(O)etAvi

=1
= Z ni(0)e™v;
=1

Note that {A;,---,A\,} may contain real values and/or complex conjugate pairs. In general,
a complex eigenvalue \;. + i\, would correspond to either an exponentially growing mode (if
Air > 0) or an exponentially decaying mode (if \;. < 0), oscillating at angular frequency |\;.|.

Modal Decomposition

Recall that, given a change of coordinates in the system state T = Tz, the equivalent
system representation of an LTI system R : (A, B,C, D) is R: (TAT Y, TB,CT ', D), i.e.

i = Az + Bu, _ T =TAT'Z + TBu,
y = Cx + Du,

Equivalent systems have the same transfer function, since:

CT (sl —TATY)'TB
=CT ' (T(s] — A)'T""TB
=C(sI - A)'B

Let an LTI system R : (A, B,C, D) be given, and suppose A is diagonalizable. Define
the rows of B and the columns of C' by:

B:[bl b2 bnzj|7 C:
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Let T~! be an invertible matrix whose columns are linearly independent right eigenvectors
of A. (Equivalently, the rows of T are the corresponding linearly independent left eigenvectors
of A). Then we can diagonalize A as shown below:

M O - 0
XAy - 0
TAT™' = ,
0 0 An
Then, if we define:
[vT vl vTby - 0Th,, B,
T T T T A
Uy vyby vybe - vy by, By
TB = . [bl b2 ce bnj - . = )
v onbi opby o uibe] B,
[T cley cley -+ cle,
T T T T
_ €2 Ca€1 Cy€z -+ Cyép - - .
CTlZ : [61 €9 en}: : : . : E[Cl OQ Cn]
¢l e cle oo cle,
where, as before, {e1, -+ ,e,} and {v],--- 01} are the left (column) eigenvectors and corresponding

left (row) eigenvectors of A, respectively. The transfer function of the system then becomes:

H(s)=CT (s - TAT ) 'TB

8_1/\1 (1) 0 331

o ~ 0 = - 0 By
=[G & - G| . T |

0 0 S_lAn Bn

If the system were single-input-single-output (SISO), ie. B € R™! C € R™", then
each B; and each C} is a scalar. The transfer function then has the simple form:

", CiB;
H(s) —
0-3 5
This is called modal decomposition. Notice that, if B; = 0 or C; = 0, the transfer

function C'(sI — A)~!B does not contain the corresponding term 1/(s — );), and thus does not
contain the corresponding pole );. A block diagram is given below.
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— )z @

If the system were multiple-input multiple-output (MIMO), the same analysis follows—
If, for some i = 1,--- ,n, we have:

B, = [vinl Uing UTbn] =0, or
T
T

C, €;
then the pole \; does not appear in C(sI — A)~'B.
Forced Response

The discussion above implies that, for a given LTI system R : (A, B,C), and arbitrary
initial state zo and input u(-), exponential functions of the form e*!, where \; € o(A), would
arise in the resulting trajectory z(t). We now wish to ask whether there exist specific initial
states from which, if the system were excited by an input u(t) = uge™, A € o(A), the resulting
trajectory would only contain terms of the form e*. The theorem below answers this in the
affirmative.

Theorem 4.3. Given an LTI system R : (A, B,C), and an input u(t) = upe™, with X ¢ o(A)
and some arbitrary uy € R™, the resulting trajectory is of the form:

y(t) = yoe™
if and only if the initial condition satisfies:

o = (/\] - A)_lBUO
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Proof. Using (3.9) :
t
y(t) = Ceg +/ Ce"""4Bu(r)dr
0

t
= Cetz +/ Ce"" 4 Buyoe dr
0

= Y(s)=C(sI — A)'ag + C(s] — A)~*

U
s— A

where we have used the fact that the Laplace transform of the convolution of two functions
equals the product of the Laplace transform of the individual functions.

Now, we wish to isolate the effect of (sI — A)~! and (s — A)™! on g, in order to isolate
a term in Y (s) that depends only on (s — A)~'. This can be done by rewriting (s — A)~! in
terms of (\; — A)~! and (s — A\)~!. In particular, observe that:

(sI — A) — (\[ — A) = ( — NI,
= (M = A) ™ — (sT— A) = (s — A)(s] — A)"Y (A — A)~!
= (sI — Ay = [I = (s — A)(sI — A)'](\ — A)™!

Substituting into the above expression, we have:

Y(s)=C(sI — A lag +C(s — A)'B-

s— A
=C(sl —A) 'ag+ ClI — (s = A)(s] — A |(AM - A)'B- —
= C(sI — A) " [wo — (A — A) " Bug| + C(A — A)" sqfx

(
= y(t) = Cetd [mo — (M — A>_1Bu0} +C(MN - A)” ! Buge

Thus, y(t) is proportional to e* if and only if 2o = (M — A)~!Buyg, in which case:

)™
y(t) = C(N — A) "' Buge™ = H(N) - upe™,
where H(s) = C(sI — A)"'B is the transfer function of the system. [

Remark. If the system is stabilizable, then et — O as t — oo, so y(t) — H(\) - uge as
t — o0o. In other words, even though y(t) may initially not be directly proportional to e,
it will eventually asymptotically approach a function proportional to e as its steady-state
TeSpPonSse.

We end our discussion by connecting the above concepts to that of the "zeros” of a
transfer function.

Definition 4.4 (Zero (of a transfer function)). Let R : (A, B,C) be a "square” system, in
the sense that n; = ng. Then z € C is said to be a zero of the system if the transfer function
evaluated at z:

H(z)=C(zI - A)'B

15 singular.
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For ”square” LTI systems with zeros, particular choices of initial state and input functions
can be chosen such that the output is identically zero. Specifically, if H(z) is singular for some
z € C, then there must exist some ug € R™ such that H(z)uy = 0. Now, let:

u(t) = uge™,
xo = (21 — A)~' Bug

The analysis above shows that y(t) = 0.
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4.2 Lecture 12 Discussion
Ezample (Discussion 7, Problem 1). Let:
11
A=
Is {I,, A, A?} linearly dependent or independent in R?*2?

Solution :
The characteristic equation of A is:

Xxa(A) = (A=1)(A=2) =X =31 +2
The Cayley-Hamilton Theorem thus implies that:
O = xa(A) = (A—L)(A—2I)= A* = 3A +2I,

This shows that {I, A, A%} is linearly dependent.

Remark. The solution to this problem can actually be generalized to show that {I, A, -

is linearly dependent for each A € R™*"™.
Ezample (Discussion 7, Problems 2, 3, 6, 7). Let:

i

Consider the following questions:
1. Find A3.
2. Find e* via dyadic expansion.
3. Find sin(e?).
4. Find 241 — 34% — 3A2 + 41,.

Solution :
The characteristic equation of A is:

XaAA) = A=1)(A=2)=A* =31 +2
The Cayley-Hamilton Theorem thus implies that:
O =xa(A)=(A—L)(A—2I)=A*-3A+2L

The three given functions of A can thus be solved via long-division.

101

, A"}
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1. By long division:

AP = (A = 3A+2L)(A+3L) + (TA - 6L) = TA — 6L, = [i 2}

2. Since we have already computed o(A) = {2, 1} to be the eigenvalues of A, the diagonalization

of A can be readily found:

AR )

where the vertical and horizontal lines are used to emphasize the placement of the (right)
column and (left) eigenvectors of A in its diagonalization.

Thus, the dyadic expansion of A is:
1

A=2. m 1 1]+1- [_J [1 0]

Since the eigenvalues of e are simply {e*}, where {);} are the eigenvalues of A, with
the same corresponding eigenvectors, the dyadic expansion of e*4 is simply that of A with
each eigenvalue A replaced with e4:

ool 1 0
= {11+e ~1 0

Let ¢q, ¢y be time-dependent coefficients such that:
sin(e) = q(\) - (A2 =3A+2) + A + ¢
Taking A =1 and A = 2, we have:

sin(e) = ¢; + ¢
sin(e?) = 2¢; + ¢

Thus, ¢; = sin(e?) — sin(e) and ¢y = — sin(e?) + 2sin(e), so:
sin(e?) = ¢(A) - (A2 — 3\ +2) + (sin(e?) — sin(e))A + (—sin(e?) + 2sin(e))
= sin(e?) = q(A) - (A% — 3A + 21,) + (sin(e?) — sin(e))A + (—sin(e?) + 2sin(e)) ],

(¢))
= (sin(e?) — sin(e)) A + (—sin(e?) + 2sin(e)) I
gin(e) ' 0

sin(e?) — sin(e) sin(e?)
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4. By long division:
2AY — 34% —3A% +4I, = (A* — 3A+21,)(2A%* + 3A + 2L,) = O
ie. f(z)=2x*— 32% — 32% + 4 annihilates A.
Ezample (Discussion 7, Problem 4, 9). Consider:
T = Ax, z(0) = v;

where A € R™ "™ has n linearly independent eigenvectors vy, --- ,v, with corresponding real
eigenvalues Aj,--- , A, (not necessarily distinct). Find z(¢) in terms of the eigenvalues and
eigenvectors of A, and give a geometric interpretation of the result when zy = v; for some
i=1,---,n.

Solution :
Since {vy, -+ ,v,} is linearly independent, it must be a basis for R”. Thus, there exist
scalars aq, - - - ,a, such that:

Top = ai1v1 + -+ a,vy,

Substituting into (3.8)), we have:

z(t) = eag
= Mayy + -+ + a,v,)

= ale)‘ltvl + -4 anet’\"tvn

In particular, g = v; corresponds to the case that a; = d;;, where the Kronecker delta o;;
equals 1 if 7+ = j and equals 0 otherwise. In this case, the above equation becomes:

z(t) = v;eM!

Thus, the trajectory diverges if \; > 0, and converges otherwise.

Ezample (Discussion 7, Problem 5). Suppose A € R?*? has eigenvalues A\, A\ € C, where A
denotes the complex conjugate of A. Let v € C" be the (complex) eigenvector of A corresponding
to the eigenvalue A\, and suppose:

A=0+jw

v = V1 + Jug,

where o,w € R and vy, v9 € R™.
Now, consider:

1
T = Ax, x(0) :§(U+E),

where T denotes the (term-wise) complex conjugate of v. Find an expression for the trajectory
x(t) in terms of vy, vy, 0, w, t, and give a geometric interpretation of x(t).
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Solution :

Using (3.8)), we have:

1 1 1
z(t) = ezy = e ~(v+0) = Zev + =D
2 2 2
_ 1 tA 1 t>\—
= 26 v+ = 2 v
1 U+jw)t 1 (o—jw)t .
= ey + o) + 2O 0y — o)
1 ) )
— _eat(ejwtvl +€—jwtvl _|_j€jwt j@ ]wt

= 7" (cos(wt)v; + sin(wt)vy)
Ezample (Discussion 7, Problem 10). Given:
-3 1
=0 )

Answer the following questions.
1. Find the characteristic polynomial of A.
2. Express A* as the lowest order polynomial in A.
3. Find €' by the Cayley-Hamilton Theorem; that is, show that !4 = ao(t)ls + a;(t)A.

Solution :

1. We have:
Xa(A) = (A+3)(A+2)

2. The Cayley-Hamilton Theorem implies that:

O = xa(A) = (A+3L)(A+2L) = A + 5A + 61,

Using long division, we have:

At = (A2 +5A+61,) (A% — 5A 4+ 1915) + (—65A — 1141,)
= —65A — 1141,

3. Note that there exist t-dependent coefficients ag(t), a;(t) such that:

e =q(\) - A+ 3) A\ +2) + a1 () + ao(t)
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Setting A = —3 and A = —2, we have:

e 3 = 3ay(t) + ao(t)
6_2t = 2a, (t) + ao(t),

which yields a;(t) = e™? — 73" and ay(t) = 372" — 273,
Substituting A with A, we have:

€tA = (ll(t)A + CL()IQ

-2t -3t s=3 1 -2t o, —3t Lo
(e e ){ 0 2}+(3e 2e ){01
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4.3 Lecture 13

If a given square matrix A € R™" is diagonalizable, then each of its eigenvectors {v;,i =
L,---,n} will remain invariant with respect to their original one-dimensional subspaces, i.e.:

Av; € span{v;}

for each @ = 1,--- | k. However, this does not hold in general for non-diagonalizable square
matrices. This motivates the following definition.

Definition 4.5 (Subspace Invariance). Given a vector space V' and a linear operator A :
V =V, a subsspace M <V is invariant under A, or A-invariant if, for each x € M, we
have Az € M.

It can be easily checked that the null space and range space of any linear operator A are
A-invariant. This is detailed in the lemma below. The proofs are left as exercises to the reader.

Lemma 4.6. Let A be a linear operator. If X € o(A), and p(s) is any polynomial, the following
subspaces are A-invariant:

1. N(A)
2. R(A)

3. N(A— )
4. N(p(A))

Theorem 4.7. If My, My € V' are A-invariant, so are My + My and My U M.

Definition 4.8 (Direct Sum). Let V' be a vector space, and let My, -, My, < V. ThenV is
said to be the direct sum of My, --- , My, if, for each it =1,--- |k, denoted by:

V=M®&M G - &My,
if, for each x € V', there exists a unique x; € M; for each i =1,--- |k such that:
T=x1+ -+ X

Theorem 4.9 (Equivalent Definition for Direct Sum of Subspaces). Let V' be a vector
space, and let My,--- My < V. ThenV = M, @ --- & My, if and only if:

1. V=M+---+ My, and

2. M-\ M = {0}.
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The above definitions for subspace invariance and direct sum to make the following
observation. Let V' be a vector space, and let A be a linear operator on V. If V' is the direct
sum of a sequence of A-invariant subspaces My, - - - , M}, then there exists a choice of basis B for
V', constructed by taking the union of bases for each M;, such that the matrix representation
of A with respect to B is block diagonal.

For example, for the k = 2 case, if {by,--- , b} is a basis for My, and {bgi1, -+ ,b,} is
a basis for M,, then:

{bl,"' >bk7bk:+17"' ’bn}

A version of the above result is discussed below.

Theorem 4.10 (2nd Representation Theorem). Let V = M; @ My be a finite-dimensional
vector space. If My is A-invariant, then there exists a basis B of V such that the matriz
representation of A with respect to B has the form:

_ A An nxn
A= | g 4] eF

where A1l € F**E Ay € FF¥=F) and Ayy € F=RIX(=k) I other words, the first k columns
of A have zeros in the last (n — k) rows.

Proof. Essentially, we wish to show that ([A}B)ji =0foreachi=1,--- ,kand j =k+1,--- ,n.

Let {by,---,bx} and {byi1,--- ,b,} be bases for M; and M, respectively. Then B =
{b1,---,b,} forms a basis for V. Then, for each b;,i = 1,--- |k, we have the following equality
from the definition of matrix representations:

Abi = ([Als) ;b

J=1

where e; denotes the i-th standard vector in F”. Since M, is A-invariant, we have Ab; € A, and
since vector representations with respect to a given basis are unique, we must have:

k
Abi = ([Als) b
j=1
This implies that, for each ¢ = 1,--- | k:

j=k+1

Since {b;,j = k+1,--- ,n} forms a basis for M,, we have ([A]B)ji =0foreachi=1,--- k
and j = k4 1,--- ,n. This completes the proof. [ |
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If My, M5 were both A-invariant, then the above argument can be repeated to show that
A12 = 0, SO:

[A]B: [ 0 A22:| clF ,

where Ay; € FF*F and Ay, € F=F)x(n=k) 45 hefore. This is simply the observation described
above.

Corollary 4.11. Given a diagonalizable matrix A € R™™ with n distinct eigenvalues \y, - -+ , \y:
C'=NA-M)BENA- XD -BdNA-NI)

In general, suppose A € R™ " not necessarily diagonalizable, has a characteristic
equation of the form:

Xa(s) = (5 = M) (s = X" oo (5= Do)

:H(S_

where d; is the algebraic multiplicity of \;, we have dy + - --d; = n, and ¢ is the number of
distinct eigenvalues of A (clearly, o < n.

Definition 4.12 (Annihilating Polynomial). Given a linear operator A, an annihilating
polynomial of A is a finite-dimensional polynomial f(s) such that:

f(4) =0

Definition 4.13 (Minimal Polynomial). Given a linear operator A, a minimal polynomial
Ya(s) of A is a non-zero polynomial of the least degree, with leading coefficient 1, that annihilates
A, i.e. it is a polynomial of the last degree such that:

Q,DA(S) - Onxn

Below, we show that the minimal polynomial must be a factor of any annihilating factor.
This can be sued to show that the minimal polynomial is unique.

Theorem 4.14. Let A be a linear operator. If p(A) is an annihilating polynomial of A, and
Ya(s) is a minimal polynomial of A, then 1 4(s) divides p(A).

Proof. Since p4(s) annihilates A, it must have higher (or the same) degree as x 4(s), a polynomial
of least degree that annihilates A. Thus, there exist matrix polynomials ¢(s),r(s), with

deg(r(s)) < deg(1a(s)), such that:

pa(s) = Pals)q(s) +r(s)
= pA(A) $a(A)¢(A) +r(A).
Since pa(A) = Ya(A) = 0, we have r(A) = 0. If r(s) is non-zero, then it is a non-zero

polynomial of degree less than degi4(s) that annihilates A, a contradiction. Thus, r(s) = 0,
so pa(A) = 1¥a(A)¢(A). The proof is done. |
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Corollary 4.15. The minimal polynomial 1 4(s) of any linear operator A is unique.

Proof. Suppose ¢41(s) and 14 2(s) are both minimal polynomials of A. Then, by the above
argument, there exist polynomials ¢;(s), g2(s) such that:

Vai(s) = qi(s) - Yapa(s)

Vaa(s) = qa(s) - Ya(s)

=>1a1(8) = qu(8) - aa(s)
= q1(5)q2(8) - Ya,1(s)

=q1(s)g2(s) =1

Since ¥4 1(s) and ¥4 2(s) both have leading coefficient 1, so must ¢;(s) and ga(s). The fact that
¢1(s)g2(s) = 1 implies that ¢;(s) and ¢o(s) are both constant. Combining these two facts, we
have:

and so ¥41(s) = Paa(s). |
The corollary below shows that x(s) and ¥ 4(s) must have the same roots.

Corollary 4.16. Let A € C™*™ be a linear operator with distinct eigenvalues Ay, - -+ , \,, where
o < n. Then the minimal polynomial x 4(s) of A has the form:

Dals) = (5= M)™ (s = W)™ o (5= A",
where 1 < m; < a; for eachi=1,---,0.

Proof. Taking p(s) = xa(s) (the characteristic polynomial of A) in the above theorem, we find
that xa(s) is a factor of p(s). Since xa(s) has the form:

Xa(s) = (s = A)" o (s = Ag)™
the minimal polynomial p(s) must have the form:
Xa(s) = (s = A)™ oo (s = Ag)™

where 0 < m; < a; foreacht=1,--- 0.

It remains to show that m; > 1 for each i = 1,--- , 0, i.e. that each ); is a root of 1 4(s).
Let v; be an eigenvector of A with corresponding eigenvalue \;. Then, since ¥ 4(A) = 0, we
have:

0= va(A)v; = va(X)vs,
where the replacement of A with \; in the second equality follows from the observation that

AFy; = NF; for each k € N. Since v; # 0, we have ¥4()\;) = 0, which shows that ); is a root of
1a(s). The proof is done. -
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Theorem 4.17. Given any matriz A € R™™ with o < n distinct eigenvalues \i,--- , Ay:
C'=NA-MI)"BSNA-X)™"®---BNA-NI)™
Proof. Fix x € C", and observe that:

Dals) = (5 =A™ - (5= d)™ o+ (5= Ao)"™

1 1
:>¢A(3) o (s =A™ (s —Ag)m2 - --- (5 — Ag)™e
o), mls) L mals)
IO NS L P W S PR W T
1
_ COa(A
=1 ¥a(A) vald)
B Wa(A) Ya(4)
—nl(A)m++ng(A)m
B Pa(A) Ya(A)
RV e v T T e Wy T
where ny(s), -+ ,ny(s) are functions of s with degree less than my,--- ,m,, respectively. For
eachi=1,--- ,n:
(A=A (A 25 ) = i A)a( ) =0,

since 14(A) = 0. Thus, z is written as a linear combination of elements in N(A — \;1)™ i.e.:
C" = N(A = MI)™ + N(A = M\ I)™ + -+ N(A — \J)™

To complete the proof, it remains to show that N(A —\I) [V N(A—\;I) = {0} for each 4, j €
{1,---,0}. Fix one such pair of 7, j, and suppose without loss of generality that 1 < m; < m;.
Let v € N(A — \;)™, and define:

m; = min{mlv € N(A—\)"}

The definition of m shows that {m|v € N(A — \;)™} is bounded above by m;, so m; exists.
Now:

0= (A= \D)™v = (A= \D)(A = NIty
= A(A = ND)™ = N(A = N

In other words, (A — \;I)™ ! is an eigenvector of A with corresponding eigenvalue \; (By
definition of m;, we have (A — \;I)™i~! £ 0). We thus have:

(A= NID)™v = (A= N ™ (A -\ D)™y
_ ()‘z o )\j)mQ*milJrl(A o )\j[)milil'l} % 0
since (A\; — ;)27 £ 0 and (A — N 1)™ 1o £ 0.
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Definition 4.18 (Algebraic and Geometric Multiplicities, Grade). Let A € R"™™" be
given, and suppose A has characteristic polynomial given by:

XA\ = (A= A)% - (A — A%

where Ai,--- , A, are the distinct eigenvalues of A, i.e. o(A) = {1, -+, s} and minimal
polynomial given by:
Pa(A) = (A= A)™ - (A= Ag)™

Then, we have the following definitions:
1. Algebraic Multiplicity:
d; is called the algebraic multiplicity of \;. Note that )",  d; =1

2. Geometric Multiplicity:
¢; = dim(N(A — \;)) is called the geometric multiplicity of \;, and describes the
maximum number of linearly independent eigenvectors corresponding to the eigenvalue ;.
3. Grade:

m; = dim(N(A — \;)) is called the grade of \;. It describes the largest Jordan block
of A corresponding to X;, since it takes m; multiplications of (A — \;) to annihilate the
blocks.

FExample. Consider the algebraic multiplicities, geometric multiplicities, and grades of the
following square matrices (observe that they are already in Jordan form), with A € C arbitrarily
given:

A1 00 A1 00
0 X0 0 0 XN 10
Al_OOAl’ AQ_OO)\O
00 0 X\ 00 0 \

By observation, we can compile the following table. The algebraic multiplicity of A is 4 for both
A; and A, since they are both 4 x 4 matrices with whose only eigenvalue is A\. The geometric
multiplicity of A is 2 for both A; and A, since they both have two Jordan blocks. Finally, the
grades of \ for A; and Ay are 2 and 3, respectively, since the maximum size of the Jordan
blocks corresponding to A in A; and A, are 2 X 2 and 3 x 3, respectively.

Parameter A A,
Algebraic Multiplicity 4 4
Geometric Multiplicity 2 2

Grade of A 2 3

Theorem 4.19 (Spectral Mapping Theorem). Given a square matriz A € R™", and a
polynomial f(X), we have:

o(f(A)) = f(o(A4)),
i.e. the spectrum of f(A) is the set of f(\) for each eigenvalue A of A.
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Proof. Explicitly express f as:
f(2) = anz™ + ap_12" -+ ayz + ag
Let A € 0(A). Then there exists some eigenvector v of A such that Av = Av. Thus:

f(A)v = (@, A" + ap A -+ ay A+ agl)v
= (A" + @y AN a A+ ag)y
= f(Mv
This establishes the theorem. |
Remark. This result can be extended to all analytic functions (not just polynomials), via Taylor
expansion.

Consider the following simple example of a 2 x 2 matrix. Suppose:

Al
by
It can be verified that:
J?’L B )\n n)\nfl
|0 A"

Then, for the matrix exponential e/, we have

tJ)? tJ)™

e“:]+tJ+( ) +~--+< ) + -
2! n!

e b
- |: 0 6)‘t:| )

where b € R can be determined by using the formula above for J™:

t2 n
b:t—|—2)\§—|—---—|—n)\n_l-——|—---

= teM
Thus:
o e)xt te)xt
€ = 0 6>\t

In general, we can show that, if J € R™*" is given by:

A1 0 - 00
0 A1 -0 0
00 A - 00

J = .
000 - A1
0 0 0 0 Al
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Then, we have (by induction):
[eth et t2_2!et)\ t”Q'fnZ(/\) t”l'fn 1(/\)
0 et . i 32.f" RO i)
oo |00 EEI0) ey
0 0 0 et tetA
|0 O 0 0 et i
The above generalized result can be proven by the following theorems.
Lemma 4.20. Let A € R™" be a square matriz, with minimal polynomial:
Yals) = (5 =M™ o s = Ag)™
Letn =Y 7 ,d; =n, and let h(s) be an (n — 1)-th order polynomial. Then f(A) = h(A) if and
only if:

FE) = hB (), Vk=0,1,---,mi—1, i=1,--

. 0'7
where fF(N\;) and h®)()\;) respectively denote the k-th derivative of f and g, evaluated at ;.
Proof. The proof follows by Taylor expansion at each \; € o(A). [ |

Theorem 4.21 (Functions of a Matrix). Consider an n x n Jordan block given by:

A 1 0 0 0]
0 X 1 0 0
0 0 A 0 0
J = : :
0 0 0 . A 1
00 0 -+ 0 A
Then: ~
FO) ) RO e oL fD0) e
0 ) FO) L FO0) o ()
) 0 0 f(.A) ; 4)!ff"‘4>(A> ; 3)!ff"‘3’(k>
o0 0 F 7'
| 0 0 0 0 fN) |
Proof. From the above lemma, we have
n—1
P =30 FB0) - - A
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Thus, by substituting x with J, we find:

Zf’“) it A

The proof is completed by observing that, for each m = 1,--- ,n, we have:
[(J = A)™]ij = 6ij-m
[ |

Note that the Jordan form J = P! AP is unique only up to permutations of the Jordan
blocks. This can be seen by interchanging the order in which different Jordan chains (i.e. sets
containing a single eigenvector and generalized eigenvectors associated with that eigenvector)
appear in P.

Ezample (From an Old Prelim).
1. A matrix A has minimal polynomial (s — A;)?(s — \)3. Find cos(e?)

A.

as a polynomial in

2. Now, assume further that A has characteristic polynomial (s — A;)%(s — \2)?, and that it
has four linearly independent eigenvectors. Write down the Jordan form J of this matrix,
and write down cos(e?) explicitly.

Solution:

1. Since the minimal polynomial, by definition, is the (unique) polynomial of the lowest
degree with leading coefficient 1 that annihilates A. To that end, let a (infinite) polynomial
q(A) and constants cq, 3, ¢o, €1, ¢o be given such that:

cos(e?) = q(A) - (A = A2 (A = A2)® + e\ + 3 A + A2 + e\ + ¢

The five constants can be found by differentiating cos(e*) with respect to A twice times,
and substituting A = \; to cos(e) and its first derivative, and substituting A\ = Xy to
cos(e) and its first and second derivatives. The derivatives of cos(e) are:

d
Y cos(e?) = —etsin(e?)
d2
e cos(e?) = —ersin(e) — e** cos(et)

So, substituting A = A\; and A = Ay in the relevant equations, we have:

cos(eM) = ey AT + esA} + AT + e\ + o
cos(e™?) = cy\j + e3As + A2+ e1hg + ¢
Usin(eM) = deg A} + 3e3A] + 2000 + ¢
’\2) degNy + 3e3A3 + 20 + ¢

) = 12¢403 + 6c3hg + 2¢9

(

(
A2 sin(e

(

—e™? sin(e)‘Q) — e cos(eM
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Thus, ¢4, c3,c2, 1, ¢y can be solved as functions of . We thus have:

A=y A* + 3 A3 + A + 1 A + ol

2. Note that the exponent of each term in minimal polynomials gives the size of the largest
Jordan block corresponding to each eigenvalue; in this case, m; = 2 and my = 3. Since
each linearly independent eigenvector of A gives rise to one Jordan block, the total number
of Jordan blocks in the Jordan form of A is 4 (In other words, they occupy a 4 x 4 matrix
in the Jordan form of A). On the other hand, the algebraic multiplicities corresponding to
each eigenvalue of A is the total size of all Jordan blocks corresponding to that eigenvalue.

In the context of this problem, the above information implies that:
e For )\, the largest Jordan block is of size 2, and the sum of the sizes of the Jordan
blocks is 5.

e For )\, the largest Jordan block is of size 3, and the sum of the sizes of the Jordan
blocks is 3.

e In the Jordan form of A, the eigenvalues \; and Ay have a total of four Jordan blocks.

The second fact in the above list indicates that there exists only one (3 x 3) Jordan block
corresponding to Ag. Thus, there exist three Jordan blocks corresponding to A\;. These
blocks have maximum size 2 and total size 5, so there must be two blocks of size 2 and
one block of size 1. In short, the Jordan form of A looks as follows:

X0 010 O0]0 0 O]
Ojlx 1,10 0]0 0 O
0O]0 X|O O]0 0 O
J— 0O]0 O|AX 1170 0 O
0O]0 0|0 X]0O0 0 O
010 0|0 O0]lX 1 O
0[O0 O0]0 0O0]0 X 1
L olo olo 0lo 0 X
By Theorem [4.21], for any analytic function f(-), we have:
/)0 o0 [ o o0 | 0 o0 0
0 fow FOw 00 [ 00 0
o 0 fM)l o o | o 0 0
o 0o o | 0o Fo) 0 o0 0
0 0 0 0 0 [f(A) f(2) 3" (N)
0 0 0 0 0 0 f(A2)  f(N)
o0 | o 0 0 0 0 0 f) |

The solution is completed by substituting f(z) = cos(e”) and its first and second derivatives
into the expression above. The resulting matrix is a similarity transform away from
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f(A), with respect to the same invertible matrix P (with columns/rows consisting of the
column /row eigenvectors of A) that connects A to J via the similarity transformation:

A=PJP!

More examples are furnished in the Discussion questions listed below.

Corollary 4.22. For any A € R™", the characteristic and minimal polynomials of A and AT
are the same.

Proof. First, since the determinant is invariant with respect to taking the transpose of the
matrix:

xa(A) = det(A — M) = det(AT — XI) = xar(N)

Next, suppose the minimal polynomial of A is of the form:
ma(A) = (A=) - (A= Ay)" =0,

The Cayley-Hamilton Theorem implies that m4(A) = O,,, so:

O, = (ma(A))"
= (A= ML)™ (A= 2 L))
= (AT = ML) e (AT =\ L,)™
= (AT = M L)™ - (AT = ML)
= mA(AT)

It follows that m () annihilates AT. But by definition of minimal polynomial, m4r()) is the
polynomial of least degree that annihilates A”. Thus:

deg(ma(A)) < mar(X)

By symmetry (or, by replacing A with AT), we have deg(ma(\)) > mr()\). We conclude that
deg(ma(A)) = myr(X). Since, by definition of minimal polynomial, both m(\) and m 47 (\)
have leading coefficient 1, they must be equal:

mar(A) = ma(N)

It follows that A and AT have identical Jordan forms, up to a permutation of the Jordan
blocks. [ |
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4.4 Lecture 13 Discussion

Ezample (Discussion 8, Problems 1, 8, 10). Consider the matrix A given below:

3 -2 0
A=10 1 0
0 —1 2
Consider the following subspaces of R3:
0 1 0
M; = span 1 , My =spanq (0], |0
0 0 1

Answer the following questions:
1. Determine whether or not M; and M, are A-invariant.

2. Using M; and M,, find a basis representation for A based on the 2nd Representation
Theorem, i.e. with an block upper triangular form.

Solution:

1. Since [0,1,0]" € My, but:

0 3 =2 0] [0 —2
Altl=1]o 1 o| |1|=]1]¢M,
0 0 -1 2|10 1

we conclude that M, is not an A-invariant subspace of R3.

On the other hand, any vector in M, must have the form (a,0,b)?, and:

a 3 =2 0 a 3a
A0l =10 1 0|0l =101 € M
b 0 -1 2 b 2b

we conclude that M is not an A-invariant subspace of R3.

2. Technically, A is already in block upper triangular form:

31-2 0
0/ 1 0
0|—-1 2

This is due to the fact that, not only is My an A-invariant subspace, so are the two
subspaces spanned by the two linearly independent vectors used in the definition of Mo,
namely (1,0,0)7 and (0,0, 1)7. In particular, the block upper triangular form of A results
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from the A-invariance of (1,0,0)”. However, an (actual, not just block) upper triangular
matrix representation of A can be derived by shuffling the vectors that generate M; and
M, such that the two A-invariant vectors are placed first:

3 =20 100130 =211 00
A=|0 1 0Of{=|0 0 1[1]0 2 —=1] (0 O 1
0 -1 2 01 0f |0 0 1 010

Ezxample (Discussion 8, Problems 4, 5).

1. Find the characteristic polynomial and minimal polynomial of the following matrix:

A:

S = W
S w O
w o O

2. Verify that:

Solution:

1. Since A7 is in Jordan form, with a largest Jordan block of size 2, we have:

XA(A) = xar(A) = (A — 3)3
Pa(A)

I
<
b

}q
=

I
>~

|
w
~

[\o}

2. With regard to the left-hand side of the given equality, since A\; = 3 and m; = 2, we have,
by the Cayley-Hamilton Theorem:

(A= ND™ = (A-313)%=0;
=dim(N (A4 — X)) = dim(N(0?)) = dim(R?) = 3

Ezxample (Discussion 8, Problem 6). A square matrix A has the following characteristic and
minimal polynomials:

Xa(d) = (A = 1A - 2)?
va(d) = (A= 1)*(A - 2)

Answer the following questions:
1. What is the size of A?
2. Find the possible Jordan forms J of A, up to a permutation of the Jordan blocks.

3. Repeat the above question, this time with the additional constraint that A has 5 linearly
independent eigenvectors.
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Solution :

1. A square matrix A has dimension n x n if and only if its characteristic polynomial y 4(\)
is of degree n. Here, deg(xa(A)) = 6, so A € R6*6.

