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Chapter 1

Introduction

1.1 Objectives of the course

This course has two main objectives. The first (and more obvious) is for students to learn something
about linear systems. Most of the course will be devoted to linear time varying systems that evolve
in continuous time ¢t € R;. These are dynamical systems whose evolution is defined through state
space equations of the form

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

where x(t) € R™ denotes the system state, u(tf) € R™ denotes the system inputs, y(t) € RP denotes
the system outputs, A(t) € R"*", B(t) € R™*™, C(t) € RP*", and D(t) € RP*™ are matrices of
appropriate dimensions, and where, as usual, z(t) = %(t) denotes the derivative of x(t) with respect

to time.

Time varying linear systems are useful in many application areas. They frequently arise as models
of mechanical or electrical systems whose parameters (for example, the stiffness of a spring or the
inductance of a coil) change in time. As we will see, time varying linear systems also arise when
one linearizes a non-linear system around a trajectory. This is very common in practice. Faced with
a nonlinear system one often uses the full nonlinear dynamics to design an optimal trajectory to
guide the system from its initial state to a desired final state. However, ensuring that the system
will actually track this trajectory in the presence of disturbances is not an easy task. One solution
is to linearize the nonlinear system (i.e. approximate it by a linear system) around the optimal
trajectory; the approximation is accurate as long as the nonlinear system does not drift too far away
from the optimal trajectory. The result of the linearization is a time varying linear system, which
can be controlled using the methods developed in this course. If the control design is done well, the
state of the nonlinear system will always stay close to the optimal trajectory, hence ensuring that
the linear approximation remains valid.

A special class of linear time varying systems are linear time invariant systems, usually referred to
by the acronym LTI. LTI systems are described by state equations of the form

&(t) = Ax(t) + Bu(t),

y(t) = Ca(t) + Duft),
where the matrices A € R"*", B € R"*™ (C € RP*™ and D € RP*™ are constant for all times

t € Ry. LTI systems are somewhat easier to deal with and will be treated in the course as a special
case of the more general linear time varying systems.
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The second and less obvious objective of the course is for students to experience something about
doing automatic control research, in particular developing mathematical proofs and formal logical
arguments. Linear systems are ideally suited for this task. There are two main reasons for this. The
first is that almost all the derivations given in the class can be carried out in complete detail, down to
the level of basic algebra. There are very few places where one has to invoke “higher powers”, such as
an obscure mathematical theorem whose proof is outside the scope of the course. One can generally
continue the calculations until he/she is convinced that the claim is true. The second reason is that
linear systems theory brings together two areas of mathematics, algebra and analysis. As we will
soon see, the state space, R", of the systems has both an algebraic structure (it is a vector space)
and a topological structure (it is a normed space). The algebraic structure allows us to perform
linear algebra operations, compute projections, eigenvalues, etc. The topological structure, on the
other hand, forms the basis of analysis, the definition of derivatives, etc. The main point of linear
systems theory is to exploit the algebraic structure to develop tractable “algorithms” that allow us
to answer analysis questions which appear intractable by themselves.

For example, consider the time invariant linear system
z(t) = Ax(t) + Bu(t) (1.1)

with z(t) € R™, u(t) € R™, A € R"*" and B € R"*™. Given zy € R”, T > 0 and a continuous
function u(-) : [0,7] — R™ (known as the input trajectory) one can show (Chapter 3) that there
exists a unique function z(-) : [0,7] — R™ such that

x(0) = xo and #(t) = Az(t) + Bu(t), for allt e [0,T]. (1.2)

This function is called the state trajectory (or simply the solution) of system (1.1) with initial
condition xo under the input u(-). As we will see in Chapter 3, u(-) does not even need to be
continuous for (1.2) to be true, provided one appropriately qualifies the statement “for all ¢ € [0,7T7]”.

System (1.1) is called controllable (Chapter 8) if and only if for all xy € R", for all & € R™, and for
all T > 0, there exists u(-) : [0, 7] — R™ such that the solution of system (1.1) with initial condition
2o under the input wu(-) is such that x(T") = Z. Controllability is clearly an interesting property for
a system to have. If the system is controllable then we can guide it from any initial state to any
final state by selecting an appropriate input. If not, there may be some desirable parts of the state
space that we cannot reach from some initial states. Unfortunately, determining whether a system is
controllable directly from the definition is impossible. This would require calculating all trajectories
that start at all initial conditions. Except for trivial cases (like the linear system (¢) = u(t)) this
calculation is intractable, since the initial states, x(, the times T of interest, and the possible input
trajectories u(+) : [0,7] — R™ are all infinite. Fortunately, linear algebra can be used to answer the
question without even computing a single solution (Chapter 8).

Theorem 1.1 System (1.1) is controllable if and only if the matriz [B AB ... A""'B] € Rmxnm
has rank n.

The theorem shows how the seemingly intractable analysis question “is the system (1.1) control-
lable?” can be answered by a simple algebraic calculation of the rank of a matrix.

The treatment in these notes is inspired by [6] in terms of the level of mathematical rigour and at
places the notation and conventions. Coverage and style of presentation of course differ substantially.
There are many good reference books for linear systems theory, including [5, 1, 2, 9] and, primarily
for linear time invariant systems, [11].

1.2 Proof methods

Most of the course will be devoted to proving theorems. The proof methods that we will encounter
are just a set of tools, grounded in mathematical logic and widely accepted in the mathematical



Lecture Notes on Linear System Theory, (©) J. Lygeros & F. A. Ramponi, 2015 3

community, that let us say that a proposition is true, given that others are true. A “Theorem” is
indeed a logical statement that can be proven: This means that the truth of such statement can
be established by applying our proof methods to other statements that we already accept as true,
either because they have been proven before, or because we postulate so (for example the “axioms”
of logic), or because we assume so in a certain context (for example, when we say “Let V be a vector
space ...” we mean “Assume that the set V verifies the axioms of a vector space ...”).

Theorems of minor importance, or theorems whose main point is to establish an intermediate step in
the proof of another theorem, will be called “Lemmas”