2. From x4(\) and ¥ 4(\), we have:

It follows that the Jordan blocks corresponding to A = 1 have maximum size 2 and total
size 4, while the Jordan blocks corresponding to A = 2 have maximum size 1 and total
size 2. Thus, for A;, there could be two Jordan blocks of size 2, or one Jordan block of
size 2 and two Jordan blocks of size 1. However, for Ay, there can only be two Jordan
blocks of size 1. The possibilities are as follows: (with the Jordan blocks corresponding
to each eigenvalue placed in decreasing order of size along the diagnol):

110000
010000
J:001100
000100
000020
00000 2

[1 1.0 0 0 0]
010000

or ;_100 1000
000100
000020
00000 2

3. The number of linearly independent eigenvectors corresponding to each eigenvalue corresponds
to the total number of Jordan blocks associated with that eigenvalue, as each eigenvector
generates exactly one Jordan block. Thus, that A has 5 linearly independent eigenvectors
corresponds to the presence of 5 Jordan blocks in J. This corresponds to the second
matrix J written above.
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4.5 Lecture 14

Below, we discuss input-output stability. Recall that, given a dynamical system described by

equations of the form (3.2]) and (3.3]), we have:

y(t) = /0 C(t)®(t, 7)B(T)u(T)dr + D(t)u(t)

Thus, in general, the relationship between the input and output of a system can be
elucidated by rewriting the y(¢) and u(t) as follows:

y(t) = /_ H(t, ) u(r) dr (A1)

Definition 4.23 (Norms). In the ensuing discussion, the following norms will be used:

1. ||z||oo = max; |z;].

2. [|Alli00 = maxi<i<m Y7y |ay]

3. [[u()lloc = supseg [[u(t) [0 = supiep{maxi<j<n, [u; ()]}
4- Nyl = supse [[Y(t)[|oo = sup,er{maxi<jcn, y;(¢)[}
o. L3 = {u()l[[u()llsc < o0}

6. Lg = {yOllly( )l < 00}

Note in particular that the matrix norm induced by the infinity norm is simply the max
row sum.

Definition 4.24 (Bounded Input, Bounded Output (BIBO) Stability). A system is
bounded-input, bounded-output (BIBO) stable if there ezists some k > 0 such that, for
each u(-) € L%, and each t > 0:

[oops

1yl < flul-)ll (4.2)

Remark.

1. (4.2)) is BIBO stable if all bounded inputs produce bounded outputs. In fact, one can
think of (4.2)) as a linear operator £ : L — L"° such that:

(Lu())(t) ==y(t) = / H(t,7)u(T)dr

2. Note that (4.2)) specifies a linear relationship between y and w. Thus, as with induced
norms, one can equivalently define a system to be BIBO stable if there exists some k > 0
such that, for each input u(-) with unit norm:

ly( oo < &
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3. A system is not BIBO stable if no k£ > 0 exists to satisfy (4.2), i.e. if there exists a
sequence of unit-norm inputs u*(-) € L% where k = 1,2, - -, such that:

ly*(-) = (Lu* ()] > &
foreach k =1,---  n.

4. On any finite-dimensional space, all norms are equivalent; thus, the inequality in the
definition of BIBO stability can be given with respect to any norm without changing the
definition.

Our main theorem involving BIBO stability will require the following lemma.

Lemma 4.25. Given a matriv H(t,7) = [hij(t,T)|nyn: dependent on two time instances, we

have:
t
sup {/ HH(t,T)Hi,OOdT} <o
teR —00

t
< sup {/ |hij(t,7')\i,ood7'} < 00,

teR —00

foreachi=1,--- . n,and j=1,--- ,n,;.

Proof. The lemma follows straightforwardly from the fact that the induced matrix sup norm is
in fact the maximum row sum, which implies:

no N
g (7)) S NHE T e <0 (7))

i=1 j=1

Theorem 4.26. The system given by (4.1)) is BIBO stable if and only if:

t
sup {/ HH(t,T)Hi,OOdT} <o
teR —00

FEquivalently, by the above lemma, (4.2) is BIBO stable if and only if:

t
Sup{/ |hz‘j(t,7—)|i7ood7—} < 00
teR —00

foreachi=1,--- ngandj=1,--- n;.
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Proof.
7 =7 Notice that:

(e}

Ol = [ 0700710
< [ Wt dr
< [ NHE i o)

—00

_ / ()i o d7 - lu()loe

t
<swd [ Dl a0
teR —00
7«7  Suppose by contradiction that:

t
sup {/ ||H(t,7‘)||,~7ood7'} = 00
teR —00

The above lemma implies that this is equivalent to assuming the existence of some o €
{1,--+ ,n,} and G € {1,--- ,n;} such that:

t
sup [ ot

In other words, there exists a sequence of times {t;}°, such that:

tg
/ | ha,s(t, T)||iccdT > k

—0o0
foreach k=1, , 0.
We now have to demonstrate the existence of a sequence of unit-norm inputs {u ()}
such that the corresponding outputs have norms diverging to +00. We do so by exploiting the
divergence of the integral of |hqgp|. For each k =1,---  n, such that:

sgi (hag(te, 1)) - 0ig, t <tk
wilt) =4 t> 1

where uy; denotes the i-th component of wy, while 9, 3 is the Kronecker delta. Notice that
|ur (|l = 1 for each k € N, and that this definition allows us to have:

tr
Yoalty) = / S aslt,7) - ugs(r) dr
X =1

t i
_ / S st ) - G >
T =1
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By definition of ||yx(-)|| as the maximum row sum of yi(-):

tr

1) 2 [gealtn)] = / ot )T >

—0o0

Corollary 4.27. A linear time-varying system described by (3.2) and (3.3), with bounded
A(+),B(+),C(), D(-), is BIBO stable if and only if:

sup {/Ot HC(t)(I)(t,T)B(T)HdT} < 00

t>0

Proof. Simply note that:
t
y(t) = / H(t,7)u(t)dr + D(t)u(t),

where H(t,7) is taken here to be:

H(t,7) = {g(t)q’(taT)B(T), : i 8

The corollary thus follows from the above theorem. [ |

In particular, for linear time-invariant systems:

¢
sup {/ ||C’e(t_T)AB||dT} < 00
t>0 0

<:>/ |Ce?" B||dr < oo
0

Theorem 4.28. Consider the following transfer function:
H(s)=C(sI — A)'B+ D € R"*"(s)
Then the following is equivalent:
1. The system is BIBO stable.
2. [ ICe Bl dt < oo.

3. Poles(H(s)) € C°.
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Proof.
T Let G(t) = Ce!*B = L™{H(s)} — D. Then:

/ |Ce™ Bl dt < oo
0

<:>/ lgi; () ]dt < oo,
0
Moreover, since the poles of G(s) are the union of those of g;;(s):
Poles(H (s)) c C
<= Poles(G;;(s)) C C~

for each i € {1,--- ,no},j € {1, - ,n;}
We thus need to show that:

| lastode < o0
0

= Poles(G;;(s)) C C™.
This can be shown by observing that:

sup [Giy(s)| < [ sup gy (t)e
0

scCt+ seC+

< / 19350 de
0
< 0

Thus, |Gy;(s)| is bounded above in C* by a positive constant throughout C+. This demonstrates
that no pole of G;; lies in C*; therefore, all its poles must be in C°.

7= If poles(G(s)) = {AM, -, N} € C°, then poles(g;;(t)) € C°. Thus, there exist

polynomials 7y (), -+, m/(t):
l

gi(t) = > m(t)e™,

k=1
For each € > 0, since each 7 (¢) is polynomial in ¢, it must grow at a slower rate than e®. Thus,
there exists polynomials my(€), -+, my(e) > 0 such that:

7k (8)] < ma(e) - e
Now, define:
W= mkin{—Re()\k)} >0
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Thus, we have:

= 1gi; ()] =

l
> m(t) - e
k=1

[
<3 m(t)] - M
k=1

!
< Z my(€)e” - e M
k=1

— m(e) . e_(u_e)t

0 n—€

Since g(t) = Ce' B, we have:
IG@)] < m(e)e ¢
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4.6 Lecture 14 Discussion
Ezxample (Discussion 9, Problem 2). Consider the linear time-varying system:

#(t) = A(t)z(t) + B(t)u(t)
y(t) = C)z(t) + D()ul(t).

Assume that the equilibrium 0 of #(t) = A(t)x(t) is exponentially stable. Let B(-),C(-), D()
be bounded. Show that the system is BIBO stable.

Solution:
Since B(-),C(-), D(-) are bounded, there exist kq, k2, k3 € R such that:

and since #(t) = A(t)x(t) is exponentially stable, there exists some M > 0 such that:
1@ (2, to)|| < M - e
Given an input u(t), the output y(t) is:
t
) =C0) - [ @(t.t0)- Blrulr)dr + D(Oyu(t)
0

:-/[0@@@¢@B@y+puy5u—fﬂmﬂdT+D@mu)

N J/

-~

=H(t,T)

t
= HH(t, 7') H < kleM/ €7a(t7t0) dr + kg

= k’lkzM / eiatdt
0

 EikoM
N «
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4.7 Lecture 15

Below, we describe state-space notions of stability (e.g. asymptotic stability, exponential
stability), and compare these with BIBO stability. We conclude this section with Lyapunov’s
Lemma, which poses. This lecture draws largely from Professor Shankar Sastry’s text ” Nonlinear
Systems: Analysis, Stability, and Control” [9]. In this lecture, the origin of each theorem,
lemma, or definition originating from this text will be provided in parentheses as a convenience
to the reader.

We begin our discussion with different definitions for internal stability.

Notions of Internal Stability
Below, we concern ourselves with state trajectories following the dynamics:

T = f(x, t)? I(tO) = To (43)

Definition 4.29 (Equilibrium Point (Definition 5.2, pg. 184)). A state x* € ¥ is called an
equilibrium point if f(x*;t) =0 for all t > 0.

Definition 4.30 (Stable in the sense of Lyapunov (Definition 5.4, pg. 185)).

1. The state x. = 0 is called stable (in the sense of Lyapunov) if, for each xy € R™
and ty € R, the mapping:
Jf(t) = @(t,to)l’o

15 bounded by some positive function of tg.

2. The equilibrium point x = 0 is called a stable equilibrium point of the system (4.3)) if,
for any ty > 0 and € > 0, there exists some 0(to, €) such that:

|zo] < 6(tg, ) = |z(t)] <€ VE>t,
where x(t) is the solution to (4.3)), starting from x(ty) = xo.
Definition 4.31 (Uniformly Stable (Definition 5.5, pg. 185)).

1. The state x. = 0 s called uniformly stable if, for each vy € R" and t, € R, the
mapping:
LB(t) = @(t,to)l’o

18 bounded by some positive constant.

2. The equilibrium point x = 0 s called a uniformly stable equilibrium point of the
system if it achieves the criterion for stable equilibrium points, with some 6(€) that is
independent of tg.

In essence, a stable (in the sense of Lyapunov) equilibrium point is uniformly stable if
the associated upper bounds (%o, €) for its norms never approach 0, i.e.:

inf d(tg,€) >0

toER
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Definition 4.32 (Asymptotically Stable (Definition 5.6, pg. 185-186)). The state . = 0
1s called asymptotically stable if:

1. xe =0 is a stable equilibrium point of (4.3), and

2. x(t) converges to 0, i.e. thm O (t,tg) = 0. If this condition is met, x = 0 is said to be
—00

attractive.

The reader may question whether it is necessary to specify the first condition "z, = 0
is a stable equilibrium point of (4.3])” if the second statement ”tlim O(t,t9) = 07 already holds
—00

true. The following example answers this question in the affirmative.

Example. Consider the dynamical system given by:

i = 23 — 13

iﬁz = 21’1$2.

The phase portrait of this system indicates that, although all trajectories following this system
tends to x = 0 as t — oo, those particularly close to the z-axis will initially move far away
from the origin before returning. In fact, one can choose a sequence of trajectories, increasingly
closer to being parallel to the z-axis, such that the maximum distance (in time) between each
trajectory and the origin increases as the sequence progresses. In this sense, x = 0 is not stable,
even though it is attractive.

Definition 4.33 (Uniformly Asymptotically Stable (Definition 5.7, pg. 186-187)). The
state x. = 0 is called uniformly asymptotically stable if:

1. x. =0 is a uniform stable equilibrium point of (4.3), and

2. z(t) converges uniformly to 0, i.e. 36 > 0, and y(7,z9) : RT x R" — R* such that,
whenever |xy| < 6:

H¢(t>t0)H S 7(t - to,.’lﬁo)
lim ~(7,29) =0

T—00

Let ¢(t, zo,to) denotes the trajectory of the system & = f(x,t),x(ty) = to, starting from
xg at time ty. Then the second condition above is equivalent to the following statement—
36 and some non-decreasing function T : RT — R™ such that, whenever |zq| < §:

|p(t1 +t, 20, t1)| < €
for each t1 > ty.

The definitions of asymptotic stability do not quantify the speed of convergence of
trajectories to the origin, e.g. 1/t, 1/y/t, etc. However, there is a particularly strong form
of stability that demands an exponential rate of convergence.
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Definition 4.34 (Exponentially Stable, Rate of Convergence (Definition 5.10, pg. 187)).
The state x, = 0 is called exponentially stable if x. = 0 is stable, and AM, o > 0 such that:

lz()[] < MemoU70) - ||

We will later show that, for linear systems (whether time-invariant or time-varying),
uniform asymptotic stability implies exponential stability. However, we first examine a few
basic results regarding asymptotic stability.

Theorem 4.35 (Asymptotic Stability (Theorem 5.33, pg. 209)). For a time-invariant
system, x = 0 s asymptoptically stable if and only if, for each ty € R:

lim ®(,0) = O

t—o00

Remark. Since t — ®(t,0) is continuous, that lim; . ¢(¢,0) — 0 implies the boundedness of
O(t,1p) in ¢, for each ¢y € R.

Proof.
7 = 7 The proof is most readily established by contradiction. Suppose that ®(¢,0) does
not approach 0 as ¢t — co. Then there must exist some i, j € {1,--- ,n} such that:

¢i,j (tv 0) 7L> @

as t — oco. Now, choose xy to be the j-th standard vector in R", i.e. with one for the j-th
element and zero for all other elements. Then the i-th component of z(t) = ¢(¢,0)xy will not
approach 0 as t — oo, contradicting the fact that = 0 is asymptotically stable.

7 <7 The proof can be completed by establishing bounds on ¢(t,0) and z(t). Fix some
initial state xy and some initial time ¢, and let € > 0. Since ¢(¢,0) — O as t — oo, there exists
some t); € RT such that:

€
P(t0)| < ——
1201 < B0, 0)

whenever ¢ > ty;. Then, when t > t):
|2(8)] = [o(£, 0)zo| < [|(2,0)]] - (0, %0) - [wo] <€

This establishes the asymptotic stability of 2 = 0.
[ |

Lemma 4.36 (Exponential Stability of @ = Az). The system & = Ax is exponentially
stable if and only if:

o(A)c C
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Proof. Applying the Jordan form of A and the Cayley-Hamilton Theorem, there exist an
invertible matrix P, and polynomials m(t),--- ,m, (), of order less than n (constructed from
the elements of P) such that:

n
At — petd p—1 — Zﬂk(t) . e>\kt’
k=1

where J is the Jordan form of A.

7 =7 Again, the proof is most readily established by contradiction. If at least one of the
eigenvalues of A is not in C™, then e" = Y7 m(t) - €™ does not tend to 0 as ¢ — co. Thus,
& = Ax is not exponentially stable.

7«7 Since o0(A) ={ |k =1,--- ,n} € C” by hypothesis, and the behavior of exponential
functions dominate that of polynomial functions over time, it follows that # = Az is exponentially
stable.

[ |

The following theorem summarizes the relationship between the internal stability of the
system & = Az and the Jordan decomposition of A.

Theorem 4.37. Let A € R" be given, and let o(A) denote the set of all eigenvalues of A,
i.e. the spectrum of A. Then the system © = Ax is internally stable if and only if both of the
following conditions hold:

1. o(A) c C~
2. The Jordan blocks for each X\ € o(A) N C° are all of size 1.

Proof. We provide a succinct, though not completely mathematically rigorous, explanation.
Let 0(A) = {1, -+, A}, where & < n. Let a;, g; and m; denote the algebraic multiplicity,
geometric multiplicity, and index for each ¢ = 1,--- , k. Let:

A=PJpP!

be the Jordan decomposition of A. Recall that the stability of the solution, z(t) = e'z(0),
depends on the time dependence of the matrix exponential e‘4.

First, since the Jordan decomposition of A is block-diagnol, R™ can be written as the
direct sum of a collection of subspaces, each of which is spanned by a particular Jordan chain
consisting of an eigenvector of A and generalized eigenvectors derived from that eigenvector.
More precisely, by recalling that the geometric multiplicity of each eigenvalue gives the number
of Jordan blocks associated with that eigenvalue:

R" = (VMJ S---D V>\1791) DD (ka,l ©--D V)‘kvgk)
= J = diag{J)\l’h... 7‘]>\17917'” 7J)\k717'“ ’J)\k’gd}
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Clearly, z(t) = ¢*4x(0) is stable if and only if e’ contains only constant or exponentially
decaying terms; this, in turn, is true for e* if and only if it is true for each e'/*, where
i=1,---,0,j=1,--+,¢;. If 0(A) C C, this is always true; if there exists some eigenvalue on
the imaginary axis, i.e. I\ € 0(A) NC?, then we require that eigenvalue to have Jordan blocks
of size 1. This is because Jordan blocks of sizes larger than 1 would involve polynomial terms
in t, which, for eigenvalues of real part 0, would result in divergence in off-diagonal terms of
the Jordan block as t — oo. |

Theorem 4.38 (Exponential and Uniform Asymptotic Stability (Theorem 5.33, pg.
209)). Consider a linear, time-varying system of the form:

T = A(t)z, ,x(to) = o,
where A(t) is piecewise continuous and bounded. Then the following statements are equivalent:
1. x =0 s a uniform asymptotic stable equilibrium point of this system.

2. x =0 1is an exponentially stable equilibrium point of this system.

Remark. The ”if” direction is trivial. Our strategy for the ”only if” direction will be to show
that, for any fixed t, as ¢ increase in time, the norm of the state transition matrix ®(¢,¢y) must
decay in a geometric series, whenever ¢ increases by some 7.

Proof. By definition, exponential stability implies uniform asymptotic stability. For the converse,
suppose the system is uniformly asymptotically stable. Fix some ¢y > 0; then, for each t; > 0,
there exists some mg > 0 such that:

[D(t,t1)]] < mo, t>t

Next, the uniform convergence of ®(¢, ), (which follows from the uniform asymptotic stability
of x = 0) implies that there exists some 7" > 0 for which:

1
(i, < 5.
whenever t — t; > T. Now, fix t > o, and let k € {0,1,2,--- ,} be given such that:

to+ (k—1)T <t <ty+kT

Then, we have:

k
1@(t, to) | = |®(t, to + KT) - [] @ (to + 4T to + (j — 1)T)
J=1
k
< || @(t to+ kD) - [T 19 (to + 5T t0 + (j — DT |
j=1
<mg-27"
< mg - Q_m

since k > . This establishes the exponential decay of ||®(t,to)|| towards 0 as t — oo. |
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The following theorem provides a method of determining whether the eigenvalues of A
all lie in the left half plane that is computationally more efficient than explicitly solving for the
n roots of the n-degree polynomial x4(s).

Theorem 4.39 (Routh-Hurwitz Criterion for Matrix Stability). Let A € R™™", and
suppose the characteristic polynomial of A is:

xa(8) = 8" +ap_18"+ -+ ays + ag,

where ag, - -+ ,a,_1 € R. Consider the matrices:
Dl = Qp—1,
Do — Gp—1 Gp-3
2 — )
Qp, Ap—2

ap—1 Gp-3 0ap-—5
D3 = Qn, Ap—2 OGp—4
0 ap—1 Gp-3

Ap—1 Qp—3 GQp_5 0
An  Qp_o Gp_g 0
0 ap_1 Qp_3 0
D, = 0 Ap  Op_o 0
0 0 N T
| 0 0 e ay ag]

Then o(A) C C~ if and only if det(D;) > 0 for each i = 1,--- ,n. This is known as the
Hurwitz criterion.

Ezxample. Using the Hurwitz condition, find the conditions for « under which the system
governed by:

y+2ay+y=0
is stable.

We conclude this section by noting that, although exponential stability in linear systems
implies BIBO stability, the converse is, in general, not true.

Theorem 4.40. Consider the linear system:

i(t) = A(t)x + B(t)u
y(t) =C(t)x + D(t)u

If x = 0 be an exponentially stable point of this system, and B(-),C(-), D(:) are bounded, the
system is BIBO stable.
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Proof. Since B(-),C(-), D(-) are bounded, there exist ki, k2, k3 > 0 such that:
[COI < K,
[IBOI < ks,
DN < ks

The zero-state response of the system is:

y(t) = /0 CO)D(t 7)B(r)u(r) dr + D(E)u(?)

Thus, we need to show that:

sup/ |IC(t)®(t, 7)B(T) + D(t)é(t — 7)|| dr

teR J —o

< sup/ ICON - [[@E DI - 1B(r)lldr + [|D(@)]]

teR J —o

t
< sup/ ky - me ") L ko dr

teR J —o

k1k
_ mRi1R2 < 00
I
This establishes the BIBO stability of the given system. |

BIBO vs. Internal Stability, Stability in Time-Variant Systems

The converse to the above theorem is not true, i.e. BIBO-stable linear systems are not
necessarily exponentially stable, or even internally stable. It is not true even for time-invariant
systems. This is because the "output matrix” C' and ”control matrix” C' may be chosen such
that the internal instability of the system, characterized by eigenvalues of A in C* (or possibly,
on C?), does not appear in the transfer function:

H(s)=C(sI —A)'B+D

If this occurs for some choice of C, the unstable modes of the system are said to be unobservable;
if this occurs for some choice of B, the unstable modes of the system are said to be uncontrollable.
This is illustrated by the inverted pendulum example following Lecture 10, and in the following
examples.

This concept can be explained in a slightly different manner. In bygone eras of control
theory, engineers may be given a transfer function H (s) that models some system, and asked to
design a linear system to implement H(s). Mathematically speaking, the task at hand would
be to find suitable state and input vectors, z(¢) and u(t), respectively, and matrices A, B, C, D
such that the system:

#(t) = A(t)z(t) + B(t)u(t)
y(t) = C(O(t) + D(t)ult)
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has the transfer function H(s). If the system can be made time-invariant, the latter task boils
down to finding A, B, C, D such that:

H(s)=C(sI —A)'B+D

Choices of A, B, C, D that implement the transfer function H(s) are called realizations of H(s).

It is easy to see that realizations for a given transfer function are not unique. Given a
realization, one could, for example, multiply each entry of C' by 2 and divide each entry of D
by 2 without changing H(s). One could also choose B, C such that certain poles of A do not
appear in the transfer function H(s) = C(sI — A)~'B+ D. Of particular interest are choices of
x(t), u(t), and A, B, C, D such that all the modes of A are controllable and observable; such a
realization is said to be minimal. Minimal realizations force all the eigenvalues of A to appear as
modes in the transfer function H(s), and thus eliminates the asymmetry between BIBO stability
and exponential stability. In other words, for a minimally realized linear time-invariant system
S, the following are equivalent:

e Poles(H(s)) = o(A) c C
e S is exponentially stable.
e S is BIBO stable.

As the following examples illustrate that this equivalence does not hold for realizations in
general.

The figure on the next page summarizes the relationship between BIBO and internal
stability.

Ezample (Lecture 15, pg. 8, Example 1). Consider the linear dynamical system:

T = Az + Bu
y =Cru,
where:
-1 0 0 1/10
A=10 -3 0|, B=|-1/6|, C=[11 1]
0 0 —6 1/15

Discuss the internal and BIBO stability of this system.

Solution:
Since o(A) = {—1,—-3,—6} C C~, the given system is internally stable. Thus, the
transfer function G(s) = C(sI — A)™'B can only have roots at s = —1,—3,—6. As such,

the given system is also BIBO stable.
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More explicitly, we have for the transfer function:

G(s)=C(sI — A)'B

- (1) 07 [1/10
1110 = 0 0
0 0 =5 [1/15

1 1 1 1 +1 1

10 s+1 6 s+3 15 s+6
1

(s+1)(s+3)(s+6)

Thus, the given system is BIBO stable.
Ezxample (Lecture 15, pg. 8, Example 2). Consider the linear dynamical system:

z = Ax + Bu
y =Cu,
where:
-1 0 0 1/10
A=10 3 0|, B=1] 0 |, C=[1 1 1]
0 0 —6 1/15

Discuss the internal and BIBO stability of this system.

Solution: o
Since 0(A) = {—1,3,—6} ¢ C—, the given system is not internally stable.
To consider the BIBO stability of the system, consider the transfer function:

G(s)=C(sI —A)'B

- 0 0 1/10
=1 110 L 0
1
0 = 1/15
11 L1 1
10 s+1 6 s+3 15 s—|—6
1 s+4

"6 (s+1)(s+6)

Thus, the given system is BIBO stable, despite not being internally stable. This is because,
the mode A = 3 is uncontrollable from u, i.e. the corresponding pole disappears during the
derivation of the transfer function when (sI — A)~! is multiplied to the right by B.

Ezample (Lecture 15, pg. 11, Example 3). Consider the linear dynamical system:

z = Ax + Bu
y =Cu,
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where:
-1 0 0 1/10
A=10 3 0], B=|-1/6{, C’:[l 0 1}
0 0 -6 1/15

Discuss the internal and BIBO stability of this system.

Solution: L
Since 0(A) = {—1,3,—6} ¢ C—, the given system is not internally stable.
To consider the BIBO stability of the system, consider the transfer function:

G(s)=C(sI — A)~'B

- 0 07/[1/10
=10 1|0 L 0]|-1/6
0 0 o5l [1/15

1 1 1 1 1 1

“10 511 6 543 15 556
_1 s+4

"6 (s+1)(s+6)

Thus, the given system is BIBO stable, despite not being internally stable. This is because,
the mode A = 3 is unobservable from y, i.e. the corresponding pole disappears during the
derivation of the transfer function when (sI — A)~! is multiplied to the left by C'.

For time-varying system, there exists no connection between the eigenvalues of A(t) and
stability. Even if o(A(t)) = {—1} € C~, the matrix A(¢) may contain time-varying terms that
cause the state z(t) to become unbounded as t — oco. As an example, consider the system
shown below.

FExample. Consider the system characterized by:

$'1 . -1 62t T T — 0
iol |0 =1 |22’ °7 1
Solving the above differential equations, we have:

—t

Ty =ce
= i = —x1 + e x
=z +¢
1 -
= 11(t) = é(et —e).

In short, due to the off-diagonal term e* in A(t), we have z,(t) — oo as t — oo, despite the
fact that o(A(t)) = {-1} € C".

However, there are in fact two notable cases when the eigenvalues of A(t) reveal a
significant amount of information regarding the stability of a system.

The first case arises when A(t) = AT(t) (i.e. when A is symmetric).
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Theorem 4.41. If A(t) is symmetric, and there exists some p > 0 such that each eigenvalue
of A(t) is no greater than —pu, then 0 is exponentially stable.

Proof. Given the system @ = Az, and any initial point x(0), consider a simple energy function
on the corresponding trajectory:

o'y = |z)?
(Energy functions of more complex forms will be given in subsequent subsections of this lecture).
Then:

d

E(MZ) =iz +2"d
=2t AT (t)r + 2T A(t)x
= 20T A(t)x
< —2ux’x

= [a(®)* < |z(0)]* -7

This shows that |z(t)| < ||z(0)]|- e #*, which establishes the exponential stability of the system.
[

Theorem 4.42. If there exist some A > 0 and some sufficiently small € > 0 such that A(t)
satisfies:
Re(A(t) < =2 <0

for each t € R, and ||A(t)|| <€, then the system is stable.

Proof. (Beyond the scope of this course). [ |

Stability and Energy Functions:

The Basic Stability Theorem of Lyapunov, presented below, illustrates that the different
definitions of stability mentioned above can be directly characterized by an energy function
V(z,t) that describes the system. This energy function is often upper and/or lower bounded
by a set of continuous functions with particular properties. We first present definitions of broad
classes of functions that satisfy these properties.

Definition 4.43 (Classes of Functions, Part 1 (Definition 5.12, pg. 188)).

1. A function of-) : Rt — RT belongs to class K, denoted by o(-) € K, if it is continuous,
strictly increasing, and «(0) = 0.

2. A function a(-) : RT — RT belongs to class KR, denoted by of-) € K, ifa € K and
a(p) = o0 as p — 0o.
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Below, we characterize functions that behave locally and globally ”like an energy function,”

in the sense that they increase in the direction away from the origin (which can, in the context
of these definitions, be intuitively thought of as an attractive equilibrium point).

Definition 4.44 (Classes of Functions, Part 2 (Definitions 5.12, 5.13, 5.14, pg. 188)).
1. A function v(z,t) : R® x RY — R¥ is called locally positive definite (l.p.d.) if it is
continuous, and there exists some h > 0 and some function a(-) € K such that:
v(0,t) =0,
v(z,t) > af|z]), Va € By, t>0

2. A function v(x,t) : R® x RY — R is called (globally) positive definite (p.d.) if it
is continuous, and there exists some function o(-) € KR such that:

v(0,t) =0,
v(x,t) > af|x]), vV e R", t>0

3. A function v(x,t) — R® x Rt — R¥ is called decrescent if it is continuous, and there
exists some function 5(-) € K such that:

v(z,t) < B(|z]), Vx € By, t>0

Remark. If v(z,t) does not explicitly depend on the time ¢, it must be decrescent. This is
because it is either bounded above by a function of class K, or unbounded above, in which
case it is bounded by itself. In addition, if v(z,t) is decrescent, then v(0,¢) < 5(0) = 0. (The
equality follows from f§(-) € K).

Examples are given below for each of the above types of functions.

Ezample (Examples of l.p.d., p.d., and decrescent functions (Example 5.15, pgs. 188-189)).
Here are some examples of energy-like functions and their membership in the various classes
introduced above. It is an interesting exercise to check the appropriate functions of class K
and K R that can to be used to verify these properties.

For the examples below, P is positive definite, whereas () is not. No other information
is assumed about P or (.

Table 4.1: Classification of Value Functions

v(x,t) lLp.d.f. p.d.f. Decrescent
(1) |22 Yes Yes Yes
(2) 2T Px Yes  Yes Yes
(3) (t+1)]z/>* Yes  Yes No
(4)  etz|? No No Yes
()
(6)

sin?(]z|?)  Yes No Yes
ez’ Qx No No No
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The theorem below illustrates how imposing an increasingly strict set of conditions on
the value function v(x,t) and its time derivative o(z,t), defined along the trajectory of the
system’s state, allows us to make increasingly stronger claims regarding the stability of the
system. In particular, we define 0(z,t) as:

dv ov v dzx
E(x7 t) j”(?f)(f’” - a(l‘7 t) + %(ZL’, t)E
ov

ov
= 57 (@) + o= (2. 1)f(x,1)

This is called the Lie derivative of v(x,t) along f(x,t).
Theorem 4.45 (Basic Lyapunov Theorems (Theorem 5.16, pg. 189)). Sets of conditions

on v(x,t) and v(x,t) are associated with notions of internal stability as given in the following
table. Without loss of generality, we have placed the equilibrium point at the origin.

Table 4.1
Table 4.2: Basic Lyapunov Theorems
Conditions on Conditions on Conclusions
v(x,t) —0(z,t)
1 l.p.d.f. > 0 locally stable
2 lp.d.f., decrescent > 0 locally unif. stable
3 lp.d.f., decrescent lL.p.d.f. unif. asymp. stable
4  p.d.f., decrescent p.d.f. globally unif. asymp. stable
Proof. (see Appendix) |

Next, we wish to examine the stability of exponential functions.

Theorem 4.46 (Exponential Stability Theorem (Theorem 5.17, pg. 195)). Suppose
f(z,t) : R" xRt — R"™ has continuous first partial derivatives in x, and is piecewise continuous
in t. Then the following two statements are equivalent:

1. x = 0 is a locally exponentially stable equilibrium point of & = f(x,t):, i.e. there exists
some h,m,a > 0 such that for each x € By,:

|B(t, to)| < me =t

2. There exists a function v(x,t) and some h,aq, ag, as, aq > 0 such that:

arfz? <oz, t) < aglzf’

dv
—(x,t
dt (x7 )

2
impen < —as|z]
x(to)zxo

v
St

< ayl|
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Proof.
(1) = (2)": (see Appendix).
7(2)= (1) This direction is straightforward. Note that:

0(x,t) < —%v(x, t),
(8%
a3

= v(z(t),t) < v(xty), to) - e a2

= |z ()] < v(z(t),t) < v(z(te), o) - e 2 ) < qula(ty)|2e” @ ¢

= [2(t) < [ 2 fw(ty)] - e 2"
aq

Lyapunov Equations:

Below, we motivate the definition of Lyapunov equations. Consider the time-varying
system:
= A(t)x

and suppose this system is associated with some notion of stability that is characterized by a
potential function:

V(z,t) =x*P(t)x
Intuitively, if the system is stable, then the potential decreases in time, i.e.:

d .
> d—‘t/ — #*P(t)x + 2" P(t)i + 2" P(t)x

= (z*At))P(t)x + 2" P(t)(A(t)z) + 2*P(t)x
= a*(A(t)"P(t) + P(t) A" (1) + P(t))x
=_0(t)

0

In other words, we want:
A(t)*P(t) + P()A*(t) + P(t) = —Q(t)

with Q(t) positive definite.

The above concepts leads to Lyapunov’s Lemma, presented below. However, we first
present the following lemma to illustrate the connection between the Lyapunov equation and
exponential stability. In a way, this is a more generalized version of Lyapunov’s Lemma.

Lemma 4.47 (Time-Varying Lyapunov Lemma (Claim 5.38, Theorem 5.40, pgs. 212-213)).
Given a system & = A(t)x with state transition matriz ®(t,ty), the following statements are
equivalent:
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1. The system & = A(t)x is exponentially stable.

2. There exist constants «, 3, 1u > 0, and some positive definite Q(t) such that the following
two conditions hold:

e Q(t) > ul, and:
o The Lypaunov equation P + A*P + PA = —Q has a solution P(t):

P(t) = / T 0t (r 1) Q1) B(r ) dr
satisfying ol < P(t) < pI.

Proof. For both sides of the proof, we must establish that the function:
P(t) = / O*(1,t) Q(7) (7, t)dr
t

solves the Lyapunov equation P + A*P 4+ PA = —@Q. To begin with, it is uncertain whether or
not P(t), as given by the above improper integral, is even well-defined; that would depend on
properties of ®(7,t), to be verified in the ”(1) = (2)” portion of the proof. If, however, P(t)
is indeed well defined, we can directly differentiate P(t) via differentiation under the integral
sign:

d o
‘ < /t & (7,1) Q(r) Q(r, 1) dT)
=—Q(t)+ /t [A*(t)q)*(T, HQ(T)Q(r,t) + D*(1,t) Q(7) Q(T, t)A(t)] dr
= —Q(t) + A*(t)P(t) + P(t)A(t)
Thus, if P(t) is well-defined, it satisfies the Lyapunov equation P 4+ A*P 4+ PA = —Q.

”(2) = (1)” : By the Basic Lyapunov Theorems, it suffices to show the following:

e v(x,t) = x*P(t)z is bounded above and below by locally positive definite functions of x
(criteria referred to as decrescence and positive definiteness, respectively.

e —0(x,t) is bounded below by some locally positive definite function. (Roughly speaking,
v(x,t) must be changing with respect to time at an increasing rate.)

The Basic Lyapunov Theorem implies that, if these conditions hold, then x = 0 is
uniformly asymptotically stable, and is thus exponentially stable (by the equivalence of these
two notions of stability for linear systems).

Fortunately, by hypothesis, we have:

ol < P(t) < BI
=alz|? < 2*P(t)r < Blz|?
N—_——

=v(x,t)
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where we have left multiplied each term by z* and right multiplied each term by x to obtain
the second expression.
In addition, we have:

i(z,t) = #* P(t)x + 2*P(t)x + 2" P(t)i
= 2*(P(t) + A*()P(t) + P(H)A(t))x

= —z*Q(t)x
< —alz|?
The proof is done.
7(1) = (2)” :  (see Appendix) This portion of the proof, which requires Lyapunov’s Lemma,

is placed in the Appendix.
|

The time-varying Lyapunov Lemma, as presented above, can be used to demonstrate
the boundedness of P(t) if the given system is time-invariant. However, we will directly
demonstrate this below, since we presented an incomplete version of the proof for the time-
varying Lyapunov Lemma.

Lemma 4.48. Consider the system @ = Ax, where A € R"*" and o0(A) € C~. Then the unique
solution to Lyapunov’s Equation, A*P + PA = —Q, where Q > 0, is given by:

P:/ eVt Qe dt
0

In particular, the above integral is well-defined.

Proof. Define the time-dependent matrix:
S(t) = / e Qe dr
0*
:/ eA*(th)QeA(th) dr
0

Differentiating S(¢) with respect to t (by again applying differentiation under the integral sign),
we have:

S(t)=A"S+SA+Q.
Since o(A) € C~, the terms eA"*=7) and eA*~7) are bounded above by exponential terms, so:
P =S(0) = / e TQeMN dr
0

is well-defined. The existence (convergence) of P implies that:

NP+PA+Q=ﬁmS@:0
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It remains to demonstrate the uniqueness of P. Consider the linear mapping L : R™*" — R"*",
defined by:
L(X)=AX+ XA.

Let M € R™*™. Repeating the above procedure, we find that:

XE/ e (=M)e™ dr
0

satisfies L(X) = M. Thus, L is surjective. Since the domain and codomain of the linear
mapping L have the same dimension, this implies that L is injective. This establishes the
uniqueness of P.

[

Remark. See the appendix for a more direct, but also more mathematically intensive, proof of
the uniqueness of P.

Theorem 4.49 (Lyapunov Lemma (Theorem 5.36, pgs. 211-212)). Let A, P,Q € R™", with
Q@ > 0, and consider the matrix equation:

AP+ PA = —-Q. (4.4)
The following statements are equivalent:
1. & = Ax 1is exponentially stable.
2. 0(A) CcC.
3. There exists some () > 0 such that:
A*P+ PA=—-Q
admits a unique solution P > 0.

4. For each ) > 0:
A*P+ PA=-Q

admits a unique solution P > 0.

Proof. We have already established that (1) < (2), and it is trivial that (4) = (3). Lemma ??
establishes (3) = (1). It remains to show that (2) = (4).
The lemma above implies that, for linear, time-invariant systems, the solution is of the

P:/ et Qe dt
0

It is clear that P > 0. To show that P > 0, first note that since () > 0, there exists some
non-singular M such that Q = M*M. Now, let x # 0 be arbitrarily given such that:

form:

0=2"Px —/ e Qe x dt —/ | M| dt
0 0

Thus, MeAtz. Since M and e?* are non-singular, we have & = 0. This verifies that P > 0. W
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Alternative proof to Lyapunov’s Theorem, 7 (4) = (2)”:
Proof. Consider the value function V' : R® — R given by:
V(z,t) = 2" Px

Given @@ > 0, let P > 0 be the solution to Lyapunov’s Equation, A*P + PA = —(). As derived
above, we have:

V(z,t) = —2*Qu.
We proceed to bound V(a:, t) by V(z,1) to establish an exponential limit for V(z), and, in turn,
|z|. Since, P,Q > 0:
Ain(P) |2 < g P < A (P) - a2
—
=V (z,t)
Muin Q) o < 7 Q< Aa(Q) - [
——

V(z,t)

We thus have:

>\min (Q)

)\maX(P)

k
=k

V(x) = —2"Qr < —Amin(Q) - |2]* < — Vi(x)

= V(r) < V(zg)-e ™
where we have defined k1 = Apin(Q)/Amax(P). But V(x) = 2*Px, so V(x) = a§Px¢, and thus

the above equation implies:
Amin(P) - 2> < V(z) < V(o) - e < Amax(P) - |mo|?e™
Taking ks = Amax(P)/Amin(P), we have:

()] < /hkae™ 2H1t
Thus, & = Az is exponentially stable. [ |

Numerical computation using Part 4 of the above lemma, which essentially involves
solving an nm X n system of linear equations, is more efficient than Part 2 of the above lemma,
which involves finding the roots of an n-degree polynomial.

We conclude this section by stating without proof a generalization of the Lyapunov
lemma, called the Taussky Lemma. It is useful when o(A) ¢ C.

Theorem 4.50 (Taussky Lemma Lemma 5.37, pg. 212). Let A, Q € R™™ such that Q > 0.
If A has no eigenvalues on the imaginary awis, then the unique symmetric solution P to the
Lyapunov Equation:

AP+ PA=-Q

has as many positive eigenvalues as the number of eigenvalues of A in C™, and as many negative
eigenvalues as the number of eigenvalues of A in C*.
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Proof. See ”0O. Taussky. A remark on a theorem of Lyapunov. Journal of Mathematical
Analysis and Applications. 2: 015-107, 1961. |

Instability Theorem:

The Basic Lyapunov Theorem tells us that, if the value function v(z,t) satisfies certain
constraints, then the system satisfies certain notions of stability. A partial converse is stated in
the following theorem, i.e. if the valued function v(x,t) is ”sufficiently ill-behaved” in a certain
sense, the system is guaranteed to be unstable. This theorem will be used again to prove the
instability of non-linear systems that can be approximated as unstable linear systems, via the
indirect method of Lyapunov (see Appendix).

Theorem 4.51 (Basic Instability Theorem (Theorem 5.29, pg. 206)). If there exists a
value function v(x,t) satisfying each of the conditions below:

1. v(z,t) is decrescent,
2. 0(x,t) is locally positive definite,

3. There exist points x arbitrarily close to 0 such that v(x,tg) > 0,
then the equilibrium point 0 is unstable at time t.

Proof. Since v(z,t) is decrescent and v(z,t) is locally positive definite, there exist r, s > 0 and
a, f € K such that:

v(x,t) < B(|z]), T € B,,
0(z,t) > af|z]), x € Bs.

To show that 0 is an unstable equilibrium point, we must prove there exists some € > 0 such
that, for every > 0, there exists some xq € Bs and some corresponding time T > t; such that
if |zo| < 6, then x(Ts) > e.

Choose € = min{r, s}, and fix 6 > 0 arbitrarily. By the third condition on v(z,t), there
exists some xy € Bjs such that v(zg,tp) > 0. If |xg| > ¢, the proof is completed by taking
Ts = to. Otherwise, g € B, = B, N B,s. Now, suppose by contradiction that z(t) € B, for each
t > tg. Then we have:

o(z(t),t) >0,
=v(x(t),t) > v(xo, to) > 0.
Since v(x,t) is decrescent, and therefore continuous, there must exist some ¢’ > 0 such that

|z(t)| < ¢" implies v(z(t),t) < v(xo,to). The above inequality states that v(xz(t),t) > v(xg, o),
so we must have |z(t)| > ¢’. Thus:

0(z,t) > af|z]) > a(d) >0,

= v(z(t),t)) = v(xo, to) +/ 0(x(7), T)dT

to

> v(wo, to) + a(d') - (t — to).
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In particular, when:
€ — U(l’o, to)

a(d’)

we have v(z(t),t) > €, a contradiction. The proof is done.

t=ty+

Indirect Lyapunov’s Method:

If a system is only slightly non-linear, in the sense that there exists some A(t) such that:
i = A(t)x + fi(z,1), with :
[f1(z, 1))

lim sup ————— =0,
[z|=0 ¢>0 ‘l”
then local uniform asymptotic stability can be determined by examining the global uniform

asymptotic stability of the linear system:
z=A(t)z

Roughly speaking, we derive a slightly weaker sense of stability for a slightly non-linear system
from the stability of the linear system that it resembles. This is rigorously justified by the
following theorem, which also establishes a partial converse—If a slightly non-linear system can
be approximated as an unstable linear system, then that slightly non-linear system must also
be unstable.

Theorem 4.52 (Indirect Lyapunov’s Method (Theorems 5.41, 542, pgs. 215-217)).
Suppose the non-linear system & = f(z,t), x(ty) = x¢ has the linear approximation:

T = f(z,t) = A(t)x + fi(x, 1), with
lim sup M = 0.
lz[=0 ¢>0 ||

Then the following statements hold:

1. If %L«:o s bounded in time, and O is a uniformly asymptotically stable equilibrium

point of the linearized system:

N 8f1 (ZL‘, t)

Z(t) = ——= t

(=200 ),
=0

then 0 is also a locally uniformly asymptotically stable equilibrium point of the original
non-linear system & = f(x,t), x(ty) = xo.

2. If %ﬁ") .o s constant in time, and has at least one eigenvalue in C*, then 0 is an
unstable equilibrium point of the original nonlinear system @ = f(x,t), x(ty) = xo.

Proof. (See Appendix). [ |
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4.8 Lecture 15 Discussion

Ezample (Discussion 10, Problem 2). Show that, if A(t) = —A(¢)7, then @(t) = A(t)z(t) is
internally stable.

Solution:
We directly evaluate the time derivative of the square of the norm of the state:

d

E|x|2 =ile+ 2T =0T ATr + 27 Ax
=z (AT + A)z = 0.

Thus, |x| is constant with respect to time, so the system is stable.

Ezxample (Discussion 10, pg. 6, Fall 2009 Prelims, Prof. Arcak). Consider the LTI
system:

= Ax + Bu,
y=Cuz.

1. Suppose there exists some P > 0 and a constant « such that:

AP+ PA < aP (4.5)

(a) Which region in the complex plane do the eigenvalues of A lie in?

(b) Suppose (4.5) holds with o = 0, and in addition, PB = C?. Show that the given
system is asymptotically stable for any feedback © = —ky, where & > 0.

2. Suppose, instead of (4.5), P > 0 satisfies the equality:

ATP+ PA=0

(a) Which region in the complex plane do the eigenvalues of A lie in?

(b) Does the above equality guarantee asymptotic stability for the feedback u = —ky,
with a positive gain k > 07 If not, what additional conditions would you need?

Solution:

1. (a) Let A € o(A); then there exists some v # 0 such that Av = Av. Substituting into

(4.5), we have:
0>0v"(A*"P+ PA—aP)v = (2Re(\) — a)v*Pv

1
= Rel < 504.
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(b) Substituting u = —ky = —kCz into the given system, we have:
t=(A—-kBC)x
Since (4.5)) holds with @ = 0, we have:

AP+ PA <0,
= (A — kBC)*P + P(A — kBC) + k(C*B*P + PBC) < 0,
= (A —kBC)*P + P(A— kBC) + 2kC*C < 0,
=(A—-kBC)*P+ P(A—kBC) <0,

since C*C' > 0. The above result thus implies that, for each A € (A — kBC),
we have Re A < %oz = (0. Thus, the given feedback renders the system asymptotic
stable.

2. (a) Our solution for 1 a) implies that Re A = 0 for each A € 0(A). In other words, the
eigenvalues of A lie on the imaginary axis.

(b) Our solution for 1 b) implies that:
(A—EkEBC)*P+ P(A—kBC)+2kC*C = 0O
To achieve asymptotic stability, we require
(A—kBC)*P+ P(A—kBC) <0,
i.e. C*C > 0. This occurs if and only if C' has full column rank.

Ezample (Discussion 10, pg. 7, Fall 2015 Prelims, Prof. Carmena).

1. Is the network shown in the figure BIBO stable? If not, find a bounded input that will
excite an unbounded output.

u (D IH IF <

2. Is the homogeneous state equation shown below asymptotically stable? Marginally stable?

—1
i =

o O O

1
0 Of =
0 0
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3. Is the following state equation controllable? Observable? If not, reduce it to a controllable
and observable form.

Solution :

1. Let 7; and 75 be the current flowing through the 1H inductor and the 1F capacitor,
respectively, both in the downward direction. By Kirchhoff’s Circuit Law (KCL) and
Kirchhoff’s Voltage Law (KVL), we have:

%:—/ngt

U =11 + 1

Define the states of the systems to be 1 = 41, 25 = 7. Then:

jzl = X2,
1 1 L iy = 1 L 1
AR 7ol A Te kR ok
Yy = L/Ll = LI’Q.
In matrix form, we have:
- ol ) ]
) —Iic 0 ) c
—_—— ——
=A =B
I
=0 L
Y Lf—/ {$2:|
=C

The transfer function of the system is:

H(s) = B(sI — A)~'C

-1
s —1 0
~ou|:
C LC

1 S
C 32+%

Y

with poles at +i1/+/LC, both of which are on the imaginary axis. Thus, the system is
not BIBO stable. Since its poles are at +i1/v/LC, an example of a bounded input that

would excite an unbounded output would be a sinuosidal function with angular frequency
1
VLC'

2. Observe that:
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Then z = Ax.

Since A is upper triangular, its eigenvalues can be read off the diagonal—c(A) = {—1,0}.
The eigenvalue 0 is repeated twice, but each is associated with a Jordan block of size 1.
Thus, the system is stable (although not asymptotically stable).

3. By inspection, when s = Ay, the third row of the controllability matrix pencil [3[ —A B]

C

is a zero row, and the first column of [S

S[(; 4 lack full row rank and full column rank, respectively, when s = Ay; as a result,

} is a zero column. Thus, [s[ —A B] and

the given state equation is neither controllable nor observable.

Ezample (Discussion 10, pg. 8, Spring 2017 Prelims, Prof. El Ghaoui). Consider a
continuous-time LTT system @(t) = Axz(t),¢ > 0, with no input (such a system is said to be
autonomous), and output y(t) = Cz. We wish to evaluate the energy contained in the system’s
output, as measured by the index:

Haw) = [ ot uod = [ oy Qutoyar

where Q = CTC > 0.

1. Show that if the system is stable, then J(z¢) < oo for any given xg. Hint: Show that
ly()]]2 < c¢||lwol|2e7™>*, where opax is the maximum real part of the eigenvalues \; of A,
and ¢ > 0 is some constant.

2. Show that if the system is stable and there exists a matrix P > 0 such that:
ATP+PA+Q =<0,

then it holds that J(zg) < zl Pwzo. Hint: Consider the quadratic form V(z(t)) =
z(t)T Px(t), and evaluate its derivative with respect to time.

3. Explain how to compute a minimal upper bound on the state energy, for the given initial
conditions.

Remark. Here, we interpret "stable” as ”asymptotically stable.”

Solutions :
We also assume that A € R"*" C' € RP*" and that, in general, p # n.

1. Observe that:
y(t) = Cx(t) = Ceay,

= J(mo) = / o0 Tyt dt = / Ce Ayt
0 0



152 CHAPTER 4. SYSTEM STABILITY

Now, since the system is stable, there exists some o, > 0 such that all eigenvalues of
et decay exponentially at a rate faster than op.c. Thus, since each term in Cetx is
a linear combination of e*!, where o(A) = {\;Ji = 1,--- ,n}, it follows that the infinite
integral J(x() converges.

2. Following the hint, we have:

.o . d
S dt
o0 oo d
= J(xo) = / v Qudt < / —a(wTPx) dt = xl Pz
0 0

(2" Px) = &' Px + 2" Pi = 27 (ATP + PA)x < —27Qu,

3. Let Tg = Pxg, where P is an invertible matrix whose columns are the eigenvectors (or
generalized eigenvectors) of A, in a correct order i.e. A = P~1JP for some square matrix
J in Jordan form. For convenience, we choose to focus on the 1-norm of the state energy,

defined by:

/‘x(t)ﬁdt:/ |€m$0ﬁdt=/ [Pt et Paoli dt
0 0 0

< 1P - / | [2dt - | Paof?

) n—1 p k 2
-1 Umaxt —20maxt 2
<[P |h / ( E o > e dt - |Pxol]
0 .

k=0

where, in the worst case, J may contain a single Jordan block of size n, and the maximum

. ko k
column sum of e/ thus contains n non-zero elements of the form Tma_ for each k =
0,1, ,n—1.

Ezample (Discussion 10, pg. 9, Fall 2013 Prelims, Prof. Arcak).

1. Consider the linear system @ = Ax, where:

_|a B
=150
with a, 8 € R. For which values of «, 8 is the system stable, asymptotically stable, and

unstable?

2. Suppose a = 0. If we fix some T" > 0 and take samples of the trajectories every T units
of time, we obtain:
z[n] = z(nT)

for each n =0,1,2,---.
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(a) Find the matrix A, for the discrete-time model x[n + 1] = Ayz[n] as a function of /3
and T

(b) For which values of 5 and T" are the solutions z[n| periodic in n?

Solution:

1. The characteristic function of A is:
xa(s) = det(sI — A) = (s — a)? + 32

We thus have o(A) = {a £ Bi}. If o < 0, the system is asymptotically stable; if o > 0,
the system is unstable. If & = 0, and § # 0, then the system state oscillates sinusoidally;
if « = =0, then A = 0, so x(t) remains constant. In summary, the system is stable,
asymptotically stable, and unstable when @ = 0, a < 0, and « > 0, respectively.

2. Since the original system is & = Az, we have z(t) = e 4x(t,).
(a) Taking to =nT and t = (n + 1)T, we have:
z[n+1] = z((n+ 1)T) = " z[n]

Thus, Ay = e74. We can evaluate this matrix exponential using the Cayley-Hamilton
Theorem; notice that, with o = 0, the characteristic equation becomes y(s) =
s? 4+ B2, Let q(s) and ay, ag € C be given such that:

el = (s + 8% - q(s) + ais + ay,
Substituting s = £i3, we have:

e = jaq B + ayg

e T = —joy B+ ay
We thus have o = %sin BT and oy = cos 5T, so

cos T % sin 8T

1
A _ (1 —
e = <5 sin 5T> A+ (cos BT 1 %sin BT cos BT
(b) If x[n] is periodic in n, there must exist some positive integer N € N for which
z[n+ N| = x[n] for each n =0,1,2,--. Since z[n+ N] = N4 . z[n], we must have
eNTA =],

Repeating the above procedure, we find that e™74

T with NT in the expression for eT4, i.e.:

JNTA _ cos NGBT %sinNﬁT

%sin NBT cos NBT

can be found by simply replacing

Setting eV#T = I, we find that BT = QW” In other words, z[n] is periodic in n if and
only if T is a positive rational multiple of 2.
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Ezxample (Discussion 10, pg. 10, Spring 2017 Prelims, Prof. Fearing).

1. Given an LTI system @ = Az, and a matrix M > 0 such that V = 27 Mz satisfies V < 0
for any trajectory, determine the possible range of eigenvalues for A.

2. Consider the continuous-time linear system defined by:

=l S L

(a) For u(t) = 0, determine the state trajectory with:

(c) Given an initial condition zy, explain how you would find a wu(t) such that x(¢)
asymptotically approaches a finite fixed value, say for:

] o)

(d) Given an initial condition zy, explain whether it is possible to find a u(t) such that
x(t) asymptotically approaches a finite fixed value, say for:

2 2
Lo = 1| Tfp= ol
with fixed z(t) = 2 for t > 07

Solution:

1. Differentiating V' with respect to time, we have:

0>V =i"Mz+2"Mi =27 (AM + MA)z,

where = € R" is arbitrary. Let A\ € 0(A), and let v be a corresponding eigenvector. Then:
0> v (AM + MA)v = v (2AM)v.

Since v Mv > 0, we have A < 0.
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2. (a)

If u =0, then:
jjl = —I1,
:tQ = —2.73'2,
Thus, we have:
x1(t) = 21(0)e”"
T9(t) = 25(0)e
If w =1, then:
jl'l = —x1 + 1,
Tg = —2wy + 2,
Thus, we have:
z1(t) = 21(0)e" + ¢t
To(t) = w2(0)e " 4 2t
Suppose by contradiction that there exists a function u(-) that drives the system
from xg = [2 1]T toxy = [2 O}T Then:
1 = —x1 +u(t),
jﬁ'g = —2.772 -+ 2u(t),
Rearranging terms and taking ¢t — oo, the above two equations become contradictory:
lim w(t) = lim @ (¢) + lim 21(¢) =04+ 2 =2,
t—o0 t—00 t—00

: I :
tliglo u(t) = 3 tll>r£10 To(t) + tli}?oxz(t) =04+0=0.

Thus, there exists no input driving z(¢) from zy to z; asymptotically.

The answer to ¢ implies that there exist no such u(-). However, even without the
answer to ¢, we can show this to be true.

Suppose by contradiction that such an input u exists. Since:
j:l = —I + u,

and we want x1(t) = 2,41(t) = 0 at each time ¢, we must apply u = 2, with the
result that:
ng = —2.CE2 +4
Since x2(0) = 1, we thus have:
To(t) = e 2 + 4t
as the unique solution to z5(t). Thus, x2(t) — 0o as t — 0o, contradicting the fact

that z(t) is supposed to asymptotically approach xf = [2 O}T.
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Chapter 5

Controllability and Observability

5.1 Lecture 16

In this lecture, we wish to understand how, given a dynamical system, we can design an input
u(t) such that the system produces a desirable output y(t). Notice that u(t) affects y(t) through

x(t).
Note. Below, u, will denote the function u in the time interval 7. Notice that 7 is often an
open, closed, or half-open-half-closed interval, e.g. (to,t), [to,t], or [to, ).

Definition 5.1 (Steering). Let (U, %, ), s,r) be a dynamical system representation, and let
to, 11 be given with ty < ti. The input uy,,)(-) steers (xo,to) to (x1,t1) if:

T = S(th t07 Zo, u[to,tl])

Definition 5.2 ((Complete) Controllability on [ty,t1]). The system representation D is
(completely) controllable on [ty,t] if, for each xo, 21 € X, there exists some up,1,) € U
that steers xq¢ at tg to x1 at ty.

Proposition 5.3. Given a dynamical system D = (U,3,Y,s,r), the following are equivalent:
1. D is controllable on [ty,t;].
2. For each zy € X, the map:
x(-) = s(t1, to, To, U, (+)) 1 U = X
18 surjective.
Memoryless Feedback and Controllability:
In general, the input u(-) may be an output feedback, i.e. u(y,t), or a state feedback,
i.e. u(x,t). Consider two memoryless maps:

Fo: X —U
Fo:Y—-U

157
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and the following block diagrams, which represent state feedback and output feedback, respectively:

V +> -’b(] _D | j
ROk~ #

Figure 5.1: State Feedback

oD [y
. )= K‘DO I

Figure 5.2: Output Feedback

In the top and bottom figures, the input wu(-) corresponds to the state and output
feedback, respectively, whereas v(+) is known as the auzilliary input. This simply means that
v(+) is the input we apply to the closed-loop system:

Below, we introduce several equivalent definitions for the controllability of a state.
We first discuss an important concept, known as the well-posedness assumption, on which
the validity of many of these results depend.

Definition 5.4 (Well-Posed). Let D = (U, 3, Y, s,1) be a dynamical system representation,
and let Ds and Do be memoryless feedback systems constructed from D, as given above. D is
said to be well-posed if, for each initial state xq, initial time ty, and overall input v(-), the
systems Dg and Do have unique inputs and outputs.

If a system is not well-posed, it is said to be tll-posed.
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The well-posedness assumption captures the intuitive notion that, for the closed feedback
loop to make sense, there should be some delay about the feedback loop. For example, if there
were no delay in the closed state feedback loop, the input u at some time ¢ would produce a
state x, at the same time ¢, and then this state would be fed back to affect u, again at the same
time ¢. This results in circular (and thus contradictory) logic.

Ezample (An I11-Posed System). Suppose by contradiction that the following linear dynamical
system:

z =0,

:’u/’

with Fy(-) = F,(-) = —1, is well-posed. Then y = v 4 u, a contradiction to the fact that y = u,
and v is arbitrary.

Theorem 5.5. Let D = (U, 3, Y, s,7) be a dynamical system representation, and let Dg and Do
be well-posed memoryless feedback systems constructed from D. Then the following statements
are equivalent:

1. D is controllable on [ty,t;].
2. Dg is controllable on [to,t1].
3. Do is controllable on [ty,t;].

Proof.
(1) & (2)

We will first establish that (1) = (2). Fix zg, 27 € 3. Since D is controllable on [to, 1],
there exists some ﬂ[to,tl]() that steers xq at ty to x1 at t;. To demonstrate the controllability of
Dg, we must show that there exists some input (t) to Dg that steers (xo,to) to (x1,t;). This
can be done by defining:

Conversely, if Dg were controllable, then for each gy, x; € Y, there exists some control
Uto,1] that steers (xo,to) to (v1,t1) on Dg. Thus, the input () generated internally by Dg
steers (zg,ty) to (x1,t1) on Dg, so D is controllable.

(1) & (3)
The proof here is similar to the proof for ” (1) < (2)”; simply replace the state feedback
Fg with the output feedback Fp, and the state transition map s(t,t, zo, Uf,,,]) With the
response map p(t, o, To, Ut ,,])-
[ |
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Now consider the case where the state feedback, instead of being a function mapping x
to some control signal Fg(z(t)), is in fact a dynamical system Fg with representation:

FS = (Zazlvua SF7TF)

Contrast this with the original system D = (U, %, ), s, 7). In short, Fg takes states z € ¥ of D
as inputs, and produce inputs u € U of D as outputs. We denote Fs’s own state space by .

In fact, the above theorem holds even when the feedback loop is itself a dynamical
system.

Theorem 5.6. Let D = (U, X, Y, s,r) be a dynamical system representation, and let Dg be a
dynamical feedback system constructed from D. Then the following statements are equivalent:

1. D is controllable on [ty,t1].

2. Dg is controllable on [to, t1].

Definition 5.7 ((Complete) Observability on [ty, t1]). The dynamical system D = (U, X, ), s, 1)
is said to be (completely) observable on [ty, t1] if, for each uy,4,1(-) € U and each yp,1,)() €
Y, the initial state xo = x(tg) is uniquely determined by u(-) and y(-).

Proposition 5.8. The dynamical system D = (U, %, Y, s,r) is observable on [to, t1] if and only
if the response map:

y() = p(a t(]?xo’u[to,tﬂ(')) Y= y
18 injective.
Intuitively, this means that, given any output in a given time interval [to,?;], the state
can be uniquely determined.

Memoryless Feedback and Memoryless Feedforward

Just as the output y can be connected to the input u via the feedback loop F,(-), the
input u can be "fed forward” to the output y via a feedforward loop, as shown below.
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VvV +

Figure 5.3: Memoryless Output Feedback and Memoryless Feedforward

It is a curious fact that neither memoryless output feedback nor memoryless feedfoward
alters the observability of the system.

Theorem 5.9. Let D = (U, %, ), s,1) be a dynamical system representation, and let D, and
Dy be well-posed memoryless output feedback and input feedforward systems constructed from
D. Then the following statements are equivalent:

1. D, is observable on [t t1].
2. Dy is observable on [to,t].

However, state feedback may affect observability. For instance, it is possible to transform
a completely observable system D into a closed-loop state feedback system Dg that is not
completely observable. Here, D and Dg are defined as given above:

V +> ‘-’U(] _D | j
J.EE)_ \‘ES I

Figure 5.4: State Feedback
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The reason is that the connection between the auxiliary input v(-) (i.e. the input to the
closed-loop state feedback system Dg) and the actual input u(-) (i.e. the input into the original
system D) is related via the system state x, which remains unknown to the observer.

Consider the counterexample below, which makes use of a state feedback chosen to place

the state into the null space of the output matrix C.

Ezample (State Feedback Changes Observability). Consider the time-invariant system:

z—[ o2+ ﬁ u,

E EB

Since the auxiliary input v(-) is given by:

v=u— Fx

the dynamics of D can be rewritten as:

—A BFs E

=[0 1]z

Using observability tests described in the next lecture, we can show that the original system D
is completely observable, but the closed-loop system Dg is not.
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5.2 Lecture 17

For a time-varying system R = [A(-), B(:),C(:), D(-)], recall that the state transition and
response maps as:

2(t) = Dt to)zo + / Ot 7) B(r)u(r) dr

to

y(t) = C(t)P(t,to)xo + / 1 C(t)®(t,7) B(T)u(r)dr + D(t)u(t)

to

Define the mappings:

Lc . u[t07t1] — Rn
LO . Rn — y[tmtl]

as follows. For each t > 0, we have:

Lu(ugys)) = / "Bt 7)B(r)u(r) dr

to

(Lowo)(-) = C(')q’('7fo)$0
— () - / C()B(- o) B(r)u(r) dr — D(tyu(t)

to
Intuitively, L. captures the notion that inputs u(t) can be chosen to alter (”control”) the state
x(t), whereas y(t) can be obtained (”observed”) through the state x(t). In mathematical terms,
R(L.) is the subspace of all states that can be controlled, while N(L,) is the subspace of all
states that cannot be observed. This intuition suggests that R(L.) and N(L,) are related
to the controllability and observability of the system, respectively. In particular, if L. is
surjective, and L, is injective (i.e. R(L.) = R"and N(L,) = {0}), then the system is completely
controllable and completely observable, respectively. However, from a practical point of view,
the surjectiveness of L. and injectiveness of L, are difficult to verify, since R(L.) and N(L,)
are infinite-dimensional spaces.
Fortunately, from linear algebra, we know that:

R(L.) = R(L.L)
N(L,) = N(L3L,)

Thus, instead of evaluating the dimensions of R(L.) and N(L,), we can instead attempt to
evaluate R(L.L%) and N(L}L,). This is easier, since L. L% and L}L, are simply n x n (semi-
positive definite) matrices. We call W, = L.L* and Wy = L:L, the Controllability Grammian
and the Observability Grammian, respectively.

To evaluate W, and W,, we need to find suitable expressions for L} and L}. These can
be found using the original definition of the Hermitian adjoint of a vector. Let H, denote the
Hilbert space inhabited by inputs in the range [to,?,], and let up, . € H, and v € R" be
arbitrarily given. Then:
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(Liv, U[to7t]>Hu = (v, Lcu[to,t]>R"

:v*/ O(t, 7)B(T)u(r)dr

to

:/(B(T)*CD(ZS,T)*U)*u(T)dT

to

= (B()*®(t, )"0, upro)
= (L)) = B O(, )0

Similarly, let H, denote the Hilbert space inhabited by inputs in the range [to, ], and
let yis,1,) € Hy and v € R™ be arbitrarily given. Then:

<L; Ylto,t1]s U>R” = <y[to,t1]7 L0U>Hy

= [y
_ / () OB 1) vl
/ﬁﬂmmwwmvﬂﬁ

I
P N
s\ﬁ

O(7,t0)*C(1)*y(7)dr, v>

RTL
t1
= LyYto.n] :/ O(7,t0)*C (1) y(T)dr

to

We thus have the following definitions.

Definition 5.10 (Controllability Grammian, Observability Grammian). For a time-

varying system R = [A(-), B(-),C(:), D(-)], recall that the state transition and response maps
as:

x(t) = ®(t, to)xo +/ O(t,7) B(T)u(r)dr

y(t) = C()D(t,tg)xo + /t C(t)®(t,7) B(t)u(r)dr + D(t)u(t)

Define the Controllability Grammian, denoted by W,(tg,t;) : R" — R" and the Observability
Grammian, denoted by W,(to,t1) : R — R™ as:

W.(to,t) = L.L; = /tt O(t,7)B(1) B*(1) ®*(t, 7)dT

Wi (tg, £) = L¥L, — / L (7 10) C* (1) C(r) B(r 1) dr

to
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respectively.

Remark. By definition, W.(ty,t1) = L.L} and W,(to,t1) = LoL}, so We(to, t1) and W, (g, t1)
are both semi-positive definite.

Theorem 5.11 (Controllability of Linear Time-Variant Systems). For a time-varying
system R = [A(-), B(-),C(+), D(-)], the following statements are equivalent:

1. R is completely controllable (c.c.) on [to,t1].
2. For each xy € R™, there exists some input up, 1) that steers (xo,t) to (0,1).
3. For each x1 € R", there exists some inpul up, ) that steers (0,t) to (x1,t1).
4. The mapping L. : Uy, ) — R™ 1s surjective, i.e.:
R(L.) =R"
5. The Controllability Grammian W.(to,t1) is invertible for each t, i.e.:
rank(We(to,t1)) =n

for each t. In fact, W.(to,t1) > 0.

Proof.
Fix t1,tp such that t; > t, > 0, and arbitrarily x¢,z; € X. Note that, if x; = z(t), then:
t
x1 = O(t, to)xo +/ O(t, 7)B(T)u(r)dr (5.1)
to

(1) « (2) « (3):
Note that the following are equivalent:

x1 = O(t, to)ro + Leu(:)
0 = (¢, to) (o — D' (t,t0)70) + Leu()
21— ®(t, to)xg = Leu")

Since xg, 1 can be any state in Y, this demonstrates the equivalence of 1, 2, and 3.
(1) < (4):

Since the state xg,z; € ¥ in (5.1) are arbitrarily chosen, a necessary condition for
complete controllability is the surjectivity of R(L.):

R(L;) =R"
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Intuitively, this is required for complete controllability, since xq,z; € ¥ can be any vector in
R™.

However, this is also sufficient, since if z; and x(y are given at t; and ¢y, respectively,
then there exists some yy, ) such that:

Ty — (I)(t, to)l‘o = LCU
A rearrangement of terms gives us (|b.1)).
(4) = (5):

From linear algebra, R(L.L}) = R(W..), which establishes the equivalence of (4) and (5).
|

For linear time-invariant systems, we can provide an even more computationally efficient
method of determining the controllability and observability of a system. This involves defining
the observability matrix and controllability matriz of a system, as shown below.

Definition 5.12 (Controllability Matrix, Observability Matrix). Let a linear time-
invariant system D = (A, B,C, D) be given. Define the Controllability Matriz, denoted
by X : R™*™i and the Observability Matrix, denoted by Yo : R™*"  as follows:

Yo = [B AB - AB”‘l}
C
CA
Yo = .
C A1
Remark. Notice that:
R(Xc) = R( [B AB .. A”_lB] )
= R(B) + R(AB) +---+ R(A"'B)
C
CA
CAn—l

= N(C)NN(CA)N---NN(CA"™Y)

We are now ready to state a stronger version of the above theorem regarding controllability,
as it pertains to linear time-invariant systems.

Theorem 5.13 (Controllability of Linear Time-Invariant Systems). For a time-invariant
system R : & = Ax + Bu, the following statements are equivalent:
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R is completely controllable (c.c.) on [to,t1].

For each xo € R", there exists some input uy, ] that steers (xo,to) to (0,t;).
For each x, € R", there exists some input uy, ] that steers (0,1) to (x1,t1).
The mapping L. : Uy, ;) — R™ is surjective, i.e.:

R(L.) =R"

The Controllability Grammian W,(ty,t;) € R™™ is invertible for each t, i.e.:
rank(W.(to,t1)) = n
for each t. In fact, We(to,t1) > 0.
We(to,t1) > 0, and, if c(A) € C~, then W.(to,t1) is the unique solution to the Lyapunov
equation:
AW.+ W.A* = —BB*

The Controllability matriz Yo € R™ ™ 4s of full row rank:

rank(Xc) =rank([B AB --- A"'B])=n.

For each s € C, the matriz [s] —A B] , known as the Controllability Matrixz Pencil
of (A, B), has full row rank, i.e.

rank( [s[ —A B] ) =n.
This is known as the Popov-Belovich-Hautus (PBH) test for controllability.

Since sI — A lacks full row rank if and only if s € o(A), the condition "for each s € C”
can be replaced by the condition “for each s € o(A)” without any loss in generality.

For any polynomial p(s) of degree n, there exists some F € R™*™ such that:

Xa4+Br(s) = p(s)

2) e @) e @) e(6):
See the proofs given for Theorem [5.11]

(6)
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If (5) holds, then AW, + W,AT = —BB” with rank(W.(tg,t1)) = n, so W,(to,t;) > 0.
Moreover, by the lemma preceding the Time-Varying Lyapunov Lemma (Lemma , W, is
the unique solution to AW, + W, AT = —BB7T.

Conversely, if W, (to,t1) > 0, then rank(W.(to,t1)) = n.

() = (7)

For time invariant systems, ®(t;, 7) = 174, 50 the Controllability Grammian becomes:

t1
{/[/C<t07 tl) — / e(t1*T)ABB*€(t1fT)A* dt

to

Now, observe the equivalence of the following statements, which establishes the desired result
by contradiction. Since W.(to,t1) > 0:

t1
We(to, t1) = / M= ABB*e=A" 41 > () is false,

to

t1
<=Jr £ 0> 7 Wto, t1)r = / |z* e DAB|2 dr = 0,

to

=3I #0232 B=0,V7€[0,t; — t, (5.2)
—=3Jr#£032°A4*B=0Vk=1,--- ,n—1,
<3z #0232 € LN([B AB --- A"'B])
h Evc
<rank([B AB --- A"'B])<n, (5.3)

N J/

\

C

Since X € R™"i we have Y < n; this implies that exactly one of the statements
"rank(3¢) < n” and "rank(Xc) = n” are true. The equivalence of the above statements thus

2

forms a proof by contradiction for the claim ”(5) < (7).
(7) = (8)

(7) = (8) can be straightforwardly demonstrated via proof by contradiction. If (8) fails
to hold, then there exists some A € o(A), with corresponding left eigenvector v* # 0, such that
v*B = 0. This implies that, for each k =1,--- ,;n — 1, we have:

v*A*B = N\ (v*B) =0

and thus:
v'Se=0v"[B AB --- A"'B] =0,

contradicting (7).
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(8) = (7) can also be shown via proof by contradiction, although not as straightforwardly.
Suppose that (7) fails to hold, i.e.:

rank(X¢) = rank([B AB --- A"!'B])<n

We wish to establish that (8) fails to hold, by considering a matrix representation of the
Controllability Matrix Pencil [s[ —A B], that separates the controllable and uncontrollable
subspaces of A. Notice that since (5) fails to hold, there exist collections of vectors:

B E{vlu"' 7Uk:}
B ={vgs1, - vn}
B=Ps.Up
:{Ul,"' s Uky Uk 1, * ° 71)”}

where k < n, and Py, and § form ordered bases for R(X¢) and R”, respectively. To complete
the picture, let V' = span(f’). We thus have:

R" = R(Sc) & Vi

(Recall that & means direct sum.)
Now, notice that:

R(S¢) = R(B) + R(AB) + - -+ R(A""'B)

is an A-invariant subspace containing R(B). This allows us to simultaneously transform A into
a block-upper-triangular form, while reducing several rows of B to 0. In particular, if we let T’
be the invertible square matrix whose columns are the vectors in the ordered basis B (placed
in the same order as they appear in B, then:

: A, A
A=T7'AT = |71 2P
{ O  Ap]’
P -lp B,
B=T"'B= { o} ,
In particular, the zero matrix block in A arises from the invariance of R(B) = span(X¢),

whereas the zero matrix block in B arises from the fact that, with respect to the ordered basis
B = By, U B, only the first k coordinates of elements in R(B) can be nonzero.
Now, notice that:

rank( [s[ —A B] )

—rank (T [s1-A B] {T; ?D

:rank( [s[ —A B] )

. sl — /111 —Am B
—rank (|: O sl — 12122 O:|)



170 CHAPTER 5. CONTROLLABILITY AND OBSERVABILITY

This shows that [s] — A B] lacks full row rank (at least) whenever s € o(Ag), ie. (7) does
not hold.

(5) = (9)

(See Lecture 20)
[

An analogous theorem exists for the equivalence of conditions that determine the observability
of the system.

Theorem 5.14 (Observability of Linear Time-Invariant Systems). For a time-invariant
system R : & = Ax,y = Cx, the following statements are equivalent:

1. R is completely observable (c.o0.) on [to,t1].
2. The mapping L, : Uy, ) — R™ s injective, i.e.:
N(Lc) = {0}
3. The Observability Grammian W,(tg,t1) = (L:L,)(to,t1) € R™ ™ is invertible for each t,

1.€e.:

rank(W,(to,t1)) =n
for each t. In fact, W,(to,t1) > 0.
4. Wo(to,t1) > 0, and, if 0(A) € C, then W,(to,t1) is the unique solution to the Lyapunov

equation:
AW, +W,A=-C"C.

5. The Observability matriz o € R"*" is of full column rank:

C

CA
rank(Xp) = rank ) =n.

CAm

sl
C
(A, B), has full column rank, i.e.

([ ]) =

This is known as the Popov-Belovich-Hautus (PBH) test for observability. Since
sl — A lacks full column rank if and only if s € o(A), the condition "for each s € C” can
be replaced by the condition "for each s € o(A)” without any loss in generality.

6. For each s € C, the matriz - A], known as the Observability Matrixz Pencil of
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7. For any polynomial p(s) of degree n, there exists some L € R" ™ such that:
Xa+ro(s) = p(s)

Proof. The proof of this theorem can be demonstrated in a manner analogous to the proof
of Theorem However, the results can also follow by observing the duality between
controllabiity and observability, a concept captured by the following theorem. |

Definition 5.15 (Adjoint System (Dual System)). The adjoint system (or dual system)
of the linear time-varying system:

. {:i:(t) = A(D)a(t) + B(t)u(t)

~

y(t) = C@)x(t) + D(t)u(t)

is defined as:
s {f(t) = —A*O)T(t) — C*(D)alt)
y(t) = B*()z(t) + D*(t)u(t)

Note. Given a system S, the dual system of its dual system is S itself with a change of sign for
the state ([4], Chapter 2, Comment 125, pg. 27):

—a(t) = A(t)(— &(t)) + B)(t)u(t),
§(t) =C(t)(— () + D(t)u(t)
Theorem 5.16 (Properties of Adjoint Systems). Let 3 and ¥* be dual linear time-varying
systems. Define ®(t,ty), Lc(t,ty), and Ly(t,to) to be the state transition matriz, Controllability

Grammian, and Observability Grammian, of X, respectively, and define D(t,tg), Le(t, o), and
Lo(t,to) similarly for 3. Then:

1. ®(t, tg) = D*(to, t).
2. Le(to,t) = ®*(to,t) Lo(to,t) ®(to,t).
8. Lo(t,tg) = ®(to,t) Lo(to, t)®*(to, 1).

It follows that ¥ : (A, B,C, D) is observable if and only if ¥ : (—A*, —C*, B*, D*) s
controllable.

Proof.

1. Recall that ®(t,t) and ®(¢,to) are the unique time-dependent matrices satisfying;

%(I)(t,to) = A(t)®(t, 1), O(to, to) = I
i@(t,to) = —A*(t) D(t, 1), Bty o) = I

dt



172 CHAPTER 5. CONTROLLABILITY AND OBSERVABILITY

Thus, to show that ®(¢,t5) = ®*(¢y,t), we must show that ®*(ty,t) satisfies the second
differential equation and initial condition. We already know that ®*(¢y,t) = I; for the
differential equation, we retrace the solution to Discussion 5, Problem 6, as follows:

I = (I)(t,to)q)(to,t),

d d
= O — Eq)(t,to)q)(tg,t) + (I)(t,to) Eq)(to,t)

— A(t) ®(to, £) B(to, t) + D(t, to) j O(to, 1)

< 10, 1).

= A(t) + o(¢, to)d

Rearranging terms, we have:

0(t0,0) = ~®(t0, DA()
~ %@*(to,t) — A (D) (fo, 1),

where we have used the fact ®(t,t5) ™! = ®(to,t) in the last step.

2. We have:

Tolto,t) = / B(t,7)(— CH() (= C*(r)) ¥ (¢, 7) dr

to

:/t O*(7,t) C*(1) C(7) (7, t) dr

0

Bt 1) ( / &% (r.tg) C*(7) O(r) (. to)dr) Bty 1)

to

= ®*(to, t) Lo(to, t) P(to, t)
3. We have:

Lo(t,to) = | ®*(r,t0) (B*(7))" B*(1) ®(r,to)dr

O (tg, T B*(1) ®*(to, 7)dT

[
A
t0.) / B(t.7) B B(7) #°(t.7) 7 ) (10,0
(to,t) Le(to, t)@*(to, 1)

o
o
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Since ®(tg,t) P(t,to) = I, ®(to,t) is invertible. Thus, L.(ty,t) is of full rank if and only
if L,(to,t) is of full rank, and L,(t,t) is of full rank if and only if L.(to,t) is of full rank.
Part 5 of Theorem therefore implies that > : (A, B,C, D) is observable if and only if
Y : (—A*, —C*, B*, D*) is controllable..

|

This result allows us to intuitively (and, with a little work, rigorously) demonstrate
the equivalence of Theorem [5.13] and Theorem [5.14] The corollary itself establishes Part 3 of
Theorem [5.14] which states that a LTI system is observable if and only if its Obseravability
Grammian has full rank. Part 6 of Theorem [5.14} which states the PBH test for observability
also follows from the above corollary, by observing that the observability matrix pencil of an

LTI system (A, B, C):
sl — A
C

is of full column rank, for each s € C, if and only if the controllability matrix pencil of its
adjoint system (—A*, —C*, B*):

8T+ A —C],
for each s € C (here, we take D = D* = O in the definition of the adjoint system). Part 5 of

Theorem which concerns the column rank of the observability matrix, follows similarly
from the above corollary.

Finally, in the event that the system is not completely controllable or completely observable,
it is reasonable to ask whether or not a subset of the entire state space is controllable or
observable. The following theorems address this concept (see Lecture 11 in Professor Tomlin’s
original notes).

Theorem 5.17. For a time-invariant system R : & = Ax + Bu, and each fixed to,t; with
tg < t1:
R(Wc[tg,tl]) - R(Zc)

Proof. Since, for any linear map A : V. — W, we have R(A) & N(A*) = V, we can instead
verify that N(W*[to, t1]) = N(Xo*).

Observe that, for each v € R™, the following statements are equivalent (i.e. for each
v € R", they are either all true or all false):

v We[t1,to] =0,

t1
" [/ eM=MABRB*et—NA" 1 1 4 = 0,

to

t1
<:>/ v e =4AB2dr =0,
to

= prem=MAB =, Yt € [to, 1],
<" [B,AB,--- ,A""'B] = 0.
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The logic used in the forward direction of the above implications is straightforward; that of
the backward direction involves the Cayley-Hamilton Theorem and the fact that W.[to, 1] is
positive semidefinite. [ |

An analogous result holds for the observability of a system’s output.
Theorem 5.18. For each system R : & = Az,y = Cx, we have N(Wy(to,t1)) = N(Zo).

The following theorem illustrates how R(X¢) (= R(W.[to,t1])) can be used to find states
that are controllable in a system that is not completely controllable.

Theorem 5.19. For a time-invariant system R : © = Ax + Bu, if x1,19 € X, then there
exists an input ug, 4] that steers & = Ax + Bu from (xo,to) to (x1,11).

Proof. Since xg,x; € R(W,[to,t1]) = R(L¢[to, t1]), and R(W.[to,t1]) = R(X0) is A-invariant,
there exists some wy, 1, defined on [ty, ], such that:
Lou(-) =z — e 7104,
=y = e 4 Lou(:)
t1
= elt=t0)Ag, +/ e"ABu(r)dr,
to

i.e. up, ) steers & = Az + Bu from (z¢,%0) to (z1,t;).

Finally, we discuss the controllability of a system over different time intervals.

Theorem 5.20. Let R : & = Ax+Bu be a time-invariant system, and suppose ty <ty <t} < ty.
Then, if R is completely controllable on [t} t}], it is completely controllable on [to,t1].

Proof. Suppose R is completely controllable on [¢),#]]. Let o, 21 be arbitrarily given. We will
show that a suitable input can be achieved by using zero input in the intervals [to, ty] and [t], 1],
le.

Ulto.th) = Ut = 0
Solving the differential equation R : & = Ax + Bu in the intervals [to, ;] and [t], 1], subject to
the boundary conditions x(ty) = xg, z(t1) = x1, we have:

T = Az + Bu = Ax

= G(titO)A Xo, t e [tht6]7
= oW =emay, e

Now, since R is completely controllable on [tj,#}], there exists an input wuy ) that steers the
system from (e~f0)4 gy 1) to (et1=Ag; /). In summary, we have thus demonstrated a
sequence of three controls that steer the system as follows:

(ZL‘07t0) — (€(t_t0)AZE0,t6) — (e(tll_tl)A l’l,tll) — (ZEl,tl)



5.2. LECTURE 17 175

Remark. The converse is not always true, i.e. a time-varying system that is controllable on a
time interval may not necessarily be controllable on a strict subset of that time interval.
Consider, as a counterexample, the time-varying (but ”piecewise time-invariant” ) system:

&= A(t)x + B(t)u, x(0) = xo.

where A(t) and B(t) are given by:

0, Vit >0,
0, te|0,1),
1, t>1.

>

0:

At)
B(t)

It is straightforward to see that, when ¢

{E(t) _ Zo, . te [07 1),
zo+ [, u(t)dr, t>1,

Then, for each ¢t > 1, and arbitrarily fixed final state zf, the constant control:

Ty — To
t—1

u =

will drive the system from (0,zg) to (¢,x). Thus, the system is controllable on [0,¢] for any
t> 1

However, the system is clearly not controllable on the smaller interval [0, 1], since x =
z(0) regardless of our choice of input during that period of time.
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5.3 Lectures 16, 17 Discussion

Ezxample (Discussion 11, Problem 2). Show that, for any linear map A : U — V', we have:
R(A*A) = R(AY)
Solution :
Below, we directly show that R(A*A) C R(A*) and R(A*) C R(A*A). Alternatively,
one can also show that N(AA*) = N(A*), and then invoke the fact that V = R(A) Gla N(A¥)

1
and U = R(A*) @ N(A), and demonstrate that the orthogonal complement subspace of any

fixed subspace is unique.
T C Suppose u € R(A*A) C U. Then there exists some v’ € U such that
A*Au’ = u. This implies that u is the image of Au’ through A*, so u € R(A*).

[ I Suppose u € R(A*). Then there exists some v € V such that u = A*v.

1
Since V = R(A) @& N(A*), there exists some v, € R(A) and vy € N(A*) such that v = vy + vs.
Moreover, since v; € R(A), there must exist some v’ € U such that v; = Au/. Combining these

facts, we have:
u=A"v = A"(v] + vy) = A*Au' + A*vy = A Au'.
Thus, u € R(A*A).
Ezample (Discussion 11, Problem 3). Consider the controllability and observability Grammians

W., W, of a linear time-invariant system (A, B, C') over the time period [0, 7. Prove that the
o(W.W,) is invariant with respect to the similarity transformation:

(A, B,0) — (TAT', TB,CT™1),

where 7' is non-singular.

Solution:
We have, for the Controllability Grammian of the transformed system:

t
WC[O, t] = / eTAT—l(t—T) .TB. (TB)* . e(TAT_l)*(t—T) Jr
0

t
=T / AT TR BT (T) AT d7> T*
0

t
T (/ eA(th)BB*eA*(th) dT) T*
0
=T -W.0,t]-T*
Similarly, we can show that:
Wo[0,t] = (T*) " - We[o, 4] - T~

Thus, we have:

WcWo = T(WcWo)ilTia

so o(WW, = o(W.W,).
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FEzample (Discussion 11, Problem 4). A system (A, B) is one with dynamics of the form:
& = Ax + Bu
For each of the following statements, provide either a proof or a counterexample.
1. Suppose the system (A, B) is controllable. Is the system (A?, B) controllable?
2. Suppose the system (A%, B) is controllable. Is the system (A, B) controllable?
Solution :

1. No. As a counterexample, let:

0 1
AZ:[O 01, B=1[0 1]
Using the PBH test for controllability, we have:
s =1 0
[SI—A B}:{O < J

42 _{s 00
[s[ A B} = [0 < 1}
For each s € C, the controllability matrix pencil [s[ —A B] has full row rank; however,
when s = 0, the matrix pencil [SI — A? B] drops rank. We have thus established a

counterexample such that (A, B) is controllable, but (A2, B) is not.

2. The statement is true. To see this, observe that if (A2, B) is controllable, then:

rank([B A’B ... AX"DB])=n.
However, by the Cayley-Hamilton Theorem, for each k € N, the matrix A* can be
expressed as a linear combination of {I, A,--- , A" !B}, so:
R([B A?B ... A*™VB])C R([B AB --- A"'B]),
= n=rank([B A’B .. A*"YUB|) <rank([B AB --- A"'B])
But [B AB --- A"le] € R™ ™ g0 its rank is at most n; the above inequality thus

implies that its rank is in fact n. Thus, it has full row rank, and so (A, B) is controllable.

Example (Discussion 11, Problem 5). Let L; = (Ay,by,¢l) and Ly = (As, b, ¢l be completely
controllable and completely observable single-input-single-output (SISO) systems. Discuss the
controllability and observability of the systems:

Ly = (A3, B3,C3) = ([fél 122} : {Zj ed CzT}) ,

A 0 by 0 ¢l 0
L4:(A47B4,C4):([01 AJ’[ol bJ,[S cg})

for the following two cases:
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1. Ay, A5 have no common eigenvalues.
2. Ajq, Ay have at least one common eigenvalues.

Solution :
We apply the PBH test for controllability and observability to both L3 and L,. Here,
we assume A; € R"*™ and Ay € R"2%"2;

-SI - Al 0 b1 |i8]- sl = Al 0

Lgi [SI—A Bg}z 0 S[—AQ b2:|, 03 = (; SI—TAQ s
) : 51 &
sl — A1 0
. . -S[ — Al 0 bl 0 _SI o 0 sl — AQ
Loz [sl=A Bl = 17070 24, 52]’ _CJ_ oI 0o |’
0 ek
Solution :

We discuss only the controllability of Ls and L4. Analogous results that hold for
observability can be found through duality.

1. Lgi

Observe the equivalence of the following statements:

L3 is not controllable
&3scC,a” = (ay, -+ ,an), 8 = (B1, -+, Bn), not both 0, such that:
0=[a" BT)[sI—A B]=[a"(s] —A) B(sI—As) a’by+ p7b]

If « =0 or g =0, the other vector must be 0; in this case, the first inequality can be
reduced to rank([s] — A b]) < n, or rank([s] — A by]) < n, contradicting the fact
that L, and Ly are both controllable. Thus, o # 0 and £ # 0.

In summary, L3 is uncontrollable if and only if there exist nonzero vectors @ € R™ and
B € R" such that:

ol (s — Ay) =0,

ﬂT(S-[ - AQ) - 07

OéTbl + /BTbQ =0.
This, in turn occurs if and only if 0(A;) No(A2) # ¢. Observe that, if this holds, we can
always scale o’ and 87 to ensure the third equality holds.

This result implies that, despite the complete controllability of L, and Lo, it is possible
for L3 to not be completely controllable, as long as Aj, Ay, by, by satisfy certain criteria.
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These criteria can be used to explicitly used to construct a counterexample; for instance,
we could consider the rather trivial case:

A1:A2:0, b1:b2:1
where ny = ny = 1.

2. Repeating the above procedure, we arrive at the following four equalities instead:

ol'(sI — Ay) =0,
5T<SI — A;) =0,
alb, =0,
3Tby =0,

where a and [ cannot both be 0. Again, the above logic can be used to argue that «
and [, in fact, must both be nonzero. The first and third statements in the above list of
equalities thus imply that L; is uncontrollable, while the second and fourth imply that Lo
is uncontrollable; both of these conclusions are contradictions to the assumptions given
in the problem.

It follows that if L; and Ly are completely controllable, the same must be true for L.

Ezample (Discussion 11, Problem 6). Consider the control system:

@] [-2 11[=] . [o
R e 1A R R
Find some input u : [0,1] — R that takes the zero-state to (1,1) at time 1. (Hint: Try

u(t) = are’ + aze?.

Solution:
Taking the (single-sided) Laplace transform of the two differential equations, we have:

~ Xs(s) Uls)
) = GG
_ Ul
XQ(S) = (S—|—1)

where X (s), Xa(s), U(s) represent the Laplace transform of x;(t), xo(t), u(t) respectively. Since
u(t) is a linear combination of e’ and e*, its Laplace transform must be of the form:

a1s + ap

Uls) = (s—1)(s—2)
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Substituting into the given differential equations, and applying Heaviside’s method of partial
fraction decomposition, we have:

a;s + ag
X =
) = G - e -
_ —gm a0 | —3m —3a0 | Fai+3a0
- s+1 s—1 s—2
a1s + ag
X =
2(5) 5+ 1)(s+2)(s—1)(s—2)
—%al + %ao %al — %ao —%al — %CLO %al + %ao
= + +
s+ 1 s+ 2 s—1 s —2

Taking the inverse Laplace transform, we have:

11N, (11N, (2 1\ .
xl(t) = _éal + éao e+ _5(11 - 50,0 e + gal + gao €

1 1\ o, /1 1\ (1 1N, (1 1\,
xo(t) = —6a1+8a0 e "+ TR + g~ glo e + 6a1+ﬁao e

Substituting ¢ = 1 and collecting terms, we have:
1 1 2 1 1 1
1= <_66_1 — 56 + 362) ay + (66_1 — 56 + 562) Qo
~ 3.506a; + 1.165ay,
1 1 1 1 1 1 1 1
1= <—6€1 + 6672 + 66 + 6€2> ai + (661 — EG’Q — 66 + 562) ao
~ 1.646a; + 0.213ay.

Rewriting the above equations in a matrix form, we find that:

a] _[3506 1.165]7"[1] _[-0.182 0995 [1] [ 0.813
ao| ~ |1.646 0.213| |1| ~ | 1.406 —2.995| 1| = |-1.589
Substituting back to U(s), we have:
a1s + ag —a1—ag 2a1+ay 0.776  0.038
U - = —
=Gy~ so1 =2  s—1 s—2
=u(t) = 0.776¢" + 0.038¢*

Remark.

1. The initial conditions (x1, z2)(0) = (0,0) and final conditions (xy, z2)(1) = (1, 1) technically
imply that we need to solve a system of four linear equations. However, by taking the
(single-sided) Laplace transform, we automatically take into account the initial conditions,
leaving us with the final conditions. This is the reason we only required two variables,

ai, and as.
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2. In fact, other inputs, such as those of the form u(t) = at + ag or u(t) = aje’ + ast would
also suffice.
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5.4 Lecture 18

In this section, we will discuss observers and least L?-norm inputs.

Observers:

Consider the following linear time-variant system without inputs:

In the following discussion, we assume that Wy|[to, t;] is completely observable, i.e. Wy ![to, 1] is
well-defined. In the case that this is not true, we can simply replace Wy [to, t1] with W{[to, t1],
the pseudo-inverse of Wy[to, t1] (see, for instance [5], Section 6.7, pgs. 413-417 for details).

By the definition of the observability map:
y() = Loxo = C()(I)(,to)l’o
The minimum least-square estimate of zy from yq is thus:

o = (Li[-,to] - Lol to]) ™ Lyl to])y ()

ﬂ%%ﬂ/@%@@@WW—

to
Define Z(t) to be the optimal estimate of x(t) based on {y(7) : to < 7 < t}. Then:

(to) = Wy '[t, to] L5 [t, toly ()
= &(t) = B(t, to) Wy '[t, to] L5 [, toy(-)

Below, we wish to establish a recursive relation for Z(¢), to characterize the difference between
the time evolution of the system state x(¢) and that of the optimal estimate #(t). Applying the
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product rule for differentiation, we have:
—&(t) = A(t) D(t, o) Wy [t to] - Lt toly (")

o(t.t0) (W) It Lt tly)
B(110) W 11 (1, 10) (1) 1)
(

+ ®(t,to) Wy [t to] D*(t, t0) C* () y(t)
= A(B)E(t) + D(t, 1) Wo [t 1] D% (¢, 1) C*(#) (w(t) — C(1)2(1))

Vv Vv
P(t): Kalman Filter gain observed error

In other words, the optimal state estimate evolves with a rate of change differing from that of the
original system by an amount proportional to the state estimation error. This proportionality
is described by the Kalman Filter gain P(t), a positive semi-definite matrix.

The evolution of P(t) can be characterized as follows:

P(t) = A(t) P(t) + P(t) A*(t)
— D(t, to) Wy ' [t, 1] D* (2, t0) C* (1) O(t) (¢, to) Wy [t to] @*(t, 0)
= A(t) P(t) + P(t) A™(t) — P(1)C*(1)C™(1)C (1) P(t)

Notice that since Wylt, to] = 0, the Kalman filter gain is, in fact, not well-defined at ¢ = 0.
Thus, instead of directly observing the evolution of P(t), we instead observe the evolution of

Q(t) = P (¢): |
Qt) = —Qt) A(t) — A*(1) Q1) + C*(1)C(t)
where Q(0) = 0, since Wj[t, to] = 0.
If there are inputs to the linear system, we simply subtract the effect of the input on the
system from the total observation:

y(t) = C(t)D(t, to)xo + /t C(t)®(t,7) B(T)u(r)dr + D(t) u(t)
= 2(t) = y(t) — /t C(t)®(t, ) B(t)u(t)dr — D(t)u(t)

C(t) P(t, to)xo
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The above analysis follows; we simply replace each (total observation) y(¢) with (observation
characterizing the evolution of x(t)) z(t).

Least L, norm input to steer from z, to zi:

Consider the linear time-variant dynamical system:

i(t) = A(t)x + B(t)u,
y(t) = C(t)xz + D(t)u.

We wish to solve for the optimal control, in the least Ls-norm sense, that drives the system
from (xo, o) to (z1,t1):

() :<D(t1,t0):c(t0)+/1<I>(t1,T)B(T)u(T)dT

= ®(ty,t0) x(to) + L:[t, to]u(-)
= L[t  to]u(:) = x1 — D(t1,t0)xo

In the event that L. is not invertible, the (unique) optimal solution for u(-) must lie in N (L.)* =
R(L}), i.e. there must exist some w € R"™ such that L[t,to]w = u(-). We thus have:
(Lc L:)[t, t()] Wy = T1 — @(tl, to)&?o
=Wy = (LC L:)_l[t, to] (l‘l — q)(tl, to)l‘g)
=u() = Lt to] (Lo L2) [t to) (21 — (t1, to)0)
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5.5 Lecture 19

In Lecture 17, we established that a linear time-invariant system (A, B, C, D), with n-dimensional
state space Y, is completely controllable if and only if:

R(X¢c) = R( [B AB --- A"_lBD =R"
and completely observable if and only if:
C
CA
N(Xp)=N : = {0}
CA1

We now wish to quantitatively investigate whether a linear time-invariant system (A, B, C, D)
can be partially controllable or observable if it is not completely so.

In the most general case, it is possible that (A, B, C, D) is neither completely controllable
nor completely observable. In this case, we wish to categorize states as either ”controllable,”
”observable,” both, or neither. To that end, consider the definitions below.

Definition 5.21 (Reachable from 0, Reachable, Unobservable, Indistinguishable
States).

1. Given an initial time and state (xg,1y), the state x, is reachable from 0 on [ty,t1] are
those for which there exists some input u(-)j,.¢] such that:

w1 = Lelto, t1]u(-),
1.€. X € R(Zc)

2. Given an initial time and state (xg, ), the state z1 is reachable on [ty,t1] are those for
which there exists some initial state xo and input u(-)g, ] such that:

T = Lc[to, tl] U() + G(t_tO)A.Q?D,
i.e. 11 € R(X¢) + et 4,

3. Given initial and final times to,t, respectively, the state xq is said to be unobservable
at t; from (xg,to) if the corresponding zero input response is 0, i.e.:

Lo[to,tl]il?o = 0
1.e. g € N(Zo)
4. Given initial and final times tg,t1, respectively, the states xgy and oo are said to be
indistinguishable at t; from (zo,to) if the corresponding zero input responses are the

same, i.e.:
Lo[to, t1]zo1 = Lolto, t1] o2,

1.€. To2 € N(Eo) + Zo1-
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Next, we wish to establish certain properties of controllable and observable subspaces—
namely, the fact that they are A-invariant.

Theorem 5.22. Given a linear time-invariant dynamical system (A, B,C, D):

1. R(X¢) is the smallest A-invariant subspace of ¥ that contains R(B).

2. N(X0) is the largest A-invariant subspace of ¥ that contains N(C').
Proof.

1. There are four claims to verify:

e R(Xc) is a subspace of .
e R(X¢) contains R(B).
R(Xc)

Yc) is A-invariant.

R(X¢) is the smallest subspace of ¥ that satisfies the above two properties, i.e. any
other subspace satisfying the above properties contains R(X¢).

The first two claim are true by the definition R(X¢ = R(B)+R(AB)+---+R(A""'B).

To verify the third claim, let us adopt the following notation, for any mapping A :
V — W and subset S C V:

A(S) = {Az|z € S} = R(Als)

The third claim essentially states that A(R(X¢)) C R(3¢). This follows from the fact
that:

= [R(AB) R(A?B) --- R(A"B)]

C [R(B) R(AB) --- R(A"'B)] (5.4)
C [R(B) R(AB) R(A?B) --- R(A"'B)] (5.5)
= (B)7

where (5.5)) follows from Cayley-Hamilton Theorem, which implies that A™ is a linear
combination of I, B,--- , A" 'B. This in turn implies that:

R(A"B) C [R(B) R(AB) R(A’B) --- R(A"'B)] = R(B)

It remains to demonstrate the fourth statement. Let V' be any A-invariant subspace of X
that contains R(B). Then, since V' is A-invariant, it must also contain:

A¥(R(B)) = R(A*(B))
for any k& € N. It thus contains:
R(Sc)=R([B AB - A"'B]),

completing the proof.
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2. Again, we have four statements to verify:

e N(Xp) is a subspace of ¥.
e N(Xp) contains N(C).
e N(Xp) is A-invariant.

e N(Xp) is the largest subspace of 3 that satisfies the above two properties, i.e. any
other subspace satisfying the above properties must be contained in N(Xop).

Again, the first two claims follows from the definition of N(3o):
N(Zo) = N(C)NN(CA)N---NN(CA™ )
To show that the third claim holds, suppose © € N(Xp). Then:

Cr=CAr=---=CA" 'z =0,
=C(Az) = C(A%r) =--- = CA"z =0,
i.e. Ax € N(Xp), since, by the Cayley-Hamilton Theorem, A™ is a linear combination of
I,A -, A1 This shows that A(N(Xp)) C N(Xp), i.e. N(Xp) is A-invariant.

To verify the fourth claim, let W be any A-invariant subspace of % that contains
N(C). Thus, C(W) = {0}, and since W is A-invariant, i.e. A¥(W) C W for each k € N,
we have:

C(A*W) c o(W) = {0},
i.e. W C N(CAF) for each k € N. Thus:
W CNANNCAN---NN(CA" = N(Zp),
completing the proof.
[

The above proof allows us to decompose the state space 3 according to whether the
states are reachable from 0, controllable, both, or neither. Now, let us define:

Se = R(20)
So = N(Zo)

we have Yo # R™ and Yo # {0}, so there exist non-zero subspaces of the state space X,
denoted as X, ¥p (not unique), such that:

Y=X%c+ Yo =Yoo + 2o,

Intuitively speaking, ¢, Y¢cr, 207, 20 correspond to the controllable, uncontrollable, observable,
and unobservable subspaces of the state space, respectively.
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Although the state subspaces ¥¢ = R(O) and Yo = N(Xp) are uniquely given by the
system parameters A, B, C, D, the state subspaces ¥ and Yo are not. This is because, while
it is indeed true that any state in X¢, X, Xor, %o would be controllable from 0, uncontrollable
from 0, observable, and unobservable on [ty, t1], respectively, it is not true that states uncontrollable
from 0 are restricted to X, nor is it true that the observable states are restricted to ¥Xp. This,
in turn, is because the sum of a controllable-from-0 and an uncontrollable-from-0 state is a
state that is not controllable from 0; similarly, the sum of an unobservable and an observable
state gives an observable state (as can be verified by substituting into the above definitions).
Now, we divide the state space X into subspaces based on controllability and observability:

Yoo = X N o,

Yoo =X NXor,
Yoo = Yo N Yo,
Yieror = Yo N oy,

where the subscripts C, O, C’, O indicate that the subspace is controllable, observable, uncontrollable,
or unobservable, respectively. Among these four subspaces, however, only Yoo = Yo N X is
uniquely defined. However, regardless of our choice of ¥cp, X0, and Yo, we always have:

2 — ZCO @ ECO’ @ ZC’O @ EC’O’

Below, we find suitable matrix representations for the parameters of the systems dynamics,
A, B,C, D, to illuminate the controllability and observability of the system.

Kalman Decomposition Theorem

Let 8007800’780’0780’0’ be ordered bases for 2007200/7 Eclo,ZC/o/, respectively.
Then:

Be = Beo U Beor,
Bor = Beor U Beror,
B = Bco UBeor U Beio U Beror,

with the union taken in that order, are ordered bases for ¢, Yo/, and X, respectively.

Let [Alg, [B]s, and [C]s be the matrix representations of A, B, C, respectively, with
respect to the ordered basis B. Since Yo = R(X¢) is A-invariant, the 2nd Representation
Theorem (Theorem implies that these matrix representations are of the form:

All A12 A13 A14 Bl
A21 A22 A23 A24 [B] -
O O As; Asgl’ 5=
O O Ap Ay

[Cls=[C1 Cy C5 C4],

_ By
[A]B - O )
O
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Similarly, since Yo = N(3p) is A-invariant, these matrix representations must also be of the

form:

All
A21
Az
An

[Alg =

0
Ags
O
Ay

Az O B
Az Ay - By
Aszg O |’ [B]B N Bs|’
Ayz Aua B,

Cls=[C, O C3 O],

Combining the above two facts, we have:

Ap
An
O
O

[Als =

O
Ago
0
0

A13 O Bl
Az Ay . By
As3 O |7 Bls=10
A43 A44 O

(Cls=[Cy O ¢35 O],

The controllability and observability of these four subspaces can be expressed using the

following diagrams:

U

—_— E‘

—&)
‘—) J
(&)

~
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Finally, we will show that the transfer function of a system only depends on the subspace
of the state space that is both observable and controllable. However, to do so, we must first
establish the following formula regarding the inverse of block-upper-triangular matrices. We
invoke a simplified case of Schur Decomposition.

Lemma 5.23 (Schur Complement, Simplified Form). Consider A, B € R"k)x(n+k) .

A A B, O
A= B =
|:O A22:| 7 |:Bgl BQQ:| ’

where Ayq, Bi1 € R™™, Ay € Rk By, € RF*" and Agy, Bay € R¥*E. If Ay and Ay are
wvertible, then so is A, and:

ATl —AT ARAL) Bt @]
-1 _ 11 11 3124329 -1 __ 11
A - |: 0 A2—21 :| ) B - |:—B2_21B21B1_11 B2_21:| (56)

Proof. We can straightforwardly verify that (5.6]) gives the correct expression for the left inverse
of A, as shown below:

A AT ARAL [An A _ | n O _
0 Ay O Ay O I, itk

Since A is a square matrix, the existence of its left inverse implies that its right inverse must
also exist, and equal its left inverse.
For B, we simply take the transpose of A, the apply the equation derived for A~
[ |

We are now ready to show that the transfer function of a system only depends on the
subspace of the state space that is both observable and controllable.
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Theorem 5.24. Consider an LTI system (A, B, C) with dynamics:

T = Az + Bu,
y=Cx
and Kalman decomposition:
Ay O Ay O By
Agr Agy Az Aoy Bs
[A] - O O A33 o |’ [B]B 1ol
O O Ay Ay O

[O]B — [Cl O 03 O] 5
Then the transfer function of (A, B,C) is:
H(s)=C(sI — A)'B=Cy(s] — A;) By

Proof. First, we observe that change of coordinates does not affect the controllability, observability,
or transfer function of a system. Thus, it suffices to verify that

[Cls(sT — [Als)~'[Bls = Ci(s] — Au) ™' By

Define K (s) = (sI—[A]z)~". Since Schur Decomposition implies that the inverse of an invertible
block-upper-triangular (respectively, block-lower-triangular) matrix must also be block-upper-
triangular (respectively, block-lower-triangular), K must have a form similar to A, i.e.:

Kiu O K3 Ku
Ko Ky Koy Koy
O O Kz O

K =

Thus, we have:

H(s) = [C]s(sI — [Als)"'[Bls = [C]sK (s)[Bls

Ky O K3 Ky B,

Ky Ky Ky Ky (s) By
O O Ks3 O @]
O @, K43 K44 O

—[cy 0 G5 O]

= Ol(SI — All)ilBl

where we have again used the Schur Complement to show that K(s) = (sI — Ayy)~L.
|

We conclude our discussion by pointing out several important properties of the Kalman
canonical form.
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Theorem 5.25.

1. Suppose a system R : & = Ax + Bu has controllability matriz X with rank n. < n, and
Kalman decomposition of the form:

S s BT

where B is an ordered basis for R™, the first n. columns of which form a basis for X¢.
Then (A11, By) is completely controllable.

2. Suppose a system R : & = Az, y = Cx has observability matrix Yo with rank n, < n, and
Kalman decomposition of the form:

Ay O}’ [C]B:[Cl O]

[MB—L%lAm

where B is an ordered basis for R, the last n, columns of which form a basis for ¥o.
Then (A1, Ch) is completely observable.

Proof.

1. Let T' € R™ be the (invertible) matrix consisting of the columns of B in the same order.
Then:
[Als=V'AV,  [Bls=V"'B

Now, observe the following sequence of equalities:

rank( |:Bl AllBl A?flel})

:rank( [Bl A11B1 A?f_lBl A?iBl A?l_lBl})
_ By AubBy - Alf'Bi AfiBr - Al B
—rank< o O - O o ... 18]
=rank([[Bls [Als[Bls -~ [Alz '[Bls])

=rank(V [[Bls [Als[Bls -+~ [Al5 '[Bls])

—rank([B AB A"_lB})

=N,

The first equality follows from the Cayley-Hamilton theorem; since A1 € n. X n., the
columns of { A" B, --- , A7 ' B} are all linear combinations of the columns of { B, AB, - -- , A" ' B}.
Thus, adding these additional columns will not affect the (overall) column rank. The

second equality follows from the fact that the row rank of a matrix remains the same if

extra rows of zero row vectors are added. The second-to-last equality follows from the

fact that multiplication with an invertible matrix does not change rank.
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2. This portion of the proof can be demonstrated similarly, or shown by considering the
adjoint system of R.

Corollary 5.26.

1. Here, we use the same notation used in Part a) of the previous theorem. Then the
controllability matrixz pencil:

[SI—A B]

lacks full row rank if and only if s € 0(Ag). For this reason, the eigenvalues in Agy are
thus called the uncontrollable modes of the system.

2. Here, we use the same notation used in Part b) of the previous theorem. Then the
observability matrix pencil:
sl — A
e

lacks full column rank if and only if s € 0(Ag). For this reason, t The eigenvalues in Agy
are thus called the unobservable modes of the system.

Proof.

1. By retracing the proof of the above theorem, we have:

rank([sI — A B]) = rank(V [s] — [Als [Bls])
= rank( [s[ - [4]s [B]B] )

. Kk sl — An — A By
- ran O sl — A22 O

Since (Ay1, By) is completely controllable, [s[ — Ay Bl} has full row rank for each s € C,
and thus so does [s[ — A —Ap Bl}, since adding additional elements to each row of
[s[ — An Bl} does not change their linear independence (so long as these extra elements
are added in the same relative positions, which, in this case, they are). Thus, [s[ —A B]
loses row rank if and only if sI — Agy loses row rank, i.e. if and only if s € o(Ag).

2. This portion of the proof can be demonstrated similarly, or shown by considering the
adjoint system of R.
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5.6 Lecture 20

Definition 5.27 (Stabilizable). The linear time-invariant system (A, B) is called stabilizable
if all uncontrollable modes are already stable, i.e. if all unstable modes are controllable. Mathematically,
we have:

rank( [3] —A B] )
for each s € a(A)NCT.

Definition 5.28 (Detectable). The linear time-invariant system (A, C) is called detectable if
all unobservable modes are already stable, i.e. if all unstable modes are observable. Mathematically,

we have:
rank sl — A
a C

Definition 5.29. Two systems R and R, with states represented by x and T, respectively, are
said to be equivalent if there exists some:

for each s € a(A)NCT.

. {f:ﬂrlATx+zﬂ¥B%

y=CT7T + Du,
R 7 = AT + Bu,
y=Cz+ Du,

The systems R and R’ can be considered the same system, subject to the change of basis x =TT
i the state space.

Proposition 5.30 (Eigenvalue Placement by State Feedback). Consider the system R :
(A, B), given by:
&= Ax+bu

where A € R™"™ b € R" and winR, i.e. this is a single-input-single output (SISO) system.
Then the following statements are equivalent:

1. (A,b) is completely controllable.

2. There exists a matrix representation of A in the controllable canonical form, i.e. there
exists some invertible T' € R™ ™ such that:

0 1 0 e 0 0
0 0 1 - 0 0
N 0 0 0 - 0 - 0
A=T1AT = | . , . _ o, b=T"1b= ||,
0 0 0 1 0
[~~~ e O 1]
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where o, ag, -+, are coefficients that appear in the characteristic polynomial of A and A,
1.e.:
xa(8) =s" +a1s" 4 a5+ ay

Proof.

T= 7 Suppose (A,b) is completely controllable. We will demonstrate the existence
of T' by implicit construction, i.e. we will explore the form that 7" must satisfy, in terms of A
and b, if it exists.

From the controllable canonical form of A, and A = T-'AT, b = Te,,, we have:

(flen = €,_1 — 1€y, (Ab =Te,_1 — ab,
Ae,_ 1 = €9 — €y, ATe,_ 1 =Te,_o — asb,
=
Aesy =€] — Qp_16p, ATe, =Te; — a,_1b,
b =0 us =b
(Ten =,

Ten_l = (A + Ozlf)b,
= Ten,g = ATen,l + Oégb = A2b —+ C(lAb —+ Oégb,

T€1 = AT€2 —+ C(nflb = An_lb + OélAn_Qb + 4 Oénflb,

\
_Oén—l Op—g -+ Qg O 1]
Ap—2 Op_3 -+ Q7 1 0
Ap—3 Op_gq -* - 1 0 O

=T =1[b Ab --- A"p]
==c o 1 -0 0 0
1 0 -~ 0 0 0]

Since (A, B) is completely controllable, ¢ is invertible, and thus if we define 7" to be
as shown above, it must also be invertible (the other matrix is upper left diagonal, and is thus
always invertible).

e Conversely, suppose we have:
[0 1 0 e 0] 0]
0 0 1 - 0 0
- 0 0 0 o 0 - 0
A=T'AT = | . N b=T b= |
0 0 0 1 0
__an —Qp—1 —Qp_2 - _al_ _1_
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Then we find that:

0 0 0
0 0 0
b= | A= | | Aame|
0 0 1
0 1 —
1] |~y | Lo + o |
In short, for each i = 0,--- ,n — 1, the first n — i — 1 elements of the vector Aéb are 0, and the

(n —i)-th element is 1. It follows that:
Se—[b Ab - Avii]
is lower right triangular with 1 as its (i,n — 7)-th entry, for each ¢; thus, it has full rank, so

(A, D) is controllable.
Finally, notice that since A and A are related via a similarity transform, we have:

xa(s) =xi(8) ="+ s+ s+ ap,

as can be verified via induction on the matrix blocks composing A.
[

Theorem 5.31. Let (A, b) be completely controllable, where A € R™™ and b € R", and let 7(s)
be any monic polynomial of degree n with real coefficients. Then there exists a unique feedback
T e RY™™ such that:

Xaybsr(s) = m(s)

Moreover, f is given by:
1= —en¥cm(4)

Proof. Let 7y, --- ,m, € R be given such that:
m(s) = 8"+ ms" T o Tp18 + T
Again, we demonstrate the existence of f7 via explicit construction. First, notice that:
XA+bfT(S> = XT-1(A+bfT)T = XA4bfT

where, in addition to A=T _1AT,Z~7 = T~1b, as defined in the previous theorem, we have also
defined:

ff=r=\f - A
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We wish to determine the identity of f,---

. fu, as doing so would determine f7 and thus

(using the formula for 7" in the above theorem) f. To that end, observe that:

0 1 0 0
0 0 1 0
[ 0 0 0 0
A+bfh =
0 0 0 1
|~ + fo 0t far —Quat fao —aqg + fi]

It thus follows that:

XA+bfT = s" 4 (041 - fl)Sn_1 + -+ (an—1 - fn—z)S + (Oén - fn)

Since we want:
Xagpr = 7(s) =s"+ms" 4+ s+,

We thus must take f; = o; — m; for each i =1,--- |n, i.e. we want:

Since T is invertible, we have thus found an explicit, achievable (from a design point of view)
formula for f7.
[ |

Remark. In particular, the state feedback that achieves the x 44pp7(s) = 7(s) is:
ff=—=[0 - 0 1][b Ab A1) T w(A)

(assuming, naturally, that (A, b) is controllable). This can be shown as follows. Observe that:
TAZ T

Ti2_ TF_ T
e A" =ey A=e3,

T Ain _ T An—1 __ T 1
61 A — 62 A —  — €n_1A — [—Oén A _a1:|
Thus, we want:
fT:fTT:[Oén_ﬂ-n 041_77'1]
T T T T
= —Tp€y — Mp—1€g — -+ — T2€, | — M€, — [—CYn s —041]
= —mpel —mp_1ef A — - — el AV? — el AP — T AN

=—e [T+ M1 A4+ m A 4+ A7
= —el'n(A)
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Multiplying on the right by 77!, we have:
fl=—el'n( AT = —eIn(TATYT ! = —eI' T 'n(A)

-1

_&nfl Qp_g -+ ay ap 1
Ap_—2 Op_3 -+ Q7 1 0
Ap—3 Op_gq - 1 0 O _1
= —el : : L [b Ab .- A”_lb] m(A)
Qaq 1 -~ 0 0 0
1 0 - 0 0 0]
= —¢,X¢'m(4)

since the first row of the inverse of the left upper triangular matrix whose elements consist of
Lag, -+ ,an 1 is el

Remark. We considered negative state feedback (v = —F'z) above; for the rest of this lecture,
we will use positive state feedback (v = Fz). To avoid confusion, readers should keep this
distinction in mind, though using either gives the same results for controllability and stabilizability.

Note (Notation). Below, we will use the notation X¢ (A, B) = [B AB --- A" 'B].

Theorem 5.32 (State Feedback and Controllability). Consider an LTI system (A, B)
with state feedback:

i = Az + Bu,
u= Kz +wv.
Then R(EC(A, B)) = R(EC(A—I—BK, B)) In particular, (A+BK, B) is completely controllable
if and only if (A, B) is.
Proof. First, for each i =1,--- ,n—2, the expression (A+ BK)'B can be expanded as follows:
(A+ BK)'B=AB+ A"'BM;; 1 + -+ BMy,
<= A'B=(A+BK)'B+ A" 'B(—M;; 1)+ -+ B(—M,y),

for some matrices M, o, M;1,---, M;;—1 € R"*" where we have labeled the second subscript
of each M to match the corresponding power of A in each term. We thus have:

R((A+ BK)'B) C R(A'B) + R(A'B) + --- + R(B),
R(A'B) C R((A+ BK)'B) + R(A™'B) + --- + R(B),

Replacing ¢« with 5 = 0,---,2 — 1 in the second statement, and substituting the resulting
relations back into the second statement itself, we have:

R((A+ BK)'B) C R(A'B) + R(A'B) + - + R(B),
R(A'B) C R((A+ BK)'B) + R((A+ BK)"'B) +--- + R(B),
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Thus:
R(Xc(A+ BK,B)=R((A+ BK)"'B) +---+ R((A+ BK)B) + R(B)
= R(A"'B)+---+ R(AB) + R(B)
= R(Xc(A, B)),
concluding the proof. [ |

Remark. Alternatively, we could have demonstrated the equivalence of the controllability of
(A + BK, B) with that of (4, B) (a weaker claim than R(Xc(A + BK, B)) = R(2¢(A, B)))
by applying the PBH test. For each s € C, we have:

[sI — (A+ BK),B] = [sI - A, B] {[_K O }

Since the matrix {In;? I 0 } is invertible, it follows that [s/ — (A + BK), B] is of full row
- n; Xn;
rank if and only if [s[ — A, B] is of full row rank. The PBH test thus gives the desired result.

Theorem 5.33 (Output Feedback and Controllability). Consider the LTI system with
output feedback:

& = Az + Bu,
u=Ly+wv.

The following statements hold:

1. R(Sc(A+ BLC,B)) = R(2c(A, B)).

2. N(Z0(A+ BLC,C)) = N(20(A,0)).
Thus, (A+ BLC,C) is completely controllable or completely observable if and only if (A, B) is.
Proof.

1. This follows from Theorem [5.32} take K = LC'

2. We use a similar strategy as the one used to prove Theorem m By expanding C(A +
BLC)", we find that:

C(A+ BLC) = CA"+ M;; ;CA™ ™ + -+ M;,C
& CA'=C(A+ BLC) + (=M;; 1 )CA™ + ... + (=M, )C

for some M, ;_1,---, M;o € R">" . This implies that:

N(CA) N N(CA™)N---NN(C) € N(C(A+ BLCY)Y),
N(C(A+ BLC))NN(CA~")n---NN(C) C N(CA").
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Replacing ¢ with j for each j = 0, - ,7—1 in the second statement above, and substituting
the resulting relations back into the second statement itself, we find that:

N(CAYNN(CA ) Nn---NN(C) Cc N(C(A+ BLC)"),
N(C(A+BLC))NN(C(A+ BLC)" ') n---NN(C) C N(CA").
which shows that:
N(20(A+ BLC,C))

N(C(A+BLC)" " )n---NN(C(A+ BLC)) N N(C)
(CA"™ M N---NN(CA)NN(C)
(EO(A7C))7

N
N

completing the proof.

Ezxample (Lecture 20, pg. 7). Consider the system:

R e B

For which values of a are we able to place the poles of the closed loop system in any desired
location? In particular, try to design a state feedback that relocates the poles of the system to
A= -2 -3.
Solution :

We apply state feedback, as shown in the figure below:

s +

W B | # [:?JT ;i]
A
F

Let the feedback be given by u = —Fx, where F' = [fl fg]. We have & = (A — BF)z,

where:

or=[3 2] fln 5

| -1 a
=13 =)

= Xa-pr(s) = det ([;ltl?) s +;i f2D

=2+ (B34 fo)s+ 2+ fa+alfi —3))
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We want the characteristic function to assume the form:
(5 +2)(s+3) =s*+55+6,

If a # 0, we can take:

F=[f h)=[2+3 2

Thus, the state feedback control law is:

u=—Fz = [fl fz] Bj = —fiz1 — foxo

2
:—<—+3)£L’1—2$2
a

Note that this result depends on the condition a # 0. On the other hand, if a = 0, we have:

XA—BF(S) = 82 + (3+ fQ)S + (2 + fQ)
=(s+1)(s+ 2+ f2))

Thus, regardless of our choice of f, fo, we cannot move the pole at s = —1. However, we can
still relocate the pole at s = —2 to an arbitrary location, say, s = A, by taking fo = —\ — 2.

In summary, if a = 0, the pole originally at A = —1 is fixed, while the pole at A\ = 2
can be relocated to an arbitrary location via state feedback. On the other hand, if a # 0, then
both poles can be moved to arbitrary locations.

Ezample (Lecture 20, pg. 10). Consider the following system:

T1 = 211 + 329 + 223 + x4 + U,

j]g == —21'1 - 35(]2 - ZU,
j?g = —21’1 — 2I2 — 4273 + 211,,
Ty = —2x1 — 2T9 — 273 — DT4 — U,

Yy = 7ZE1 + 6[L‘2 + 41‘3 + 21‘4,

as shown in the figure below. Find its transfer function, and interpret the result.
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Solution :
The given dynamics can be expressed in matrix form, as shown below:

1 2 3 2 1 1 1
iy| _ -2 =3 0 0| |amf  |-2|,
3| |-2 -2 —4 0 T3 2 ’
T4 -2 =2 =2 5| |24 —1
Ev =B
T
y=1[7 6 4 2] |7
—— |3
=C Ty

Rather than solve for the transfer function by directly taking the Laplace transform of
the complicated-looking matrices above, we will first try to find a similarity transform for the
system by diagonalizing A. Recall that the equivalent system representation for an LTT system
Y : (A, B,C, D), with state transformation 7 = Pz, is ¥ : (PAP~™', PB,CP~', D). In this
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case, we wish to associate P with the matrix transformation from z to 7, i.e.:

2 3 2 1]
-2 =3 0 0
A= -2 =2 -4 0
-2 -2 -2 -5]
1 -1 0 0][-1 0 0 O0][43 21
-1 2 -1 0 -2 0 0} (3 3 21
|10 -1 2 —-1/|10 0 -3 0 2 2 21
0 0 -1 2][0 0 0 -4 |1 111
e ~ ny
-1 0 0 O
= 4 {0 =2 0 O
= A= PAP " = 0 0 -3 ol°
o 0 0 -4
1
B=prp=|"]
1
0
C=CP*'=[1 10 0
Since equivalent systems have the same transfer functions, we have:
H(s) = C(sT — A)'B = —
B s+ 1
In other words, since T = AZ + Bu, y = CT, we have:
x;l - _x_l + U,
f'g - —272,
T3 = —3T3 + u,
Ty = _4547
Yy =a + T
We interpret the above results as follows.
Ty : Affected by the input, Visible in the output,
Ty : Not affected by the input, Visible in the output,
T3 : Affected by the input, Not visible in the output,

Ty : Not affected by the input, Not visible in the output,
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The figure below demonstrates the relationship between Z7, 5, T3, and Ty:

u _rj'\ X ¥
1

1:

unconyvo llable

-2

In some cases, the controllability of a system can be explicitly associated with, or
interpreted by, physical characteristics of the system we are describing. Consider, for instance,
the next example.

Ezxample (Lecture 20, pg. 13). Consider the following system, which is physically uncontrollable.
This is because the only forces and torques (”inputs”) are internal to the system, and Newton’s
Third Law—every action has an equal and opposite reaction—implies that the center of mass
of a closed system cannot be changed by internal forces or torques.
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m,

O——0—

N
|

Let x1,z5 be the center of masses of mq,ms, respectively, as shown above, and let
r3 = T1,T4 = To denote their respective velocities. The dynamics of the system can then be
modeled as:

:tl = I3,

ij = Iy,

. k ¥

i3 = ———(z1 —22) — —,
mi mi
k f

Ty = ——(1’2 — l'1> + —.
mo mo

Check the controllability of the system, and interpret your results.

Solution:
Rewriting the above equations in matrix form, we have:

i 0 0 1 0] [z 0
iy 0 0 0 1| |z 0
. = + 1 u
T3 —k v 00 T3 —
. Py ™
Ty m—2 —m—l O 0 Ty m—2

54 =B

We can check the controllability of the system by finding the rank of the controllability matrix:

So=[B AB A’B A*B]

0~k 0 L(L+L)
|0 0 ()
&0 A (R ) 0
0 () o

Since the second and fourth rows are —m;/ms times the first and third rows, respectively, Yo
is of rank 2, and thus lacks full row rank. The system is thus uncontrollable.
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We can interpret this result by, once again, applying a similarity transform to the original
dynamics. This time, we wish to transform the system into an equivalent representation whose

first two states Ty, Ty, measure the center of mass of the system:
. MT1 + Moy
rHn=————————

mi + Mo

and the displacement between the two masses:
Ty = X1 — T2

Analogous to our original system, we will define Z3,74, to be the rate of change of x1,Ts.
Mathematically, this requires us to consider the transformation:

p— mi mo

1 mi+me  mitma 0 0 !

| | 1 -1 0 0 5

b~ - mi m2

f3 0 0 mi+mg  Mmi+ma 3

Ty 0 0 1 —1 Xq
=P

As stated in the above example, the equivalent system representation for an LTT system
¥ : (A, B,C, D), with state transformation T = Pz, is X : (PAP~!, PB,CP~', D). After some
algebra, we have:

001 0
000 1
A=PAP ! = 00 0 0 ,
000 —k(E+2)
mi mo
0
_ 0
B=PB= 0

1 1
- <m—1 + m—)
Notice that only the fourth element in B is nonzero; this implies that the internal forces, which
constitute the only input to this system, can only affect:

. d

Ty = T3 — Ty = a(xl — o)
That is, although the internal forces will change the relative positions of x; and x5, the center
of mass of the entire system, x;, remains completely unaffected. To control z;, an external

force is needed.

Ezample (Lecture 20, pg. 16). Consider the system:

[l

—_———— =~
A B
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1. Is the given system controllable?

2. If the given system is controllable, determine the negative state feedback gain matrix
F= [fl fg} that relocates the poles to s = —2, —2.

Solution :

1. The controllability matrix of the given system is:

Yc=[B AB] = H :;] :

which has full row rank. Thus, the system is completely controllable.
2. We have:

r_[-1-fH —h
A =[R2y

= Xa_psr(s) = det ([3 + (;1"‘ f1) o (§2+ fg):|)
=s*+ (A4 fi+ fo) + (B3fi + f2+3)
We want the characteristic function to be:
(s+2)=5"+4s+4
Thus, we should take fi, fo such that:

it fa=0
3fi+ fo=1,

e F=[h Bl=[t 1]

Remark. Part b) of the above problem can also be directly solved by transforming A, B to
their control canonical form. As verified in Theorem [5.31], we have: (Note that the sign of F'
is inverted, because the theorem considers positive feedback, while here we consider negative
feedback)

F =elvgln(A)

=[0 1] E :ﬂ_l (A% +4A+41)

=01 ﬁ ﬂ E} ﬂ

=l

D[
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Ezample (Lecture 20, pg. 20). An approximate linear model of the longitudinal dynamics of
certain aircraft, for a particular set of conditions, has the linearized state and control vectors:

where the variables given above have the following physical interpretations:

States: p — incremental roll rate,
r — incremental yaw rate,
[ — incremental sideslip angle,
¢ — incremental roll angle
Inputs: ), — aileron angle

0, — rudder angle

The state space equation for this model is © = Ax + Bu, where:

—-10 0 —-10 0 20 2.8

o =07 9 0 0 -3.13
A= 0 -1 =07 0|’ B = 0 0
1 0 0 0 0 0

1. Suppose a malfunction prevents manipulation of the input d,.. Is it possible to completely
control the aircraft using only 9,7

2. If you had your choice of only one of the following sensors, which would you use? Explain.

e A rate gyro which measures the roll rate p.

e A bank indicator which measures ¢.

A figure for the aircraft is provided below:

f"udd&'rﬁr
rudder . i b
aileron i i p— \

a

front view
(aircraft is flying into page)

AN
B :

top view
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Solution :

1. We can analyze the controllability of the given system in the case where we are only
allowed to control §, by considering the controllability matrices for the system in this
case.

Let By, By denote the first and second columns of B, respectively. Then the controllability
matrices under the assumption that we can control on only d, would be:

20 —200 2000 —20000
0 0 0 0
0 0 0 0 ’
0 20 —200 2000

Yo1=[Bi AB, A’B, A’B|] =

respectively. Since ¥ has rank 2, and thus lacks full row rank, the system is uncontrollable.

2. Similarly, we can analyze the observability of the given system in the case where we are
only allowed to observe ¢ or 6 by considering the observability matrices for the system
under the above two cases.

First, note that "only observing p” and ”only observing ” correspond to the following
matrices for C"

respectively. In this case, the observability matrices under the assumption that we can
control on only § and only u are:

[ Oy ] 1 0 0 0
s _|CA|_ ] -10 0 ~10 0
=10 A2 T | 100 10 107 ol
Ci A% [-1000 —114 —984.9 0
T, [0 o0 o0 1
s _|GAl_ |1 0 0 0
270,42 T |=10 0 =10 0
|C,A%|  [100 10 107 0

Since Yo, lacks full row rank (it has rank 3), while ¥, has full row rank, we conclude
that only having a bank indicator which measures ¢ is preferable to only having a rate
gyro which measures the roll rate p.

Remark. The above example, taken from Bryson’s text on aircraft dynamics, describes the
lateral dynamics of a conventional take-off and landing (CTOL) aircraft, which simply means
that the aircraft takes off and lands on a runway (as opposed to vertical take-off and landing
aircrafts). These aircraft are designed such that the longitudinal dynamics (e.g. pitch, up-and-
down motion) with its lateral motion. For instance, BOEING has designed such aircraft such
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that the lateral and longitudinal dynamics can be controlled independently. This is not the
case for sophisticated military aircraft.

The roll rate p in this example is the rate at which the plane rotates about the axis
passing through its front (nose) and end (tail). The yaw rate r, meanwhile, describes rotation
about a vertical axis passing through the midsection of the plane, i.e. "turning side to side.”
The sideslip angle 3 describes the difference between the direction in which the aircraft is
pointing and the direction in which the aircraft is currently headed. The aileron angle 9,
is associated with the flaps at the aircraft’s tail that move up and down, while the rudder
angle ¢, is associated with the flaps at the aircraft’s tail that move up and down. The roll
angle (or bank angle) ¢ is the angle associated with, and changing at a rate equal to, the roll
rate p. In particular, the roll rate p and roll angle ¢ are of interest because they provide the
first indication that an aircraft will very soon be turning. This is attributed to the actual
coupling between the longitudinal and lateral movement of the aircraft, a coupling ignored in
the aforementioned model in which the lateral and longitudinal dynamics were assumed to be
completely independent.

More details can be found in Professor Claire Tomlin’s Video Lecture 31/ (30:30—41:22),
in which she explains the terminology and concepts associated with this exercise.


https://www.youtube.com/watch?v=VaNAxkGmsAQ&index=31&list=PLrmdED6yqL3UImn8cJtrBDuoye9QKJ9MJ
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5.7 Lectures 18, 19, 20 Discussion

Ezample (Discussion 12, Problem 1). Consider the LTI system given by:

[0 0
SRE

1. Is the system controllable? Is it observable?

2. Can the closed loop poles of the system be placed at \; = —2, Ay = —2 using output
feedback alone?

Now, consider the same plant with an additional state measurement state such that:

1o
Y= 1o 1|*

3. Is the system still controllable and observable?
4. Can the closed loop poles of the system be placed at A\ = —2, Ay = —27

5. Explain how the closed loop poles of the system could be placed at A\ = —2, Ay = —2
using only a single sensor, i.e., using only a one-dimensional output.

Solution :

1. The controllability and observability matrices are, respectively:

S = [B AB]_[O 1],

1 -1
C
=[] -

0
Since Y has full row rank and ¥ has full column rank, the system is both controllable
and observable.

o O O =

0
1
0

2. This problem can be solved by considering the properties that must be satisfied by an
output feedback that places the poles of the resulting closed-loop system at A\; = —2, Ay =
—2, if it exists.

Formally, consider an arbitrary output feedback v = Fy, where F = [f1 fo] € R2
The dynamics of the closed-loop system is thus:

&= Ax + Bu= Az + B(Fy) = (A+ BFQC)y,
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where:
0 1 0 10
A+ BFC = [_1 _1] + M [f1 f2] [o o]
- 0 1
B S
Xa+pro(s) =s(s+1)+ (fi+1)
=s*+s+(fi+1).
However, we want A\ = —2, Ay = —2, or equivalently, the characteristic equation of the

output feedback loop must be s? + 4s + 4. Clearly, this cannot be achieved with any
choice of fi, since the coefficient of s in x 41 prc(s) remains 1 regardless of our choice.

3. The given change in C does not affect ¥, but it does affect ¥, which becomes:

0= [ -

Since Y still have full row rank and > has full column rank, the system is still both
controllable and observable.

0
1
1

—_ o O =

—1

4. Unlike the case in sub-problem 2, we can place the poles at A\; = —2, Ay = —2 via ouptut
feedback. This is because the controllability of ¥4 implies that state feedback can be
used to place the resulting closed loop poles anywhere in the complex plane. Now, since
C = I, the output y is in fact identically equal to the state x; thus, for this problem,
output and state feedback are synonymous.

The particular state feedback required to relocate the poles can be found in a manner
similar to that shown in the above sub-problems. Suppose F' = [ fi fg] is the desired
output feedback. Since the resulting system is & = (A + BFC)xz, where:

A+ BFC = {_01 _11:| + |:(1):| [f1 fz] |; (1):|
_[ 0 1 ]
—1+f 1+ /2’
XatBrc(s) =s(s — fo+ 1)+ (=f1+1)
=s"+s(—fo+ 1)+ (—fi+1).

we require that F' = [f1 fg} = [—3 —3] to allow xai1prc(s) = s* +4s+4 = (s + 2)?,
a result equivalent to pole placement at A\ = —2, \y = —2.

5. If the output is one-dimensional, then the matrix C, which maps states to outputs, must
have dimensions 1 x 2, while the output feedback matrix, which maps outputs to inputs,
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must be scalar. Thus, in general, we have:

C = [Cl CQ] s
F=/]
for some ¢y, o, f. This problem essentially asks us to find a suitable combination of ¢y, ¢, f

such that the characteristic function of the resulting closed-loop system is xa1prc(s) =
(s +2)% = s* + 45 + 4. To that end, let us calculate A + BFC:

A+ BFC = [_01 _11] + m [f] [e1 2]

0 1
|:—1 + f01 -1+ fC2:| ’

Xa+Bro(s) = s(s — fea + 1)+ (—=fer + 1)
=s"+s(—fea+ 1)+ (=fer +1).
Thus, we need to choose ¢, ¢o, f such that fc; = feo = —3. We can choose, for instance,
Cc1 = 1,C2 = 1,fI —3.

Ezample (Discussion 12, Problem 2). An approximate linear model of the longitudinal

dynamics of certain aircraft, for a particular set of conditions, has the linearized state and
control vectors:

where the variables given above have the following physical interpretations:

States: v — change in forward velocity,
a — change in angle of attack,
f — change in pitch angle,
q — change in pitch rate
Inputs:

0 — deflection of the elevators

i — throttle position

The state space equation for this model is & = Ax + Bu, where

—-0.045 0.036 —-32 -2

0 0.1
—04 -3 —03 250 03 0
A= 0 0 0 1| B=1149 o

0.002 —-0.04 0.001 —-3.2
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1. Suppose a malfunction prevents manipulation of the input . Is it possible to completely
control the aircraft using only pu? What if only 0 is available?
2. If you had your choice of only one of the following sensors, which would you use? Would
it make a difference? Explain.
e A rate gyro which measures the pitch rate q.
e A pitch indicator which measures 6.
Solution :

1. We can analyze the controllability of the given system in the case where we are only

allowed to control p or § by considering the controllability matrices for the system under
the above two cases.

Let By, By denote the first and second columns of B, respectively. Then the controllability
matrices under the assumption that we can control on only ¢ and only u are:

[0 1892 166 —491.33

2012[31 AB, AB, AgBl]: —30 —2410 15525 —49106

0 —10 332 —9.81 |~
| —10 332 —-9.81 —589.25
0.1 0 0 0
0 —-0.04 0.1718 —-0.277
ECQZ [Bl ABQ A2B2 AgBQ] = 0 0 0 0.001

| 0 0 0.001  —0.01

respectively. Whereas Y1 is non-singular, ¢ is very close to losing rank on two of its
rows. A conservative answer would be that complete control is theoretically possible with
only 9 or only u, but doing so would be extremely difficult using .

. Similarly, we can analyze the observability of the given system in the case where we are

only allowed to observe g or 6 by considering the observability matrices for the system
under the above two cases.

First, note that ”only observing ¢” and ”only observing ” correspond to the following
matrices for C:

respectively. In this case, the observability matrices under the assumption that we can
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control on only § and only u are:

[ C, ] [0 0 0 1
s _ |CA| _ | 0002 —004 0001 32
CL= 1A%l T 1 0.001  0.248 —0.055 0.237 |’
1A% [-0.099 —0.753 —0.379 61.185
T c, 1 [ o 0 1 0
o |CAl_ |0 0 0 1
27 (A2 T 10.002 —0.040 0.001 —3.2
|C,A%]  [0.010 0248 —0.055 0.237

Notice that CyA = (), which then implies that Cy A"t = C, A" for each n € N. This
implies that:

N(So2) = ﬂ N(CoA") = ﬁN(@AZ’) = N () (ﬂ N(@AZ‘))
= N () (ﬂ N(ClAi)> = N(Co) [ N(Son)
C N(Xo1) )

where we have used the Cayley-Hamilton theorem to assert that (., N(CoA™ ') C
N(C2A™) to justify the second equality.

In plain English, compared to the case where we only observe ¢ (corresponding to
the larger N(X01)), we obtain a strictly smaller set of completely unobservable sets if we
observe only 6 (corresponding to the smaller N(Xp2)). In that sense, it is better to only

measure f than to only measure q.
However, if we are only considering the observability of the two systems by asking
whether ¥c; and X9 have full column rank, it makes no difference.



216 CHAPTER 5. CONTROLLABILITY AND OBSERVABILITY

5.8 Lecture 21

Lemma 5.34 (Heymann Lemma). Let (A, B) be completely controllable, with B = [by,- - ,by,],
and suppose B has full rank. Then there exists a linear state feedback u = kx 4+ v such that the
resulting closed-loop system

&= (A+ BK)z + Bu,

is controllable via byvy, i.e. (A+ BK,by) is completely controllable.

Proof. We offer a proof of construction. Define:
21 = b,
Ziy1 = Az + buy,

where, for each i > 1, we choose v; such that {z1, -, z;, 2,41} is linearly independent.
We claim that the induction continues until ¢+ = n. This is because, if the induction
continues up to some i € {1,--- ,n}, we have for each v; € R™:
Az; + Bv; € span{zy,--- ,2;} C %,

M

Observe the following facts:

1. M is a subspace of ¥; this follows from its definition as the span of a set of vectors.
2. M is A-invariant, since if we take v; = 0, we find Az; € M.

3. R(B) € M. This is because, if not, then there exists some v; € R™ such that Bz; ¢ M.
But then z;,; = Az; + Bz; ¢ M, in contradiction to our hypothesis.

By Theorem [5.22] R(X¢) is the smallest A-invariant subspace of ¥ that contains R(B).
This implies that R(XC') C M, and so i = rank(M) > rank(3C) = n, where the final equality
follows from the complete controllability of (A, B). However, since M is a subspace of 3, clearly
1 < n. We thus have i = n, as desired.

Now, since M = X, we find that {z1,---,z,} are linearly independent. Thus, fix some
arbitrary v € 3, and define:

|:'U1 st Up—1 v:|

= [21 cee Zpd zn]F: [vl R v}
As a result, we have:

21 = b,
29 = AZl + BU1 = (A + BF)b,
23 = Azg + Bvy = (A + BF)vy = (A+ BF)?,

2y = A2y 1+ Bvy_1 = (A+BF)z,_, = (A+ BF)" b
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This can be rearranged as:

b (A+BF)b --- (A+BF)"],

— |:Zl Zo v an|

In other words, the controllability matrix pencil for (A + BF,b) has rank n, i.e. full row rank.
We conclude that (A + BF,b) is completely controllable.
[

Remark. The above lemma tells that, if (A, B) is completely controllable and b € R(B), then
we can find a suitable state feedback F' that moves the eigenvalues of A to wherever we want.
Formally, given A € R™"™ B € R™™_ and any monic polynomials 7(s) with real
coefficients, choose b € R(B) arbitrarily, and let v be given such that b = Bv. Then there
exists some F} € R™*™ such that (A 4+ BF},b) is completely controllable.
Now, by the remark following Theorem [5.31] choose:

fT=el'[b (A+BR)b --- (A+ BF)" ' =(A+ BR).

Then, observe that:
o(A+ BF, +bf)) = o(A+ B(Fy +vf]))

consist of the roots of m(s); in other words, F = Fy +vf] places the closed loop eigenvalues of
the system at 7(s).

Lemma 5.35. Given an LTI system R : & = Ax+ Bu, if (A, B) is not completely controllable,

then for each state feedback F € R™*"™ the resulting closed-loop dynamics contain all uncontrollable
modes, i.e. if X € o(A), with rank([A\[ —A B]) < n, then A\ € o(A + BF) for each
F e Rv~x™,

Proof. Suppose rank( [s] —A B] ) < n for some s € C. Then there exists some v # 0 such
that:

v [sI—A B] =0,

=v" [s] —(A+ BK) B]=v"[sI-A B| {—[:K ?]:O,

so rank( [sI — (A+ BK) B]) < n as well. This implies that s € o(A+ BK), since sI — (A+
BK) can only have rank less than n when s € 0(A + BK).
|

Theorem 5.36 (PBH Test for Stabilizability). Given an LTI system (A, B), the following
two statements are equivalent (the first is simply the definition of stabilizability):

1. rank([sI—A BD =n, Vs e CT.

2. AF € R"*" such that c(A+ BK) C C™.
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Proof.

e Suppose by contradiction that there exists some A € C+ such that rank(A — A, B)
< n. Then, by the above lemma, A € o(A+ BF'), contradicting the fact that c(A+ BK) € C™.

="

Now, suppose rank( [s[ —A B]) = n for each s € C*. The theory of Kalman
decomposition, we can find an invertible matrix 1" whose columns consist of basis vectors formed
from bases vectors of the controllable and uncontrollable subspaces, in that order. Thus, the
matrix representations of A and B with respect to T are then of the form:

A A _ | B

- ael =[]
with Ay € Rexne Ay, € Rrex(vne) A,y € RO-ne)x(n=ne) and By € R™*™_ where n. €
{1,---,n} is the dimension of the controllable subspace. By hypothesis, all of the uncontrollable
modes are in the left half complex plane, so 0(As) € C, and (A;1, By) is completely controllable.
Thus, there exists some F; € R"*" guch that o(A;; + B1F)) € C. Fix some arbitrary
Fy € Rx(=ne) and choose F = [Fl F2j|. Then:
A+ BiFy Ap+ B b

O Az

with (A + BF) = 0(Ay1 + B1Fy) Uo(Ag) € C. [ |

Theorem 5.37 (PBH Test for Detectability). Given an LTI system (A, C), the following
two statements are equivalent (the first is simply the definition of detectability):

1. rank <[SI_A}> =n, Vs € C+.

A+ -

C
2. 3L € R™"™ such that o(A+ LC) C C~.
Proof.
e Again, the proof follows by contradiction. If there exists some s € C* such
that [815 A] lacks full column rank, then there exists some v # 0 such that, for this s € CT,
and any L € R™*"o:
5[5 A:| I
N [ —L] [sI—A] 0
[ c |7
= SI N <Ig+ LC):| V= 07
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C
less than n when s € 0(A + LC). To summarize, there exists some s € C* such that, for each
L € R™" we have s € 0(A+ LC). This is the exact opposite of the statement "3 L € R™*"°
such that o(A+ LC) C C™7, so we are done.

ie. rank( {SI -+ LO)]) < n. This implies s € 0(A + LC), since sI — A only have rank

sl — A
C
we can find an invertible matrix 7" whose columns consist of basis vectors formed from bases
vectors of the observable and unobservable subspaces, in that order. The matrix representations

of A and C with respect to T are then of the form:

A, O
A p—
4 [Am AQJ’

T=" Suppose rank< [ > = n for each s € C+. Then, by Kalman decomposition,

where U(AQQ) < (C_, with Ay € RnObsanbS, A € RnObSX(n_nObS),AQQ c R(n_n"bs)x(n_nOb‘S), and
Cy € Rxmebs where ngps € {1,--+,n} is the dimension of the observable subspace, and n,, as
usual, is the dimension of the output. By hypothesis, all of the observable modes are in the left
half complex plane, so o(As) € C™, and (A1, C}) is completely observable. Then there exists
some L; € R™s*" guch that o(Ay; 4+ L,01) € C™. Fix some Ly € R "es)X70 arbitrarily, and

define L = [Ll L2j|T. Then:

A+LO:|:A11+L101 O:|7

Aoy + LoCy Ay

with O'(A + LC) = U(AH + LlCl) U O'(AQQ) S C-.
|

Theorem 5.38. An LTI system (A, C) is detectable if and only if its adjoint system (A*,C*)
is stabilizable.

Proof. Note the equivalence of the following statements:

(A, C) is detectable,

<=Vs € CT, rank ({815 A]) =n,

<=Vs € CT, rank ([s*[ — A* C’*]) =n,
<=Vs € CT, rank ([s[ — A* C*D =n,

where complex conjugation is a surjection when defined on the left half complex plane. [ |

Theorem 5.39. Consider the LTI system (A,b,ch), i.e.:

T = Ax + bu,

y=clx
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where A, b, ¢’ are given by:

CHAPTER 5. CONTROLLABILITY AND OBSERVABILITY

0 1 0 0 0 0
0 0 1 0 0 0
0 0 0 0 0
. . ) b= )
0 0 0 0 1 0
| —Gp —ai1 —asz —OGp—2 —0ap—1 _1_
[Co C1 C2 Cn—2 Cn—1:|

Then the transfer function of (A, b, cT) is:

H(s)=c"(sI — A)™'b
. Cn_lSn_l +---t+ 1S+ ¢
8" + Q18" 4 - Fais +ag

Proof. Observe that (sI — A)™'b is simply the n-th column of (sI — A)~!. Let its entries be
, x,. Then, we have:

denoted by xq, - - -

s —1 0 0 0 T
0 s -1 0 0 Ty
0 0 S 0 0 T3
. . . =1
0O 0 O s -1 Tp_1

|Gp a1 a2 Apn—2 S+ ap-1| | Tn |

:s},fA =(sI—-A)-1

[s —1 0 0 0 1 [ a1 ] [0]
0 s -1 0 0 To 0
0 O s 0 0 T3 0

= | . ) ) ) =

0O O 0 s —1 Tp1 0

(ap a1 a po S+ apn1| | Tn | | 1]
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Thus, we have the following system of linear equations:

.
sTr1 — a9 = 0,

sty — a3 = 0,

STp_1 — Ty =0,
| @0T1 + a1 + -+ ApaTpo + (S + Ap1)Tn =1

To = ST,

T3 = ST = 82.%'1,

= ;
_ _ n—1
Ly = STp—1 = "*S x1,
a1 + a1Ts + -+ Ap—9Tp_1 + (S + an_1)Ty
\ = (ap+ars+ -+ a, 15"+ s")x; =1
gi—1

S+, 18"+ +as+ag

Substituting back into our expression for H(s), we find that:

H(s) =c"(sI — A)~'b

X1
X2
g |:CO Cl PR Cn—1:|
T
pr— |:CO Cl PR Cn_1:| . o n_l 1 S
S" 4+ ap-_1S +---t+a1s+ag :
Sn—l

Cro1S" L4+ es +
SPF S -+ as+ag

Remark. The transfer function does not necessarily reveal all the eigenvalues of A (and thus
does not necessarily reveal all uncontrollable / unobservable modes), since pole-zero cancellation
may have occurred.
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5.9 Lecture 22

Observer Design:

In previous sections, we discussed how controllable (or stabilizable) LTI systems can

be steered from one point in space and time to another via state feedback (e.g. u = Fx), as
shown below:

G J*[;CJ\Y

\

S !—Plavft J

—

&

| F Lt

z

Often, the state itself is inaccessible for direct measurement, and must be somehow
estimated. In this section, we discuss how a signal reconstruction device, called an observer,
can be designed to estimate these inaccessible states. Moreover, we show that if the LTI system
1s observable, the observer can be designed such that its state estimation error asymptotically
approaches 0 ast — oo.

Ny =P + - PLANT
- -iCA,“B,C) Y
= |

o]

li Observe

Consider an LTI plant R : (A, B,C'), with dynamics as shown below:
i = Az + Bu,
y = Cu,
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where, as before, u, z, y denote the input, state, and output, respectively. We can then construct
a full-order observer (i.e. an observer with states of the same dimensions as those in the
original system). The observer takes as its input the inputs and outputs of the original system,
and attempts to evolve its states in such a way that the difference ("error”) between the
observer state and system state vanishes asymptotically. Mathematically, we wish to choose
the observer’s dynamics:

Z= M2+ Nu+Ty,
where M € R™*" N € R™™ T € R"*" such that the error:

Z—z

e

approaches 0 asymptotically as t — oo.
Observer with State Feedback—The Separation Theorem:

To see what choice of M, N,T would allow this to occur, we consider the system and
observer dynamics together, as follows:

=l W5

Now, suppose we apply a negative feedback based on the observer estimate, i.e. u = —FZ +r,
where v is known as the reference or auziliary input. Applying this input, and using the change

of variables e = Z — x, we have:
[zl [A —-BF ]|z B PRI PR
AT re Mm—nNF| )TN ] T 1) e
#] [ o]'[A —BF 1[I 0][«] [I 0]"[B
“e] T 1| |t Mm—nNE]|1 1| |e] T |1 1] |[N)"
(1 0 A~ BF ~BF 1[] [ B
|1 I||[rTC+M-NF M-NF||e]" |-B+N|"

- :—(A—T054+_Afi(B—N)F M+<_§§N)F} m ' LBﬁN]U

Since we want the error to decay exponentially regardless of the state or input, set:
—(A-TC)+ M+ (B—N)F=0,
—B+ N =0,
o(M+(B—-N)F)cC-
Rearranging terms, we have:
M=A-TC,
N =B,
oc(A-TC)cC~
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Notice that the final requirement can be achieved if (A,C) is observable. In that case, by
substituting back the above choices of M, N, T, we find that our desired full-order observer

must evolve according to the dynamics:
:=(A-TC)%+ Bu+TCx
=AZ+ Bu+T(y—C2),

:>$_A—BF —BF x+B
el | 0 A-T1C|le| T |O|"
which can be physically implemented by feeding the difference between the outputs of the
system and observer back into the observer as an input; a figure is provided below.

_— — -
‘._....-_..__.-.--...._ — mm ———

r o+ X
E '}% ) 5 ‘
i F' é +
X state i:]( +
I Chsevver + _

0
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The above derivation shows that the set of eigenvalues of the composite system is simply:
0c(A—BF)Uo(A—-TC).

Thus, the problem of arbitrarily assigning the closed-loop poles of a system using feedback can
be "separated” into two parts:

1. Designing an observer to provide a set of asymptotically-accurate state estimates, by
designing the observer (estimation) poles o(A — TC), and

2. Designing a pole-assigning state feedback matrix as though the true states were available
for direct measurement, by designing theclosed loop poles o(A — BF).

Notice that 0(A—TC) = o((A—TC)T) = 0(AT —CTTT) whenever A is a square matrix,
and C, T are of appropriate dimension. Thus, the pole placement algorithm for observer design
is identical to the pole placement algorithm for state feedback design, with A, B, F’ replaced by
AT CT TT respectively. For this reason, the standard observer configuration is said to be the
dual of the state feedback configuration.

Remark (Guidelines for Pole Placement). The following guidelines are useful for deciding
where the closed-loop poles, (A — BF') and the closed-loop (estimator poles) o(A—TC') should
be placed:

1. Closed-loop (Estimator) Poles:

e The larger the gain, the larger the control input—this is because u = —Fx, i.e. the
control input u is proportional to the gain matrix F.

e The more the poles are moved from open-loop systems (with ”A”) to closed-loop
systems (with "A — BF”), the larger the gain matrix F'. This arises from the fact
that the following is a sequence of continuous mappings:

Elements in square matrix A
— The characteristic polynomial of A,i.e. xa(s)
— The roots of x4(s),i.e. the eigenvalues of A

2. Estimator Poles:

e Estimator poles are generally chosen to be to the left (on the complex plane, i.e. with
a more negative real part) than the controller poles. This is because we wish the
estimator error to have a faster rate of decay compared with the desired dynamics.

e In practice, however, it is often a bad idea to move estimator poles too far to the
loeft, since this increases the bandwidth of the estimator, causing more sensor noise
to pass on to the control actuator.
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Ezample (Inverted Pendulum with Disturbance). Consider a slightly modified version of
the inverted pendulum example given in Lecture 10, where 6 is the angle of deviation of the
pendulum from its vertical (pointing upwards) position, « denotes some constant disturbance,
and the states are defined as:

(xla X2, Jl‘g) - (67 éa d)7

with dynamics given by:

X1 = T2,

iy = V21 — axe + x5 + u,

23 = 0.
Yy=a1
In matrix form, we have:
T 0 1 0 T 0
.fg = 92 —a 1 To | + 1 u,
T3 0O 0 O] |x3 0
—_—— —~
—A =B

X1
y=1[1 0 0] |z

=C 3

Thus, if we design the observer dynamics with T = [Tl T Tg}T, we have:

2=A2+Bu+T(y—C%) =(A-TC):+ Bu+Ty
_Tl 1 0 0 Tl
= QQ — T2 —Q 1 2 + 1 U+ T2 Yy
—T5 0 0 0 Ts
FExample. Consider the following system:
00 O 1
z= |1 0 0 |x+ |0Ofu,
01 -1 0
y=10 0 1]z

1. Design an observer with poles at —4 and —4 + j2.
2. Design a state feedback so that the closed loop poles are located at —2 and —2 4 j2.

Solution:
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1. The poles of the observer the eigenvalues of A—TC, which, if T'= [T} Ty Tj] T e RS,

equals:
[0 0 0 T
A-TC=1{10 0|—|Tx|[0 0 1]
01 -1 T
0 0 -7
= |1 O —T2
01 —-1-T;
with characteristic polynomial:
S 0 T1
Xa-rc(s) =det | | =1 s T,

0 —1 S + 1 + T3
=s(s(s+14+T3)+To) + Ty
=5+ (1+T3)s* + Tos + Ty
Now, to place the poles at —4 and —4 + 2, we want this characteristic polynomial to be:
(s +4)(s — (=4 +2))(s — (=4 - j2))
=(s +4)((s +4)* +4) = (s + 4)(s* + 85 +20)
=5 + 125 + 525 + 80

Comparing the two polynomials, we see that we should set:

T, 80
T=|T,| = |52

Ty 11

2. The closed-loop poles the eigenvalues of A — BF', which, if ' = [Fl Ey Fg} € R3,
equals:
0 0 0 1
A—BF=1|10 0| -0 [Fl Fy F3]
0 1 —1 0
—F, —F, —F;
=11 0 0

| 0 1 -1

with characteristic polynomial:

8+F1 F2 F3
Xa-pr(s) = det -1 s 0
0 -1 s+1
= (S + Fl)S(S + 1) + FQ(S + 1) + F3
= 83 + (Fl -+ 1)52 -+ (Fl + FQ)S + (FQ + Fg)
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Now, to place the poles at — and —4 + 2, we want this characteristic polynomial to be:

(s+2)(s = (=2+72))(s = (=2 —j2))
=(s+2)((s+2)*+4) = (s +2)(s* +45 +8)
=5° +65% + 165 + 16

Comparing the two polynomials, we see that we should set:

F=[F F, F]=1[ 11 5]

Reduced Order Observer Design:

In the above analysis, we constructed full-order observers for LTI systems, i.e. observers
with states of the same dimension as the states in the original LTI system. However, this may
be needlessly complicated, especially if several of the states are directly measured in y.

To be more specific, since y = Cz, where C' € RP*™ we can derive rank(C') linearly
independent relations among the different dimensions of the state x at any given time. We can
assume C' has full row rank, i.e. rank(C) = p, since if not, we can simply remove redundant
outputs from our system representation via Gaussian elimination. Now, instead of designing
a full-order observer with n states, we can instead design a reduced-order observer with n —
rank(C') = n — p states, which, together with the direct observations y = Cz, allow us to
reconstruct an estimate of the system state with asymptotically decaying error. The general
idea is to design an observer some 7' = R(®)*" such that:

T nxn
M R

is invertible. Note that the matrix 7 € R P)*P here maps the output of the partial state
observer to the estimate of the state, as shown in the figure below. It is not the output
feedback used in the full observer case; for the partial state observe, we use "L” instead, as
described below.

2 =
T
< | a] A

Z
cx C
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As with the full observer case, we consider the estimator dynamics to be of the form:
Z=Mz+ Nu+ Ly

for some M € RP*P N € RP*"™ [ € RP*™ . (Note that, since the estimator state z and system
state © now have different dimensions, M is no longer n x n.) We wish to choose M, N, L such
that the error:

z—Tx

e

asymptotically approaches 0 as t — oo. To do so, we retrace the steps taken in the derivation
of the full-state observer. Since:

& = Azx + Bu,
y=Cu,
2= M2+ Nu+ Ly,

R EE =0-E0
-G S 0 E B
[t Bt S 1

A
~ |MT -TA+ LC M] { }

_|_

{—TB + N] "
In other words:

& = Ax + Bu,
¢ =(MT —TA+ LC)z + Me + (N — TB)u.

Since we wish to design M, N, L such that e — 0 as t — oo, the above dynamics suggests
choosing M, N, L such that ¢ = Me, with M to be asymptotically stable (i.e. with o(M) € C™).
In other words, we want:

1. N=TB.
2. MT —TA+ LC =0.
3. o(M)eC™
The following design steps provide one method of achieving the above objectives:

1. Choose M such that o(M) € C™.
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. Choose L.
. Solve for T from MT —TA+ LC = O.

Solve for N in N =TB.

. Check that {g} is invertible, e.g. by showing that:

()

While this design procedure may appear reasonable for simple systems, it is not recommended

. . o : . |\T o T .
in general, since it gives the designer no control over the matrix cl Thus, if [ C} is close to

being singular, its inverse would result in a huge gain in the backward loop.

Consider instead the following design.

Reduced Order Observer Design—Algorithm:

1

2

. Find an equivalent representation for the plant as follows; as before, we assume C' to be
of full column rank (i.e. rank(C') = p):

5 = Ax + Bu, 7 = A7 + BT,
|y =Cx ’ 7=C%
where T = Sz and:
— A A
A=9145=|" M 12}
{Am Az
= a1 |B1
5osn- 2]
C=08= [Cl O}

for some invertible S € R™™ and invertible C; € RP*?. That C = CS = [Cl O],
with C invertible, can always be achieved by choosing the invertible S € R™ ", when
multiplied to the right of C', to rearrange the columns of C' in such a way that the first
p columns become linearly independent, and the remaining columns are annihilated. (In
linear algebra, we call this the column echelon form of C). By construction, A;; €

RP*P By € RP*™ () € RPXP

. Choose T, M:
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Design an observer for ¥, i.e. construct a state estimate Z such that z — =«
asymptotically as t — oo. Specifically, we choose T = [Tl 1 ] for some Ty € R—P)xp,

This is done to force [g

} to assume the form:

T _ |- I

cl | O O
which would then always be invertible, as I and (4 both have full row rank. It remains
to solve for 77, which we can do using the criterion MT —TA + LC = O:

O=MT—-TA+ LC

All A12
Asy Azz] +LC O]

= [_MTl +TiAy — Aoy + LCy M + Ty Ay — A22}

_M[-T I]-[-T, 1}{

In particular, M = Ags —T1 Aq2, and we wish for M to have eigenvalues strictly on the left
half complex plane. Notice that this is simply a standard pole placement problem; that
is, if (Agq, A12) is observable, then there exists some T} such that o(M) = o (A9 —T1A12)
can be placed wherever we want.

We conclude our analysis by showing that, if (A, C) is observable, then (Ass, A12) is
indeed observable. This is because, for each s € C:

sl — An —Ajs O —Ajs
n = rank —Ay sl — Ay =rank | |O sI — Ay
Ch @) I @]

o —A12 . SI—A22
—p+rank([8[_A2J>—p+rank([ Ay ])

= rank ({Sl 21;421 > =n—p,

as applying elementary row operations to a matrix does not affect its rank. Thus,
sl — A22

has full column rank.
Ao

A
Z
e S
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3. Solve for L:

From the above derivation, we have:
— MT, +T1 Ay — Ay + LC, = O,
=L = (MT, — T\ Ay + Ay)C?

4. Solve for N:

Finally, we have:

N=TB=[-T O] {gj

=-T1By + By
Example. Design a reduced order observer for the system:
.10 1 n 0
=2 0/ T 1]
Yy = [1 O] x

Solution :
Observe that n = 2, p =1, and C' is already in column echelon form.

1. Since C'is already in column echelon form with p = 1, we have C; = 1.

2. Let T'= [—T1 1}, and observe that:

A= AH Alg _ 0 1
Ay Ago -2 0
Thus, if we choose a particular stable M, e.g. M = —1, we can solve for T} as follows:
1:M:A22—T1A12:0—t1'1:—tl,
= T, =1.
3. Solve for L:

L= (MT, —TA; + Ay)C™?
=(-1-1—-1-0+(=2)) 17"
= —3.

4. Solve for N:



Chapter 6

Additional Topics

6.1 Lecture 11

In this final lecture, we combine everything we have learned in previous lectures and examine a
classical problem in control theory—the linear quadratic regulator (LQR). This lecture draws
largely from Professor Daniel Liberzon’s text ”Calculus of Variations and Optimal Control, A
Concise Introduction” [6].

Note. We will assume t, = 0, and positive state feedback, throughout the following derivations.

Finite-Horizon LQR Problem—Riccati Differential Equation Method

Definition 6.1 (Finite-Horizon LQR Problem). The finite-horizon linear quadratic
optimal control problem is defined as follows— Given the system:

& = Az + Bu, z(0) = o,
y=Cu,
evolving in the time interval [0,t,] with x € R™, v € R™, and (A, B) controllable, (A,C)

observable, find the input function u(-) : [0,t;] that minimizes a quadratic cost functional:

J(u() = /O ' [+*Qa + w*Ruldt + o(t)*Sz(t)

satisfying Q@ = C*C >0, R > 0 for each t € [0,t1], and S > 0. (The argument t is abbreviated
in the integrand, for ease of notation).

Just as the Lyapunov equation can be motivated by a quadratic value function, here we
attempt to rewrite the final cost x(¢;)7Sx(t;) in terms of some initial cost, plus an integrated
term. In particular, consider the following theorem.

233
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Theorem 6.2 (Finite-Horizon LQR Solution: RDE Method). Let P(t) € R"™*" be the
solution to the final state Riccati differential equation (RDE):

P+ A*P+PA—-PBR'B'P+Q =0, P(t) = S.
Then the optimal control to the finite-horizon LQR problem is the linear time-varying control:
Uopt(t) = — R B*Pax(t)

where the argument t is hidden in R, B, P, for convenience of notation. The corresponding
optimal cost is:

J (Uopt,0,47) = 2P (0)x0

Proof. By directly expanding the cost function, we have:

t1
T(ugn) = /0 (2 Qx + " Ru) dt + ()" Sz(ty)

- /0 l(x*Qx + uw*Ru) dt + x(0)*P(0)x(0) + /0 ' %(x*Pw)dt

_ /O * (0 + uw Ru)di + 2(0) P(0)2(0)
+ /0t1 [(Az + Bu)*Pz + z*P(Az + Bu) + x*Px} dt
= /Ot1 (z*Qx + vw*Ru) dt + x(0)*P(0)z(0)
+ /t1 [m*A*Pm +2*PAx + v B*Px + 2" PBu + :E*Px] dt
0
= z(0)*P(0)x(0) + /Otl x" (P + AP+ PA+Q — PBR’lB*P)xdt
+ /0 " lfut BB Pa) R(u+ BB Pa)]di
= 2(0)*P(0)z(0) + /O " [(u+ R™'B*Pz)*R(u+ R™'B*Px)]dt
where, in the second-to-last step, we have completed the square inside the second integral, to

force the integrand into a quadratic form.
The optimal control and cost are thus:

Ugpt = arg min J(up,4,) = —R ' B*Px,

Ultg,t1]

= J(Uopr) = min J(up, ) = 5P 2o

Ultg,t1]

Since J(uf,4,)) > 0 for any arbitrary o, we have Py > 0. [ |
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Remark. In general, Riccati differential equations are mathematically defined as the first-order
differential equations that are quadratic, i.e. of the form:

2(t) = po(t) + pr()a(t) + pa(t)a*(t),
where po(t) is a non-zero function. However, here, for the purposes of solving the LQR problem,
we will restrict ourselves the particular matrix form of the RDE shown above.

Infinite-Horizon LQR Problem

Below, we state the infinite-horizon analogue of the finite-horizon LQR problem.

Definition 6.3 (Infinite-Horizon LQR Problem). The infinite-horizon linear quadratic
optimal control problem is defined as follows— Given the system:

& = Az + Bu, z(0) = xo,
y = Cu,

evolving in the time interval [0,00) with x € R™, u € R™, and (A, B) controllable, (A,C)
observable, find the inpul function ujp ) that minimizes the quadratic cost:

J(u()) = /0 " [#*Qr + u*Ru]dt

satisfying Q@ = C*C > 0, R > 0 for each t € [0,00). (Again, the argument t is abbreviated in
the integrand, for ease of notation).

Remark. The infinite-horizon LQR problem is simply its finite-horizon LQR counterpart with
t; — oo and S = 0. The reason we set S = 0 is because, in general, for the infinite-horizon
quadratic cost to be finite, we require the state and input to converge to 0.

Our strategy to solving the infinite-horizon LQR problem will be to observe its similarities
with its finite-horizon LQR problem. In particular, since we wish to take t; — oo in the infinite-
horizon variant of the problem, let us regard ¢; as a parameter to be varied, rather than fixed (as
the was case for the finite-horizon LQR). In particular, we will denote by P(t,t;) the solution
at time t of the RDE:

P+ A*P+ PA—PBR'B*P+Q =0,
P(t;) = 0.

and let the corresponding finite-horizon LQR optimal control and minimum cost be:

uib(t) = —R7'B*P(t, ty)x(t), vt € [0, ],
Jtl(uilpu[()?tl]) = ayP(t, t1)xo.
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It is natural to conjecture that the infinite-horizon optimal cost and optimal control can
be obtained by simply applying the limit t; — oo to the above finite-horizon solutions:

ul,(t) = —R'B* ( lim P(t,t1)> x(t), Vi € [0, 00)

opt t1—o0
P (W000) = Jim P(e.1)) a0

The next theorem indicates that this conjecture is correct. To do so, we must establish
several facts, such as the existence and positive-definiteness of the limit limy, o, P (%, 7).

Theorem 6.4 (Infinite-Horizon LQR Solution). Suppose we are given the LTI system
described in the infinite-horizon LQR problem.

1. Consider the Riccati Differential FEquation and the Algebraic Riccati Equation given below:

P=—-PA—A"P—-Q+ PBR'B*P, P(t;) =0, (6.1)
PA+ A*P+Q — PBR'B*P = 0. (6.2)

Let P(0,t1) be the solution of (6.1) at time 0. Then:

P = lim P(0,t)

t1—00

exists and is a positive definite solution of (6.2]).

2. The optimal cost is:
J(Uopt) = 7t Pao,

which equals the t; — oo limit of the finite-horizon optimal cost ' P(0,t1)xy. An optimal
control that achieves this optimal cost is the linear time-invariant state feedback:

Uopt(t) = —R'B*Px(t),

which is the limit as t; — oo of the finite-horizon optimal feedback uy, (t) = —R™'B*P(t, t1)x(t)
derived in the above section on the finite-horizon LQR problem.

3. The corresponding closed-loop system xop = (A — BR™'B*P)xop is exponentially stable.
4. P is the unique positive definite solution to (6.2]).
Proof.

1. We divide the proof for this portion of the theorem into four parts. First, we observe
the behavior of P(0,t;) as t; — oo. Then, we show that tlim (0,t;) exists, and satisfies

—00
62).
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e Monotonicity of x3P(0,t1)xo with respect to ¢;:

The finite-horizon optimal cost x§P(0, 1)z is a monotonically non-decreasing
function of the final time t;, since, if t5 > t;:

to t1
zyP(0,ta)xo = /o [x*Qx + u*Ru} dt > /0 [x*Qx + u*Ru] dt

= l’ap((), tl)fﬂo

Note that the trajectory x(t) in the above two integrands is the same non-negative
value, since we apply the same control in the interval [to, ¢;], and @ > 0, R > 0.

e Boundedness of x§P(to,t1)zo, given (A, B) controllable:

Since (A, B) is controllable, there exists some time 7" and a control uEQT]
that steers the LTI system from (zo,0) to (0,T'). Let uj, ., denote the control that
equalsu’[oyT] on the interval [0, 7], and 0 afterwards. If we apply ul[O,oo)’ we obtain a
state trajectory that is identically zero for all ¢ > T'. Now, since zjP(0,t1)xo is the
optimal finite-horizon cost for any t; > 0, we have for each t; > T

00 T
zyP(0,t1)xy < / [a:*Qx + u'*Ru/} dt = / [:v*Qx + u'*Ru'] dt < oo
0 0
This establishes the boundedness of x§P(0,t;)xo with respect to t;.

e Existence and Positive Definiteness of P = limy, o, P(0,t):

The two claims above, combined with the Monotonic Sequence Convergence

Theorem in analysis (see [§], Theorem 3.14), indicate that tlim xfP(0,t1)xy exist
1—00

for any choice of xy. Here, we wish to show that, in fact, the matrix lim P(0,t) is

t1—00
also well-defined. To see this, let e;,e; € R" be any two distinct standard vectors in

R"™. Then:

e;P(0,t1)e; = Py;(0,t1),
€;P<O,t1)€j = ij(O,tl),
(62' + Gj)*P(O, tl)(ei + Gj) = RZ(O, tl) + ZPW(O, tl) + ij(O, tl).
where Py[0,t;] denotes the (k,[)-th element of P(0,t,), for any k,l € {1,--- ,n}.
Since the left-hand side of each of the above equalities converges as t; — oo, so does

the right-hand side. Thus, limy, o P;;(0,%;) exists for any i,j € {1,--- ,n}, and it
automatically follows that so does:

t1—0o0
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One can think of the above limit as the matrix obtained by starting from the zero
matrix at some very negative initial time t; — —oo, then propagating forward to
time 0 along the RDE (6.1)).

Observe that P is positive semi-definite, since P(0,t;) is positive semi-definite
for each t; > 0, and P(t,t;) is continuous in ¢; (see Fundamental Theorem of
Differential Equations, i.e. Theorem |3.4]).

o P =limy, . P(0,t) satisfies (6.2)):

Applying t; — oo to both sides of the RDE (6.1)), we find that lim,, ., P(0,%;) must
also exist, and equal the zero matrix. Thus, P satisfies the ARE (6.2)).

2. Observe that, for any control uj ) over the infinite time horizon, we have:

J(Up,00)) = /OO [2*Qx + v Ru] dt > /tl [2*Qx + v Ru] dt
> x%P(O,tl)xO. 0
for any ¢t; > 0. Taking t; — oo on both sides, we have:
J(U)0,00)) = x5 Pg.

Thus, the infinite-horizon cost must be at least x§Px.

Meanwhile, if we take the input to be wu,,(t) = —R'B*Pz(t), we have the
trajectory:
i=Ar+ Bu=(A— BR'B*P)x

Thus, over any finite horizon [0, ):

t1 t1
T (Ugpt) = / (2" Qu + ul ) Rugy| dt = / *(Q + PBR'B*P)xdt
0 0

t1
< / 2*(PA+ A*P — 2PBR™'B*P)x dt
0

IN

t1
- / [2*(A— BR™'B*P)*Px + z*P(A — BR™'B*P)x] dt
0

t
— / 1 [i* Pz + 2" Pi) dt
0

t1 d
= — —(x*Px)dt
/0 o (z*Px)

< a5Pxo — x(t) Px(ty)
< z5Pxg
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Taking t; — oo on both sides, we have:
J(uopt) S ZL'SP.I'O

In summary, the infinite-horizon cost J(u) must be at least z}Pxq, while the optimal
infinite-horizon cost J(u,pt) is at most x§Pxg. It follows that:

J (Wopt) = x5 Po.

3. Since the system is LTI, it suffices to show that o(A — BR™!B*P) € C~. Let \ €
0(A— BR™'B*P) be arbitrarily given, with corresponding eigenvector v # 0. Then, from

the ARE (/6.2):
0=v"[PA+ A*P+Q— PBR 'B*P|v
=v*[P(A— BR™'B*P)+ (A— BR™'B*P)*P + Q + PBR™'B*P|v
= 2Re(\) - v*Pv 4+ v*(Q + PBR™'B*P)v

Since P > 0,Q > 0, and R > 0, we have Re(\) < 0.

Now, suppose by contradiction that Re(\) = 0. Then, from the above chain of equalities,
we have:

v*(Q + PBR™'B*P)v =0

. Recall that v was originally defined as an eigenvector of (A—BR™! B* P), with corresponding
eigenvalue A, and that @ = C*C' > 0 and R > 0. Thus:

( _
A— BR'B*P)v =\
(C'—O Ju v N Av = v,
v Cv =0,
| B*Pv =0
A — A
= o v=20

Since (A, C) is observable, we have v = 0 by the PBH test, in contradiction of the fact
that v # 0 from its definition as an eigenvector of (A — BR™!B*P).

4. Again, we separate the proof into two claims.

e P>0:
We have already established that P > 0. Now, let an initial state zo € R" be
given such that z5Px, = 0. By the above statements in this theorem, 2§Px is, in
fact, the infinite-horizon optimal cost, so this implies that:

opt

0= J(upp) = / [2*C*Cx + uly ) Ry dt = 0,
0

=y =Cx =0, Uopt = 0,
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since R > 0. In other words, if the observable system (A, B) is propagated from
the initial state xy with no control, its output is identically 0, at all times ¢t > 0.
This implies that the state z(t) itself must be identically 0, at all times ¢t > 0. In
particular, xo = 0. This establishes P > 0, as desired.

P is the unique positive semi-definite solution to the ARE (/6.2))

Suppose there exists another P’ > 0 satisfying the ARE (6.2]). Fix any initial
state xg, and consider the new finite-horizon cost function:

t1 o
T (wgay) = / [0 Qu + w* Ru] dt + 2 (1) P(ty)
0

From the solution to the finite-horizon LQR problem, we know that the optimal cost
with respect to the above cost function is P (0; P, t1)xg, where P(0; P, ;) denotes
a positive semi-definite satisfying the RDE:

P=-PA—A*P—Q+ PBR'B*P, P(t;) = P.
However, by definition, P itself satisfies the ARE:
0=-PA—A"P—-Q+ PBR'B*P
Thus, P(0; P,t;) = P, and so the optimal cost is 23Pxy. Since this holds for any

arbitrary ¢;, we conclude that this is also the infinite-horizon optimal cost.

On the other hand, we can directly calculate an expression for the infinite-
horizon cost, as follows:

t1 o
I (up ) = / [2*Qx + v Ru] dt + «*(t1) Px(ty),
0

= J"(ujp,00)) = /0 [2*Qx + v Ru] dt + tlim x*(t)) Px(ty)

1—00

= / [J}*Ql‘ + u*Ru} dt > / [(L’*Ql’ + uzptRuopt} dt
0 0
= Joo<uopt) - QZSPSL’U

where the last two equalities follow from the fact that x,, = (A — BRle*P)xopt
is exponentially stable, and so z(t;) — 0 as t; — co. Now, equality holds when we
take the control u to be u,,; = —R™'B*Pxz. The corresponding optimal cost is thus
x5 Pxo.

In summary, the infinite-horizon optimal cost is 28, Pzo = 20 Pz for any initial
state xo. Taking xy to be e;,e;,¢e; + €, and repeating the logic used to prove the
boundedness of 5P (0, )z, for any xo and t; > 0, we find that P = P.
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Remark.

1. If (A, B) were not controllable, the finite-horizon optimal cost 2§ P(0, t;)xo may be unbounded
above as t; — oo. For example, if & = ax, where a > 0, then z(t) = ™ is clearly
unbounded above, and so is the infinite-horizon optimal cost:

t1
J () = / [2*Qx + u* Ru] dt
0

regardless of our choice of input (since B = 0 in this case). We reiterate that the reason
for this phenomenon is that (A, B) is uncontrollable.

2. In fact, the optimal control u,y,(t) = —R™'B*P(t,t;)z(t) given above is unique. The
proof of this statement follows by applying the Hamilton-Jacobi-Bellman equation (see
Appendix).

Examples

Ezample (Finite-Horizon Optimal Cost). Consider the scalar integrator and associated cost:
& =u, (0) = o,
t1
J(u) = / [2° + u?] dt
0

for any t; > 0. Suppose we wish to minimize the cost for some fixed ¢;. From the above
equations, we have A =0,B =1,Q = 1,R = 1, M = 0. Substituting into the RDE (6.1]) and
solving for P, we have:

P=pP2_1, P(t;) =0,

P(tl) 1 t1
= dP :/ dr,
/P(t) P2 —1 ¢

= —tanh ' (P(t;)) + tanh ' (P(t)) = t; — t,
= P(t) = tanh(t; — 1),

since P(t;) = 0. Substituting back into our expression for u(t), we have:
u(t) = —tanh(t; — t)z(t)

as the optimal control.

Remark. 1t is interesting to observe that, if we had defined R = —1 instead, the RDE (/6.1

P=-pP*_1, P(t;) =0,
= P(t) = tan(t — t;),
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with corresponding solution:

and control u(t) = — tan(t — t1)x, which is not well-defined when ¢t — ¢; is an odd multiple of
/2.
This illustrates the importance of postulating that R > 0.

The next example uses a simple, scalar system to illustrate that, without assuming
(A, C) observable, we cannot guarantee that the input achieving the infinite-horizon optimal
cost is stabilizing.

Ezample (Infinite-Horizon Optimal Cost). Consider the following system and associated
cost:

T =2x+ u, z(0) = x,

J(u) = /OOO u?(t) dt

Suppose we to calculate the finite-horizon optimal control and cost for the system. From the
above equations, we have A = 1,B = 1,Q) = 0, R = 1. Substituting into the ARE (6.2)), we
have:

*PA+ A*"P+Q — PBR™'B*P =0,
=2P — P?>=0.

Thus, P =0 or 2. Let us consider the cost associated with each case:

e If P =0, the corresponding control, closed-loop dynamics, and cost are:

Uoppt = 07
xépt = Zopt,
J<uopt) = 0.

respectively. Thus, the corresponding control optimizes the infinite-horizon cost, but fails
to create a stable closed-loop system.

o If P =2, the corresponding control and cost are:

Uopt = _2$opt7

Topt = —ZLopt,

J(Uopt) = 427,

respectively. Thus, the corresponding control generates an stable closed-loop system, but
fails to optimize the infinite-horizon cost.
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Finite-Horizon LQR Problem—Hamiltonian Method

Below, we present an alternative, but equivalent, formulation of the solution to the LQR
problem. This method can be found on Lecture 11, pgs. 1-12 of Professor Claire Tomlin’s
Lecture Notes, as well as Chapter 2, pgs. 29-37 of the Callier & Desoer text desoerl. First, we
define a slightly more specific version of the LQR optimal control problem.

Definition 6.5 (Finite-Horizon LQR Problem (Modified version)). The finite-horizon
linear quadratic optimal control problem (discussed in this subseciton) is defined as
follows—Given the system.:

& = Ax + Bu, z(0) = o,
Yy=x,

evolving in the time interval [0,t1] with x € R", u € R™, and (A, B) controllable, (A,C)
observable, find the input function u(-) : [0,t;] that minimizes a quadratic cost functional:

() = /0 [0 Cr 4 wru] dt + a(ty)*Se(t) (6.3)

where C(+) : RT — R™ s a piecewise continuous function, S >0, and J(-) maps a continuous
function with domain [0,t,] and codomain R™ (namely, upy,) into R. (As with before, the
argument t is abbreviated in the integrand, for ease of notation).

Before continuing, we will review our definition of the adjoint system (or dual system),

as given by (5.15)), reproduced below.

Definition 6.6 (Adjoint System (Dual System)). The adjoint system (or dual system) of
the linear time-varying system:

is defined as:
5. {f(t) = —A*()T(t) — C*(H)u(t)
y(t) = B*(t)z(t) + D*(t)u(t)

The following useful lemma follows. Its proof can be found on pg. 36 of the Callier &
Desoer text [4].

Lemma 6.7 (Pairing Lemma). Let X be the dual system of X, with notations for inputs,
states, and outputs given as defined above. Then:

(@(t), x(t)) + /0 (a(r),y(r))dr = (2(0), 2(0)) + /0 @(7), u(r))dr

for any t, ty € RY, x(to), (t) € R, u(-) € U, and u(-) € U.
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Remark. The remarkable versatility of the Pairing Lemma lies in the fact that at it holds
regardless of our choice of u(-),u(-),z(0),Z(0), and thus grants us the ability to freely define
these parameters.

Proof. By duality, we have:
T =—-AT — C*u,
7= BT+ D*u.
Rearranging terms and combining the above inequalities, we have:
0= (T+ AT+ C*U,x) + (—7 + BT + D*, u)
(T, 7) + (T, Az) + (u, Cx) — (y,u) + (T, Bu) + (U, Du)
= (Z,x) + (T, Az + Bu) + (u,Cx + Du) — (y, u)
(@, 2) + (T, 3) + (@y) - (Tu)

d
We recover the desired result by rearranging terms and integrating from 0 to t. |

In this alternative solution method, instead of deriving of the optimal input uj,,) and
cost J(ujo,)) directly and invoking properties of the Riccati differential equation, we will instead
observe what happens to the cost functional J(u(-)) when the input function u is perturbed by
an infinitesimal amount, i.e. ©w — u + du.

Definition 6.8 (Global Minimizer of the Cost Functional). Given a cost functional
J(Uopt(+)), a global minimizer of J(u(-)) is an input function uep such that, for each e > 0
and piecewise continuous du : [0,t;] — R™:

J (Uopt + €0u) > J (Uopt)

Proposition 6.9. Consider the expansion of J(u+ edu) (with € > 0) about € = 0, as expressed
wn the following form:

J(u+ edu) = J(u) + €- 6J(du) + o(e)

Then, for a piecewise continuous input gy, to be a global minimizer of the cost functional J,
it is necessary and sufficient that, for any piecewise continuous inmput perturbation dugy,):

dJ(0u) =0
in the expansion of J(u) about Ugp.

Proof. Expanding J(u + edu), we have:

J(u+ edu) = /o 1 [lu+ eoul® + [|C(x + €02)|]?] dt + (x + €dz)*(t1)S(x + €dx) (1)

=J(u)+e€- [2 /tl ((u, 6u) + (Cz,Coz)) dt + (Sz(t1), 6x(t1)| + € - J(0u)
= J(u) +e-6J(0u) + € - J(0u) (6.4)
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where we have defined:
t1
§J(du) = 2/ ((u, 6u) + (Cz,Céz)) dt + (Sz(t1), 6z (t1). (6.5)
0

Observe that € - J(du) can also be expressed as o(e).
T=7 If upy,] is a global minimizer, then, for each € € R, we have:

€

0<J(u+edu) — J(u) =¢ {c&](éu) + ﬂ]

Thus, for € — 01, we have 0.J(0u) > 0; for e — 07, we have §J(du) < 0. We conclude that
dJ(0u) = 0.
V=T Suppose 0J(du) = 0. Then, from (6.4, we have:

T (Uopt + €0u) = J (tope) + € - J (1) = J(w),

1.e. Ugp 1s Minimizing.

Theorem 6.10 (Finite-Horizon LQR Solution: Hamiltonian Method). Consider the
2n-dimensional two point boundary value problem, given by:

SRR

with corresponding matriz equation:

- 1R
X(0) =1,
X(t,) = S.

where the argument t is hidden in A, B,C, X, X, for convenience of notation. Then X (t) is
invertible for each t € [0,t1], and the optimal control to the finite-horizon LQR problem is the
linear time-varying control:

Uopt (1) = —B*T(t)
= -B*XX 'a(t)
with corresponding optimal cost:

S (topt(+)) = (To, o) (6.10)
= (X(0)X(0)o, o) (6.11)
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Proof. We will divide the proof of this theorem into the following three components.

o u,,(t) = —B*Z(t) is the optimal control, with corresponding optimal cost J(tp(-))

e X (t) is invertible for each t € [0, t;].

o T(t) = XX 1a(t).
Notice that the first claim establishes and (6.10), whereas the second and third

establish and (6.11). We begin the proof below.

® U,y (t) = —B*Z(t) is the optimal control, with corresponding optimal cost J(uept(+)):

If a perturbation du in the input u results in a perturbation dx in the resulting
trajectory x, the resulting trajectory is & + 0@ = A(z + dx) + B(u + du). Thus, the error

system is:
0t = Adx + Bu, z(0) = . (6.12)
dy=9dx
By the definition of dual system (Theorem [5.15)), the dual system of (6.12)) is as follows:
T =—AT -1, Z(t) =77 (6.13)
7= BT

Recall that this holds for any choice of Z1 and u(t).
Applying the Pairing Lemma (Lemma [6.7) to (6.12]), (6.13]), we have:

(71, 0x(t1)) + /Ot1 (w,ox)dt = /0t1<B*f, du) dt

Meanwhile, (6.5)) gives the expression for the cost perturbation 6.J(du). Combining this
with the above equation from the Pairing Lemma, we have:

dJ(du) = /tl (u,0u) + (C*Cx,ox)dt + (Sx(t1), dz(t1))

t1
/ (u+ BT, 0u) + (C*Cw — T, 62) dt + (Sa(tr) — 77, 62(t1))
0

Again, this holds for any choice of 77 and w(t). Now, Proposition impliess that, to
minimize §.J(du), we wish to find a choice of u such that 6J(du) = 0. The form of the
above equation implies that this is easiest when we choose:
u=C"Cr,
x_l = S.Z'(tl),
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which rids us of the second and third terms (those unrelated to du). With this choice,
dJ(0u) now becomes:

t1
§J(du) = / (u+ B*Z,0u) + (C*Cx — u, dx)dt
0

To ensure that this value stays 0 for any choice of du, we must choose:
uopt = —B*f
for our control. This verifies that the optimal control is given by . The corresponding

optimal cost is thus:

() = /O () + (Ca, Cx)] dt + 2*(0) S a(ty)

t1
:/ [(—=B*z,u)* + (u,z)] dt + 2*(t1)Sx(t1)
0
= (To, o)
where the final equality follows from the Pairing Lemma. This verifies .
X (t) is invertible for each ¢ € [0, ¢4]:

Consider (6.7). Suppose by contradiction that there exists some 7 € [0,%;) such
that X (7) is singular (since X(t1) = I, we have 7 # t;). This implies there exists some
k # 0 such that X (7)k = 0. Now, observe that:

v()] _[X(0)],

()] | X()
solves the differential equations in for each t € [r,t;], with boundary conditions
changed to:

z(r) = X(1)k =0,
Substituting into , we have:
0= (1), 2(1)) = J(uprsy))

= [ Dl + P} de -+ o (01) St

Since S > 0, each of the above terms in the final integral must be zero, i.e. z(t;) = 0,
and u(t) = 0, Cz(t) = 0 for each t € [,t;]. Thus, the original dynamics become:

&(t) = Az(t) + Bu(t) = Az(t), z(r) =0,
which implies x(t1) = 0, contradicting the fact that, since X (1) is invertible and k # 0:

is nonzero. The claim follows by contradiction.
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o T(t) = XX 1a(t):

Our goal is to associate Z(t) to z(t). Now, observe that:

satisfy (6.7). The Fundamental Theorem of Differential Equations (Theorem thus
implies that they must be the unique solution to (6.7). Moreover, since X () is non-
singular for each ¢ € [0, ¢;], we have:

as claimed. Equations (6.10) and (6.11)) thus follow. The proof is done.

Remark (Comparison of the Two Approaches ([4], Chapter 2, pg. 38)). It is interesting to
compare the two approaches to the finite-horizon LQR problem. For the variant of the problem
described in (6.5]), the Riccati Differential Equation (RDE) approach gives the optimal control
as:

Uopt (1) = —B*Px(t),

for each t € [0, 1], with P(t) as the unique positive definite solution to the (quadratic) RDE
P+ PA+ A*P — PBB*P + C*C =0, P(t;) = S, whereas the Hamiltonian method gives the
optimal control as:

Uops (1) = —B* X Xx(t),

for each t € [0,t1], with the tuple X, X satisfying the (linear) differential equations given by

()

These two formulations are, in fact, equivalent, as can be seen by ”establishing a
bijection” between the solution to the RRDE (modified for this variant of the problem, as
given above), and the solution to the Hamiltonian approach given by (6.6)).

e Hamiltonian Approach — RDE:

Let X (t), X (t) be the solution to the Hamiltonian formulation (6.7), and define
Py = XX~!. Then, from (6.7]), we have:

P=XX"'-XX'XXx!
= (~C*CX — A'X)X "' — P(AX — BB*X)X !
= —O*C—A*Pl — P1A+P1BB*P17

with Py(t1) = X(t1)X '(t1) = S. Thus, Py = XX ! is the unique solution to the RDE
P+ PA+ A*P — PBB*P + C*C = 0.
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Now, since P;(t;) = S is positive definite, and therefore Hermitian, so is P,. Thus,
Py(t) is Hermitian for each [0,¢;]. Meanwhile, from (6.11)), we have:

ZL‘SP(to)ZL‘O = {L‘Sy(to)X_lao)fL‘o = <f(t[)),$(t0>>*
= J(Uopt,[to,)" = 0,

for any choice of initial time to, which implies that each P(t) is positive semidefinite.
Since RDEs yield unique positive semidefinite solutions, P(t) must the unique positive
definite solution to P+ PA+ A*P — PBB*P + C*C =0, P(t;) = S.

e RDE — Hamiltonian Approach:

Conversely, suppose P is the unique positive definite solution to the RDE P+PA+
A*P — PBB*P + C*C = 0, P(t;) = S. Following the RDE formulation, we know that
the optimal control is u(t) = —B*Pz(t). Thus, we have:

X1 X
(PX)|  |PX +PX
[ (A—BB*P)X
(-PA— A*P+ PBB*P — C*C)X + P(A— BB*P)X
[ (A—- BB*P)X
T (AP - C*O)X
[ A -BB[X
—-Cc*C  —A* | |PX]|”

Thus, the tuple (X, PX) satisfies the Hamiltonian formulation (6.7)). Uniqueness follows
from the Fundamental Theorem (Theorem [3.4)).

Although the two approaches are equivalent, it is interesting to contemplate their differences.
The RDE P+ PA+ A*P — PBB*P +C*C =0, P(t;) = S is a quadratic differential equation,
whereas in the Hamiltonian formulation, (6.7]) gives a system of two linear differential equations.
In effect, the Hamiltonian approach swaps the quadratic RDE for two linear ODEs, at the cost
of solving two variables (X, X) instead of one (P).

Finally, we conclude this section with a specific example of an optimal control problem
for a non-linear system.

FExample. Consider the non-linear system:
&= f(x,u,t), x(0) = xp.
Given a cost functional J(u(-)) that depends only on the final state, i.e. of the form:

J(u(-)) = g(z(t))

= g(s(tl, 0, zo, u())v

find the optimal piecewise continuous control that minimizes J(u(-)).
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Solution : In general, there is no closed-form solution. However, in practice, we
can start from a reasonable guess, and try to improve on it. Let w;(-), x;(-) be an initial guess,
and perturb it as follows:

ui(+) = ui(+) + ou(-),
5i() = wil:) + 8(0).
The problem is now to find a perturbation du(-) to decrease the cost, i.e. such that:
g(zi(t) + 0z (tr)) < g(zi(tr))

Since & = f(x,u,t), the dynamics of the perturbation are:

ox = le(xiauht) (5$+D2f($iaui>t) ou, 55’5(0) =0,
= A1) =DB(t)

Consider the adjoint system given by:

T= _A*(t)f(t)a f(tl) = Dmg )
z‘i(tl)
(which holds if we set y = 0 for the original system). Let ®(¢,7) be the state transition matrix
describing the perturbation dynamics. Then Z(t) = ®*(¢,t1)Z(t1) = ®*(t, t1) D, 913, ). and:
09(t1) = Do, gla,(tr) - 02(t1)

wit) ®(t, 7) B(T) du(T) dr

/ Dy, g

= [y Bysucr) i

0
Observe that the input perturbation:

du(t) = —aB*Z(t)

= —aB*XX 'x(t)
= —aB*Px(t)

always renders the cost perturbation dg(t;) non-positive. However, Proposition [6.9/implies that,
to optimize the cost, it is necessary and sufficient to choose a control u;(-) such that dg(¢;) =0
for any input perturbation du. Thus, we must require:

B*(t)P(t) = 0

as a necesary condition for reaching a local optimum. In other words, a necessary condition for
reaching a local optimum is:

-iji = f(xiauht)a xl<0) = Ty,
f = —(le)(l'“ Ui,t)f, f(tl) = Dlg

zi(t1)
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Remark (Hamilton’s Equations). Alternatively, if we define the Hamiltonian as:
H(z,u,Z,t) =T f(z,u,t),

the necessary conditions described above can be rephrased as follows—Choose a control input
u; such that %—ﬂu‘ = 0, and set:

i OH\"™
T = (%> , z(0) = xo,

e (‘Z—H) (1) = (Dig)" (x(t).

These are known as Hamilton’s Equations. More details can be found in Chapter 2 of [6].

Ezample (Optimal Control of a Single-Axis Satellite Altitude). Suppose a given single-
axis satellite, as shown below, can be approximately described by the time-invariant system:

= Ax + Bu,
y=z

where A and B are given by:
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Here, we wish to choose P > 0, R > 0 to minimize the infinite-horizon cost given by:
J = /Oo(x*Qx + u*Ru)dt
0
The figure on the next page shows MATLAB solutions with parameters set at:
Q= [(1) 8] , and
R =10,1,0.01,

respectively.



6.1. LECTURE 11 253

! LOR example
B call_satellite.m
global A;
global E;
global &;
A=[01; 0 0);
B T [?:lT: . % LOR example
Q= [10:00); & ssrtellite.m
R=0.1;
) funcrion [xdot] = satellite(t,x)
[K.P,E] = lgri{iA,B,0.R);
¥ = [10 10]: global A;
e} = 0; £f = 20; global B;
[T.x]l=0de23 (*satellite”, [tO.t£), x0D): global X;
plotiT, xli,Ll);T, %14, 2). *=="; ®dot = [A=-B*K) *x;

----- " exlaensife. con b

12 14 16 18 20

Q=[‘é ?j} E;l :

12 14 16 18 20

Q- [é Sjb @ = ool

J

“theap conbrel !

12 14 16 18 20
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6.2 Hamilton-Jacobi-Bellman Equation
Dynamic Programming:

To motivate subsequent discussions regarding the Hamilton-Jacobi-Bellman Equation,
we first explain the principles of dynamic programming as they apply to a finite-time, discrete
system with a finite number of states and a finite number of control input choices at each
state. For example, suppose the state space X and input space U consist of n and n; elements,
respectively, and that the dynamics of the system evolve according to:

xk’-ﬁ-l:f(xkauk’)ak:{oala"' 7T_1}

where T' € N, and zy € X, uy, € U for each k = {0,1,--- ,T'}. Suppose we wish to minimize
some cost function:

J(Jfo,Uo,Ul, e ,’U/T,I) + K(ZZ’T),

where J : X x UT — R and K : X — R are the running cost and terminal cost, respectively.

The most straightforward method is to enumerate all possible state trajectories going
forward from (zg,%y), and compare the resulting costs. An alternative, and more efficient,
approach to the problem is to apply dynamic programming, in the form of backwards induction.
At time T, the terminal cost is known for each state x,. Now, at time T — 1, find a state and
control pair ur_; that minimizes the cost-to-go, i.e. the sum of the one-step running cost
from T — 1 to T, and the terminal cost at time 7. Take note of the corresponding one-step
trajectories, and repeat this process for times T — 2,7 — 3,---,1,0, by working backwards
using the computed costs-to-go as the terminal cost for each step. We claim that, at the end
of this procedure, we will have obtained an optimal trajectory. This is because the backward
induction process eliminates all locally sub-optimal paths, which cannot be a part of any optimal
trajectory.

Let us compare the computational complexity of each approach. For the straightforward
approach, T additions are required to compute the cost for each of roughly n? possible trajectories,
resulting in a computational cost of approximately O(n!T). For the dynamic programming
approach, there are T" points in time, each of which requires a backward induction step of
choosing one of n possible states and one of n; inputs, corresponding to a computational cost
of approximately O(n!T). Thus, for a fixed number of states and inputs (i.e. fixed n,n;), it is
clear that dynamic programming is far more efficient than the forward search. This is because
dynamic programming allows us to eliminate large subsets of trajectories that are globally sub-
optimal in each unit time interval, by rejecting fragments of these sub-optimal paths at each
point in time. A brute-force forward search algorithm cannot accomplish this, since a locally
sub-optimal path fragment may be part of a globally optimal trajectory, and vice versa.

The advantages of using dynamic programming actually extend beyond ensuring higher
computational efficiency. In fact, the backwards induction process identifies an optimal control
for each initial state xy. In other words, dynamic programming generates an optimal control in
the form of a state feedback. Thus, this approach realizes the following quote given by Richard
E. Bellman, who first introduced dynamic programming in 1953: ”In place of determining the
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optimal sequence of decisions from a fixed state of the system, we wish to determine the optimal
decision to be made at any state of the system. Only if we know the latter, do we understand
the intrinsic structure of the solution.” [3]

Remark (Curse of Dimensionality). If n and n; are large, the number of operations required
to find the optimal trajectory will still grow rapidly, regardless of whether one applies the
straightforward method or dynamic programming. This is known as ”the curse of dimensionality,”
a somewhat nebulous description. As Professor Alessandro Astolfi likes to quip: ”At what
dimension does the problem become cursed?”

Principle of Optimality in Optimal Control:

Below, we apply dynamic programming to solve a class of optimal control problem that
is more general than the LQR problem. In particular, given a continuous time system:

T = f(x,u,t),

with € R",u € U C R™ t > 0, and some well-behaved function f : R" x U x [0,00) — R™,
we wish to minimize the global cost functional:

J(xo,u) = /0 1 L(T, x(7), u(T)) dr + K(z(t1)),

where L : R x R” x U and K : R x R® — R are called the running cost (or Lagrangian) and
terminal cost, respectively.
Dynamic programming suggests that we should consider the cost-to-go at each t € [to, t1]:

t1
J(t (), w ) = / L(r,a(r), u(r)) dr + K (a(t)).
t
Our objective is to find the global minimum of this quantity:

V(t,z(t)) = inf J(t,2(t), ups,)

Ultg,t1]

— inf {/ttlL(T,x(T),u(T))dT+K($(t1))}

u[toﬁfl]
Below, we apply the principle of dynamic programming to V (¢, x(t)).

Proposition 6.11 (Principle of Optimality in Optimal Control). For every x € R", and
every t, At such that 0 <t <t+ At < ty, the value function V (t,x(t)) defined above satisfies:

V(t,z(t)) = inf {/tt+At L(r,z(7),u(r))dr + V(t + At z(t + At))} (6.14)

Ut t4+At)

where z(-) on the right-hand side denotes the state trajectory, starting at z(t) = x, that
corresponds to the control uy 4 aq.
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Proof. Let V(t,z(t)) be the expression defined on the right-hand side, i.e.:

V(t,z(t)) = inf | {/tHAt L(7,z(7),u(r)) dr + V(t + At, z(t + At))}

Ult,t+At

Below, we aim to show that, for any ¢ > 0:

V(t,z(t)) < V(t,z(t) +e,

V(t,xz(t) < V(t,x)+e,

which establishes V (¢, z(t)) = V (¢, z(1)).
Let € > 0. By definition of V'(¢, z(t)), there exists some control u. ], with corresponding
trajectory z ), such that:

t1
/ L(r2o(r) ue(r)) dr + K (a(t)) < V(E2(8)) + ¢
t
Then, by definition of V (¢, z(t)) and V (t + At, z.(t + At), we have:

Vit 2(t) < /ttl L(r,2u(r), uc(r)) dr + V(t + At, 2.t + A))

t+At t1
< / L(r, (7). u(r)) dr + / L(r,(r), u(r)) dr

t+At
+ V(t+ At,z(t + At))

t1
< / L(T, x(T), UE(T)) dr + K(z(t1))
t
<V(t,z(t)) +e
Similarly, there must exist controls we, 14+aq and e, [1+a¢ ) such that:

/ T L (), (1) V(4 A2l + D) < V(1 2(0) + 5

/:AtL(T,x(T), Uey (7)) + K (z(t1)) < V(t+ At 2(t + At)) + %6'

Let wep4,) be defined such that ue (7)) = e, rrrag(7) when 7 € [t,t + At), and uepy,)(7) =
Uey [t+at1,)(T) When 7 € [t + At t;). Thus:

V(t,x) < /t 1 L(T,JZ(T), uE(T)) dr + K(z(t1))

< /t L(7,2(7),ue, (7)) dr + /Hlm L(7,2(7),ue, (7)) d7 + K (2(t1))

t+At
1
</ L(7,2(7), ue(r)) dr + V(t + At,z(t + At)) + 3¢
t

<V(t,x) +e
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In summary, we have V(t,7) < V(t,x) + € and V(t,x) < V(t,z) + ¢, so V(t,z) = V(t, ), as
claimed. The proof is done.
|

Remark. In the previous section, we have essentially described the principle of optimality in the
context of controlling a n-state, n;-input, finite-horizon discrete-time system. In the definition
directly above, the context became the optimal control of continuous systems. However,
Bellman originally defined the principle of optimality as follows, to cover a much broader
scope of problems— ”An optimal policy has the property that whatever the initial state and
initial decision are, the remaining decisions must constitute an optimal policy with regard to
the state resulting from the first decision.” [3]

Hamilton-Jacobi-Bellman Equation:

The Hamilton-Jacobi-Bellman (HJB) Equation can be thought of as the differential
analogue of the principle of optimality. That is, whereas the principle of optimality encapsulates
the spirit of dynamic programming in a difference equation, the HJB Equation describes the
essence of dynamic programming using a differential equation. It is derived by taking At — 0
in the principle of optimality.

Theorem 6.12 (Hamilton-Jacobi-Bellman Equation (HJB)). For each x € R™ and t €
[to,t1), the Hamilton-Jacobi-Bellman (HJB) Equation:

- a—V(t,fv(t)) = inf {L(t,x(t),u(t)) + <Z—Z(t,x(t)), f(t,x,u)>} (6.15)

ot ueld
holds. It is the differential analogue of the principle of optimality.

Proof. The principle of optimality, (6.14]), states that:
AL
V(t,z(t)) = inf {/ L(7,z(7),u(r))dr + V(t + At,z(t + At))} :
Ut t+At) t

When At — 0, the two terms on the right-hand side of the above expression become:
t+At
/ L(7,2(7),u(r)) dr = L(t,z(t), u(t)) At + o(At)
t

and:

V(t+ At x(t + At))

ov

=V(t,z(t)) + aa—‘t/(t, x(t))At + <%(t, x(t)) - f(¢, x,u)> At + o( At)

where V (t + At, z(t + At)) has been expanded using the Chain Rule:

d_v—a_v+8_v.d_x—a_v+a_v.f<t )
ot oz dt ot or T\mY
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After substituting back into the principle of optimality, (6.14]), canceling out the term V (¢, z(t))
on both sides, and dividing by At, we have:

Vit z(t) = u[,,i,ﬂfm] {L(t,x(t),u(t))At +V(t,x(t)) + %—‘:(t,x(t))m + <g—Z(t,x(t)) - f(t, u)> At}
oV

oV
= - —(t,l’(t)) = inf L(t,:c(t),u(t)) + —(t,l'(t)) 'f(t,l',U) )
ot U[t,t4+At) ox
which is the HJB equation. Notice that V (z(t),t) and 27 (z(t),t) can be moved outside of the
infimum, since they are independent of the control wu 4aq-
|

Remark. The HJB equation is often solved numerically, since analytic solutions may be difficult
or impossible to find.
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Appendix to Lecture 12

Below, we present two alternative proofs for the Cayley-Hamilton Theorem. These proofs reveal
how the theorem naturally arises from the algebraic and geometric structure of linear operators.

A.1 Cayley-Hamilton Theorem: Alternative Proof 1

For the first alternative proof, we begin by examining Schur’s Theorem, which states that, for
every finite-dimensional vector space V' over an Euclidean space, and linear operator £ : V — V,
there exists an orthonormal basis B of V' for which the matrix representation of £ with respect
to B is upper triangular. Below, we present the matrix version.

Theorem A.1 (Schur’s Theorem ([5], Theorem 6.14, pg. 370)). For any n € N and A €
R™ ™ there exists an orthonormal basis B for R™ such that [A]g is upper triangular.

Proof. The proof follows by induction on n. When n = 1, the matrix A is in fact a scalar, so we
are done. Suppose the theorem holds for any square matrix in R¥** where k € {1,--- ,n —1}.
Then the desired result would follow if we can show that there exists an orthonormal basis
B = {vy,---,v,} for R" such that:

[Als = {jg wlm_l} :

Wn,

for some B € R=1x(n=1) 4, | = [w1 wn_l}T € R" !, and v, € R. This is because
we could then apply the induction hypothesis to B € R Dx(®=1 " to generate a suitable
orthonormal basis for span({vy,--+,v,.1}) = {v,}*), for which the corresponding matrix
representation of B is upper triangular, thus completing the proof. (We use the notation
{v,}* = {w|(w,v,) = 0}; notice that this is a vector space). This is equivalent to postulating
the existence of a vector v,, € R" such that {v,}* is A-invariant. (If so, then it makes sense to
define the restriction of A on {v,}*. This is, in fact, the matrix B).

We claim that a suitable choice of "v,,” as defined above is any eigenvector of A*

corresponding to any eigenvalue A € o(A*). In other words, we claim that for such a choice

259
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of vy,, the (n — 1)-dimensional subspace {v,}* is A-invariant. This is because, for any = €
span({w})*, we have:

(Az,w) = (x, Aw) = Nz, w) = 0.

The proof is done.
|

Remark. The statement of the theorem given in [5], Theorem 6.14, pg. 370, concerns an
arbitrary linear operator L on an arbitrary finite-dimensional vector space V, with no assumptions
on the field F over which V is defined. In that case, it is unclear whether the characteristic
polynomial of L has n roots (where n € N is the dimension of V), since the Fundamental
Theorem of Algebra only applies to real and complex fields. This is addressed by imposing the
additional condition that the characteristic polynomial of L splits, i.e. it yields n roots.

Theorem A.2 (Cayley-Hamilton Theorem). Let A € R™™", and suppose its characteristic
polynomial has the form.:

xa(s)=det(sl —A)=s"+dis" '+ +d, 15 +d,

Then:
xa(A) = A" +d A"+ dy A+ d ] =0

Proof. As demonstrated above, Schur’s Theorem shows that each square matrix A can be
related to at least one upper triangular matrix via a similarity transformation (specifically, via
an orthogonal transformation). Since similarity transformations do not change the characteristic
equation, we merely have to prove the Cayley-Hamilton Theorem for the case where A € R"*"
is upper triangular.

Now, let a;; denote the (i,7)-th element of A. Since A is upper triangular, a;; = 0
whenever ¢ > j, and:

xa(s) = ]](s = am)

We wish to show that x4(A) = O. This is equivalent to showing that, we have y4(A)v = 0 for
each v € R™, which is in turn follows by showing that:

i

Xa(A)e; = [J(A - awl)e; =0, (A1)
k=1
for each i = 1,--- ,n, where e; denotes the i-th standard vector in R"™.

Below, we verify (A.l: via induction on . When ¢ = 1, since A is upper-triangular,
we have (A — aj1l)e; = 0, (A1) holds. Now, suppose for some ¢ > 1, (A.1]) holds for each
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j=1,---,i—1. Again, since A is upper-triangular, we have:
€; = Z ajiej,
j=1

i—1

(A — CLZ‘Z‘I)GZ‘ = Z ajz»ej,

j=1
i i1 i1 i—1 i—1

= H(A —apil)e; = H(A — agil) (Z ajiej> = Zaj,» (H(A — akkl)ej> =0,
k=1 k=1 j=1 j=1 k=1

since, by applying (A.1)) to each j =1,--- ,i — 1, we have Hizl(A — agxl)e; = 0. Thus, (A1)

holds for ¢, and by induction, we are done. |
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A.2 Cayley-Hamilton Theorem: Alternative Proof 2

Our second alternative proof to the Cayley-Hamilton Theorem demonstrates that, for a fixed
A € R™™ each v € R" can be associated with a particular polynomial factor of y4(I) that
annihilates it. Specifically, this polynomial is the characteristic polynomial of A restricted on
the cyclic subspace generated by v, a concept defined below.

Theorem A.3. Let A : R” — R" be a linear operator, and let v € R™ be arbitrarily given.
Then C4(v), the A-cyclic subspace generated by v:

Ca(v) = span({A*v|k =0,1,2,---})
1s the smallest A-invariant subspace of V that contains v.

Note. The span of an infinite set of vectors is defined here as the finite linear combination of
its elements, to prevent situations in which the resulting subspace is not closed under infinite
linear combinations.

Proof. 'We have four claims to verify:

e C4(v) is a subspace of R™.
e C4(v) contains v.
e C4(v) is A-invariant.

e C(v) is the smallest subspace of R" that satisfies the above two properties, i.e. any other
subspace of R™ that satisfies the above properties contains C(v).

The first two claims follow from the definition of C4(v) as the span of a collection of
vectors that includes v.

To verify the third claim, let u € C4(v) be arbitrarily given. Then there exists m € N,
and scalars ag, aq,--- ,a,_1 such that:

u=agV +a Av + -+ a,,A"v
= Au = agAv + a; A% + - + a1 A" € Ca(v),

so Ca(v) is A-invariant.

To verify the fourth claim, let W be an arbitrary A-invariant subspace, and let v € W
be arbitrarily given. We will prove by induction that C(v) C W. By definition, A% =v € W
. Now, suppose A*'v € W for some k € N. Since W is a A-invariant subspace, Afv =
A(A*1v) € W. By induction, A¥» € W for each k = 0,1,2,---, so Ca(v) C W. [ |

Theorem A.4. Let V be a vector space. Using the same terminology as used in the above
theorem, we have:

1. dimCyu(v) is also finite-dimensional, and dimC,(v) < dim V.
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2. Define k = dimCa(v) < n. Then B = {v, Av,--- , A¥"1} is an ordered basis for C4(v).
Let scalars by, by, - -+ b1 be given such that:

ARy = bov 4+ biAv + - + b1 AF

Then: ] )
00 -+ 0 b
10 -0 b
Ale,wls= 10 1 0 b (A.2)
0 0 -+ 1 by
In particular,
Xale, ) (A) = A = b A= — by X — by

Proof.

1. Since C4(v) is a subspace of V, it is finite-dimensional, with dimension no greater than
dim V.

2. Let m be the greatest positive integer such that S = {A*! ... Av,v} is a linearly
independent subset (since k < oo, such an m must exist). Define W = span(S); then
S is an ordered basis for W. By definition of m, {A™v} U S is linearly dependent, so
A™y € W. Then, for each w € W, there exist scalars ag,a, -, a,—1 € F such that:

W= agv + e Av+ -+ a1 A™ 0

Lw = agAv + a1 A*0 + - + a0 A" 0 + Gy A™0

Since v € W, this implies that W is an A-invariant subspace of V that contains v. But
Ca(v) is the smallest A-invariant subspace of V that contains v, so W € Ca(v). On the
other hand, W C C4(v) by definition, so W = C4(v). This implies that S is an ordered
basis for C4(v), so k =m, i.e. S = B. Also:

A(AF ) = AFo = b Ao 4 by Av + b

and A(A%v) = A7y for each j =0,1,2,--- .k —2. So (A.2) holds.
It is straightforward to verify that:

XA|CA(U)()\> =\ - bkfl)\kil — e —=biA—bg

via induction on ([A.2)) (a procedure also seen in the derivation of the controllable canonical
form).
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The following lemma, a direct consequence of the Second Representation Theorem
(Theorem [4.10]), bridges the gap between the theory of cyclic subspaces and the Cayley-
Hamilton Theorem.

Lemma A.5. Let A : R" — R" be a linear operator. If Vi and Vs are A-invariant subspaces
of R*, and R™ =V, & Vs, then:

Xa(A) = Xap, (A) - Xapy, (M)

Proof. Since V; and Vs, are A-invariant, and R™ = V; @&V, the Second Representation Theorem
(Theorem [4.10]) tells us that there exist ordered bases By, Bs, and B, of Vi, Vs, and R",
respectively, with B = B; U By (in that order), such that:

=5 o

where A; = Aly, and Ay = Aly, are the restrictions of A on V; and Vs, respectively. The
lemma follows by observing that:

Xa(A) = det(A — [A]g)
= det(A — [A]y,) - det(A] — [A]y,)
= Xaly, (A) - X4y, (A)
[ |

Theorem A.6 (Cayley-Hamilton Theorem). Let A € R™" and suppose its characteristic
polynomial has the form:

xa(s) =det(s] —A) =s"+dys" '+ +d,_15+d,

Then:
Xa(A) = A" + A 4o+ d, A+ d, ] =0

Proof. If n = 0, then A = 0, and the result is evident. Suppose n > 1, and fix any nonzero
veR" Let A= Alc,) and k = dimCys(v) < n. Let scalars by, by, - - -, by—1 be given such that
AFy = b1 AT + - + bow, and [A] is as expressed in (5.1). We thus have:

Since v is an arbitrary nonzero vector, and x ;5(A)0 = 0, then x ;(A)v = 0 for each v € R". By
the corollary above, y 5(\) is a factor of x4(A), x4(A) = g(A)xa(N) for some polynomial g(\).
We thus have:

so xa(A) = 0. |
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Note (Notation). In the mathematical statements below, B, will be used to denote an open
ball of radius r centered at the origin of the vector space under consideration (usually R™).

B.1 Rate of Decay

Proposition B.1 (Rate of Decay, [9], Proposition 5.3, pg. 184). Suppose x = 0 is an
equilitbrium point of the system:

T = f(xz,1), z(to) = zp.

where f s locally Lipschitz with respect to x in some ball By, with Lipschitz constant k, and
piecewrse continuous with respect to t. Then:

[wole™ 1) < a(t)] < fwole )

Proof. Observe that:

d, o d|z|

i — 9| |2

2 oe] = 2oy | 2]

d, 5 d » rdz dx

L e = | SaTe| = 2(2a" L < 20| |2

il 'dtx ‘ ar| = 2|
U

dt | = |dt

Since f(x,t) is Lipschitz continuous, and f(x,0) = 0, it follows that:
d
—klz| < = 2] < klz]
The desired result follows by applying the Bellman-Gronwell lemma to each of the above
inequlities, provided the trajectory stays in the ball Bj; in which the Lipschitz condition
holds. |

265
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Remark. The above proposition tells us that a trajectory starting inside B will stay inside
By, for a finite amount of time. If f(x,t) is, in fact, globally Lipschitz, it will always stay
inside Bj. The proposition also tells us that the rate of convergence of trajectories is at most

exponentially.
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B.2 Basic Lyapunov Theorems:

Theorem B.2 (Basic Stability Theorems of Lyapunov, [9], pgs. 189-192)). The following
table associates different notions of internal stability with different conditions on v(x,t) and
0(x,t). Without loss of generality, the equilibrium point has been placed the origin.

Table B.1: Basic Lyapunov Theorems

Conditions on Conditions on Conclusions
v(x,t) —v(x,t)
1 Lp.d.f. > 0 locally stable
2 lp.d.f., decrescent > 0 locally unif. stable
3 Lp.d.f., decrescent lL.p.d.f. unif. asymp. stable
4 p.d.f., decrescent p.d.f. globally unif. asymp. stable

Proof.

1. Since v(x,t) is locally positive definite and ©(z,t) < 0 locally, there exists some s,7 > 0
and «a(-) € K such that:

a(|z]), Yz € B, (B.1)
0, VzeB,  Vi>0. (B.2)

Fix € > 0, and let € = min{e, r, s}. Since v(0,ty) = 0, and v is continuous (by virtue of it
being locally positive definite), there exists some § > 0 such that:

B(ty,0) = ‘Sl|1p v(x,ty) < ale) (B.3)
z|<o
Combining with (B.3), we have:
a(lz(to)]) < v(x(to), to) < afer). (B.4)

Since a() € K, it follows that |z(ty)| < €.

We now prove that |z(tp)] < J implies |z(t)] < €, Vt > to, which establishes
the desired result. Suppose by contradiction that there exists some t; > t; such that
|z(t) > €. (Without loss of generality, we may assume that t; is the earliest time

satisfying this requirement). Then, from and , we have:
v(z(to), to) < ala) < a(lz(t)]) < v(z(t), t1), (B.5)
contradiction the fact that o(z,t) <0 for all |z| < €. Thus:
|z(t)] < €1,Vt > to,

establishing the desired claim.
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2. Since v is decrescent, the function:

B(6) = sup supv(z,t)
|z|<6 t>to

is non-decreasing; moreover, there exists some 3’ € K such that, for each d > 0:
BO) < Bd),  Voe(0,d)

Now, choose d such that §(d) < a(e;) (Such a choice can always be made, since
is continuous and v(0,ty) = 0). Applying (B.1]), we obtain:

allz]) <oz, t) < B(6) < ale), Vx| < 0, Vit > to.
Since a(-) € K, we have |z| < €, as desired.

Since —v(x, t) is locally positive definite, it satisfies the conditions in the above proof, so
0 is a uniformly stable equilibrium point. We wish to show the existence of some ¢; > 0
and non-decreasing function 7' : RT — R, such that for each ¢ > 0, whenever |zo| < d;
and t > T'(e):

[p(t1 +t, 20, 11)] < e

(Recall that ¢(t,zo,to) denotes the trajectory of the system & = f(z,t),z(ty) = to,
starting from xy at time %,.)

By hypothesis, v(z,t) is locally positive definite and decrescent, and —o(z,t) is
locally positive definite, so there exist functions «(-), 8(+),v(:) such that, whenever ¢ > ¢,
and |z| <7

a(lz]) < v(z,t) < B(|xl), B.6)
O(x,t) < —y(|z|). 7)
B.8)
Now, fix € > 0, and define §;, d5, T such that:
B(01) < afr), (B.9)
B(02) < min{a(e), B(61)}, (B.10)
_ a(r)
T = ~0) (B.11)

(For a pictoral explanation, see [9], Figure 5.3, pg. 191.)

We now claim that there exists some ty € [t1,t; + T such that |¢(t2, o, t1)| < 0.
By contradiction, if:
|¢(t,xo,t1)| Z (52, Vit e [tl,tl + T], <B12)
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we would have:
0 S @(52) S U(S(tl + T, l’o,tl), tl + T)

t14+T
= U(x()?tl) + / U(¢(Ta antl)) dr

< 8(81) = T+(3)
< B(61) — Ta(r)
<0,

a contradiction. The first line follows from ({B.6]) and (B.12), the second from the definition
of ¥(z,t) as the time derivative of v(z,t), the third from (B.7)) and (B.12), the fourth from

(B.11)), and the fifth from (B.9).

Now, take t5 as given in the above claim, and observe that:

< (o(t, o, t1),t) < v(@(te, zo,t1),t2)
S 6(|¢(t27 Xo, t1)|> S 6(62>
< afe),
The first line follows from , the second from the fact that ¢ > t; +T > t3), the third

from (B.6]), the fourth from the definition of ¢, as satisfying |¢(ts, 2o, t1)| < d2, and the
fifth from (B.10).

Since a(-) € K, it follows that |¢(t, zo,t1)| < € for each t > t; +T. Because t; > 0
was arbitrarily chosen, we are done.

Oé(|¢(t,l’0,t1|)

4. Here, we restrict v(x,t) and —v(z,t) to be positive definite (not just locally positive
definite). As a result, we can reapply the above proof, with r,§ — oo, and arrive at the
desired conclusion.
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B.3 Exponential Stability Theorem:

Theorem B.3 (Exponential Stability Theorem (Theorem 5.17, pg. 195)). Suppose f(z,1) :
R+ x R™ — R"™ has continuous first partial derivatives in x, and is piecewise continuous in t.
Then the following two statements are equivalent:

1. x = 0 is a locally exponentially stable equilibrium point of & = f(x,t):, i.e. there exists
some h,m,a > 0 such that for each x € By,:

(1, t0)| < me ")

2. There exists a function v(x,t) and some h,ay, as, ag, oy > 0 such that:

o |z)? < vz, t) < aglz)? (B.13)
%(%t) it < —as|z|? (B.14)
] < o1
Proof.
(1) = (2)” : Below, we verify each of the above three inequalities, i.e. (B.13), (B.14)),

and (B.15), in turn. We start by defining a suitable value function v(x,t) that exploits the
exponentially decaying nature of the state:

t+T
et = [ oz )2 dr,

where T > (2/a)Inm. (Recall that ¢(t,x,t9) denotes the trajectory of the system & =
f(z,t), z(tg) = to, starting from z at time ¢y).

1. B3

First, observe that since f(x,t) has continuous first partial derivatives with respect
to x, the function f(z,t) must be Lipschitz continuous with respect to x. Let k denote
the Lipschitz constant. Since the system is exponentially stable with rate «, Theorem
implies there exists some h > 0 such that:

2" < Jo(r, 2, 1) < mlzfem Y

Substituting into the definition of v(z,t) and integrating, we obtain:

1—e 2T 1 — e=2/T\m2
L o < ooy < L2 M
which establishes (B.13)), with:
1 — =T (1 — e~2/T)m?
g =—-", ay=-—r—

2k 2c0
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(IB.14)):

Differentiating v(z, t) with respect to ¢, we have:

dv t+T d
@) =let+ Tz, — [o(t, 2,1 +/ (o(r 2t 0)]") dr
t
S 26—204T|l,|2 _ |l‘|2 +0
S _(1 o mQG—ZaT)|l,|2

which, by definition of T, satisfies (B.15]), with:

ay=1—m2e 2T

(IB.15)):

Differentiating v(x,t) with respect to each component of the state x;, we have:

g =2 [ 3ot tdr (5.1

Observe that, since ¢(7,x) is smooth and ”well-behaved” in general:

E (a_x](Taxat)> - a_x] (E(Taxat)>
B "9 0@ 0oy,

B Z Oxy, (5’7’ t)) Oz o, T
—~ 0f; O

= T, 2,1
p axk( ) 0z

— (7, x,1),

along the trajectory satisfying & = f(z,t), z(tg) = xo. If we define:

09, dfi
Ay =
o, —(7,2,1), ii(z,t) o, (x,t)

Qij(T,2,t) =
we find that the above equations can be rewritten in the compact form:

%Q(T, xZ, t) = A(¢(T, T, t)a t) ’ Q(T’ Z, t)

In other words, Q(7, z, t) is the state transition matrix associated with A(¢(7, x,t),t).
Since we assume that the partials of f with respect to x, it follows that there exists some
k > 0 such that:
= |Q(r,z,t)] < 770,



272 APPENDIX B. APPENDIX TO LECTURE 15
Using this and (B.16]), we have:
o t+T
'_U(x’t)‘ < 2/ m|x|€(l~c—a)(r—t) dr
Ox ;

which satisfies (B.15) with:

2m(etF=e)T 1

M= k—«
7(2)=(1)": This direction is straightforward. From (B.13)), (B.14)), (B.15]), we have:
U(xvt) S —%’U(ZE, t)v
Q2
— %3 (t—to)

=v(x(t),t) <v(x(ty),to) e °2
S s < v(a(t),t) < o(a(to) o) - e B < aglafi) e HO

= a(t) < ) 2alty)] - e w7
an
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B.4 Lyapunov Equation: Uniqueness of Solution

Our alternative proof of Lemma will involve properties of the Krnoecker product of
matrices, as derived and explained in detail in Professor Chee-Fai Yung’s Lecture Notes on
Mathematical Control Theory [12]. We begin with its definition below.

Definition B.4 (Kronecker Product). Given A = [aij|mxn € C™*™ and B = [b;j],xq € CP*Y,
the Kronecker product of A and B is defined as:

aHB CLHB s alnB

a21B CL22B s aan
A® B = . . ) )

anlB anQB e annB

mpxng

Example. If A € R?*? and B € R?*3 are given as:

12 2 4 6
A:{?, 4}’ B:[o ~1 2,}

then the Kronecker product of A and B is defined as:

2 4 614 8 12

0 -1 20 -2 4

_ 4x6
AR B = 3 16 24 eR

6 12 18
0 -3 6|0 —4 7

Note. Usually, we denote the i-th row, j-th column element of a matrix A € R™*" by " A;;.”

For tensor products, we will use a slightly modified version of this standard notation. Given
A e C™™ and B € CP*?, define:

(A® Bt jjr = (A® B)pii-1)+itqj-1)+"

where:
1_17 ©,Mm,
J=1," , 10,
Z/_la' » D,
j/:]-a' » 4,

and the right-hand side of the above expression uses standard notation. In other words, (A ®
B)y ji denotes the (¢, j') in the (4, j) matrix block. This modified notation will be useful in
subsequent proofs, where it is convenient to perform matrix multiplications one block matrix
at a time. Sometimes, we will mix the two notations:

(A® By = (A® B)igp—1)+ k>
(A® B)rjjr = (A® B jg-1)+j

Again, the right-hand side uses standard notation.
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Some basic properties of Kronecker products are presented below.

Proposition B.5 (Properties of the Kronecker Product). For any complex scalars a and
complex matrices A, B,C, D:

1.

2.

10.

11.

(@A) ® B=A® (aB) = a(A® B).
(A B)T = AT @ BT.
(A® B)* = A*® B*.

(A B)@C=A® (BxC(C).

AR (B+C)=A®B+AxC.

(B+C)@A=BA+C® A.

A B=0 if and only if A=0O or B=0.

If A, B are both symmetric or both Hermitian, then so is A ® B.

If A, B are both upper triangular or both lower triangular, so is A ® B.
(A® B)(C ® D) = (AC) ® (BD).

(A By'=A"1® B~

(Clearly, the tenth statement only holds when the dimensions of A, B,C, D are compatible, and
the eleventh statement only holds when A, B are invertible).

Proof. Part 1 to Part 9 follow from the definition of the Kronecker product, and in some cases,
brute expansion.

For Part 10, observe that:

[(A®B)(C® D], ., = > (A® By s (C & D)y

kﬂ
= E aikbi/k/ckjdk/j/ = [E aikckj
k

— (AC), & (BD),y = [(AC) ® (BD)]
= (A® B)(C® D) = (AC) ® (BD)

. [bi’k'dk’j’]

s
1,77

For Part 11, we apply Part 10:

(AB)(A'@B ™ =(AA Yo (BB ) =1Ix1=1



B.4. LYAPUNOV EQUATION: UNIQUENESS OF SOLUTION 275

Next, we extend the definition of a complex polynomial of two variables to the matrix
case, using the definition of the Kronecker product.

Definition B.6 (Polynomial of Two Square Matrices). Given a polynomial of z,y € C:
p(z,y) = Z pijxi -y
i,j=0
and two square matrices A, B of arbitrary (possibly different) dimensions, define:
PAB) =) pyA'®B
i,j=0
The following theorem describes the relationship between o(p(A, B)) and o(A), o(B).

Theorem B.7. Let p(x,y) be a polynomial of x,y € C, and let A, B be square matrices of
arbitrary (possibly different) dimensions. Then:

a(p(A, B)) = {p(Ni, ;)| \i € 0(A), pi; € 0(B)}.

Proof. Let A, B be square matrices of arbitrary (possibly different) dimensions. Since p(A, B)
is essentially a linear combination of Kronecker products of different powers A and B, we begin
by proving the result for A*® B, for arbitrary 4, j. To that end, let P, @ be invertible matrices
such that:

Ja=PlAP,
Jp=Q 'BQ

are the Jordan forms of A, B, respectively. Then, by Part 10 and Part 11 of the above
proposition, we have:

Jh@ Ty = (PUAP) © (Q'BQ) = (PAP ) © (Q'B'Q)
=P 'eQ N)A'eB)(PrQ)=P2Q) (A" @B (P®Q)

Thus, Ji, ® J% and A* ® B are similar, and thus share the same eigenvalues. By Part 9 of
the above proposition, since J4 and Jp are both upper triangular (by definition of the Jordan
form), so is Ji ® J4%; its eigenvalues can thus be read off its diagonal, as follows:

oA ® BY) = o(J} © J) = (NI € o(A), 1y € o(B)}
Now, let p(z,y) = 3, , prA"B' be given. Then:

p(Ja, Js) =D pudi © Jp
ol

= (PeQ) (Z puAt @ Bl) (P®Q)
k.l

=(P®Q)'p(A,B)(PeQ)™"
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Thus, p(Ja, Jg) and p(A, B) are similar, so:

o(p(A, B)) = o(p(Ja, Jp)) = {p(Xi, )|\ € 0(A), i; € o(B)}

[
Corollary B.8. Let A € C™*" and B € C™ ™, with:
o(A) ={Ali =1,---,n},
o(B) ={p;lj =1,--- ,m}.
Then, we have:
1. 0(A® B) = |\ € o(4), 1y € o(B)},
2. 0(A® I, + 1, ® B) = {\ + pj|\ € 0(A), j € o(B)}.
Proof. Both results follow from the above theorem, by taking
1. pi(z,y) = zy, i.e. p1(A, B) = A® B, and
2. po(z,y) = +y=2a"y’ +2%' ie p(A,B)=Ax 1, +I,® B.
[

Remark. Given A € C™™ and B € C™*™, the expression 0(A ® I, + I, ® B) is sometimes
called the Kronecker sum of A and B.

Definition B.9 (Stacking Operator). Let A € C™*" be arbitrarily given, and let a; denote
the i-th column of A, i.e.:
A= [al ay - an}

Define the stacking operator vec: C™*" — C™ by:
a1
a2

vec(A) =

an

In other words, the stacking operator takes any matriz input and “stacks” up its columns to
create a long output vector.

Remark. Observe that vec is linear, i.e. for any A, B € C™*" and a, b €, we have:
vec(aA + bB) = avec(A) + bvec(B)

It is also bijective, since it simply ”stacks up” the columns of a matrix into a long column
vector without changing any of its elements.
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The following theorem presents an interesting relationship between the Kronecker product
and the vec operator.

Theorem B.10. Let A € C™*", B € CP*9, and X € C"*P be arbitrarily given. Then:
vec(AX B) = (BT ® A)vec(X)

Proof. The proof follows via brute-force expansion. For each i =1,--- ,m, 7 =1,--- ,q:

(vec(AXB)) . i1yss = (AXB); Z Z Air X B

k=1 k'=1

q n

k'=1 k=1

q n

= Z Z(BT R A)ji,k’k: (VeC(X))n(k,_1)+k
k'=1 k=1
np

= Z(BT ® A)jia (VeC(X))l

=1
= ((B" @ A)vee(X)), i 14

where we have used the modified notation defined earlier. The desired result follows. [ |

Remark. The above theorem allows us to reformulate linear matrix equations. Consider:

N
i=1

where A; € C™*", B; € CP*? for eachi =1,--- , N, and X € C"*P. Applying the vec operator

to the above equation and swapping the left- and right-hand sides, we have:

N

Z(BZT ® A;)

i=1

vec(C) = ZVQC(AiXBi> =

i=1

vec(X)

which resembles the familiar form of the matrix equation "Ax = b.” We will use a similar
technique below.

Definition B.11 (Sylvester Equation). The Sylvester Equation is of the form:
AX — XB=-C, (B.17)
where A, B,C € C™" are known, while X € C™*" is unknown.

Remark. The Sylvester Equation, which works out to be a system of linear equations, is used
in output regulation. It includes the Lyapunov Equation as a special case; indeed, we recover
the Lyapunov Equation from the Sylvester Equation by replacing A, B, C' with A*, —A* @),
respectively, then swap A for A*:

A X+ XA+ Q.
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The next theorem uses properties of the Kronecker product and stacking operator
(specifically, Theorem and Corollary|B.8)), to establish a necessary and sufficient condition
under which the Sylvester Equation has a unique solution.

Theorem B.12. The Sylvester Equation has a unique solution if and only if A, B share no
common eigenvalue, i.e.:
g(A)No(B) = ¢.

Proof. Applying the vec operator on both sides of the Sylvester Equation, and applying Theorem
m we have the following equivalent (because vec is bijective) equation:

(I, ® A— BT @ I,)vec(X) = —vec(C).

Thus, the Sylvester Equation has a unique solution if and only if (1, ® A— BT ®1I,,) is invertible,
i.e. if 0 is not one of its eigenvalues (given by Corollary :

o((1, & A= B @ 1) = {1 = M|\ € o(A), 1y € o(B)}.
Thus, the following statements are equivalent:

The Sylvester Equation has a unique solution
«—=0o((I, ® A— BT ® I,,) does not contain 0
= F N, VA €o(A),u € o(B)
<= A, B have distinct eigenvalues.

This establishes the theorem. [ |

Lemma B.13. Consider the system © = Az, where A € R™" and o(A) € C~. Then the
unique solution to Lyapunov’s Fquation, A*P + PA = —Q, is given by:

P= / ATt Qe dt (B.18)
0

In particular, the above integral is well-defined.

Proof. We can verify that (4.4]) solves the Lyapunov Equation by substituting it into the
Lyapunov Equation:

A X + XA = / (A*eA*thAt + eA*thAtA)
0

e d * *
— / a (€A thAt) dt = €A thAt
0

o

= _Q7

0

where the exponential stability of A implies that o(A) € C~, so:

. . *
lim e = lim 2™ = O.
t—o0 t—o0
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It remains to show that (4.4) wuniquely solves the Lyapunov Equation. As remarked
above, the Lypaunov Equation is a special case of the Sylvester Equation, as can be seen by
taking B = —A*. Since A is exponentially stable:

{J(A) eC,
o(B) = o(—A*) = {=M|\ € 0(A)} € CH,

=0(A)Noa(B) = ¢.

By Theorem [B.12} the solution (4.4)) is unique.
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B.5 Indirect Lyapunov’s Method

Theorem B.14 (Indirect Lyapunov’s Method (Theorems 5.41, 5.42, pgs. 215-217)).
Suppose the non-linear system & = f(x,t), x(ty) = x¢ has the linear approzimation.:

= f(x,t) = A()z + fi(x,1), with (B.19)
lim sup M = 0.
|z|—=0 ¢>0 |Z“

Then the following statements hold:

1. If %}PO s bounded in time, and 0 is a uniformly asymptotically stable equilibrium
point of the linearized system:

sy = 2h@ g (B.20)

then 0 is also a locally uniformly asymptotically stable equilibrium point of the original
non-linear system & = f(x,t), x(tg) = 0.

2. 1If %‘x:o is constant in time, and has at least one eigenvalue in C*, then 0 is an
unstable equilibrium point of the original nonlinear system & = f(z,t), z(tg) = xo.

Proof.

1. Since A(+) = % }x=0 is bounded, and 0 is a uniformly asymptotically stable equilibrium

point of (B.20]), the Time-Varying Lyapunov Lemma (Lemma ?7) states that:

P(t) = / O (v, 1)B(r, 1) dr
t
is bounded above and below, i.e. da, § > 0 such that:
alz* < 2*P(t)r < Blz)?.

In other words, v(z,t) = x*P(t)x is locally positive definite and decrescent. Observe that
P(t) is simply as defined in Time-Varying Lyapunov Lemma (Lemma 4.47)), except with
Q=1

Meanwhile, by Time-Varying Lemma also implies that P(t) is uniformly bounded
in time, i.e. sup,sq || P(t)|| < co. Then (B.19) implies there exists 7 > 0 such that:

1
| <
3supso [ P(1)]

| fi(w, 1) |z], Vx € B,,Vt >0,
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Now, we put together the above two facts, and consider the Lie derivative of v(x,t)
along f(z,t). or each x € B,:
o(z,t) = [Az + fi(, t)]*P(t)x + 2*P(t)x + z*P(t) [Az + fi(z,1)]
= *[P(t) + P()A+ A*(t)P(t)|x + 22" P(t) f1(, )
= —a*[x 4+ 22" P(t) f1(z, 1)
< —laf* + 2] - | PO - 1 fi(2,1)]

2
< ol + 5 - Jol?

IA

1
——’I|2,
3

Thus, —0(x,t) is locally positive definite, so 0 is a locally uniformly asymptotically stable
equilibrium point of & = f(z,t), z(ty) = 0.

2. From the theorem statement, we know that:

AO = am

=0

is independent of time. Now, consider the Lyapunov equation:
AP+ PAy = 1.

If 0(Ap) NC° = ¢, then the Taussky Lemma implies that the Lyapunov equation has a
unique solution; moreover, since Ay has at least one eigenvalue in C*, the unique solution
P ahs at least one positive eigenvalue. Then v(z,t) = x* Pz has positive values arbitrarily
close to the origin, and is decrescent (since v(z,t) < || P - |z/?).

Now, from ([B.19)), we know there exists some r > 0 such that:
|f1 (.73, t>| <
3|1
Thus, from the proof of the first part of this theorem:
o(z,t) = 2" [PA+ AjP|x + 22" P fy(z,1)
=a*lx + 20" P f1(x,t)
> |2 = 2fz] - |1P]| - | fulz, 1))

|z, Vo € B, Vt >0,

1
> <=l
3
Thus, 9(z,t) is decrescent. By the Basic Instability Theorem (Theorem [4.51)), the given
system is unstable.

If Ay has at least one eigenvalue in C~, and at least another on C°, the desired
result follows by continuity.
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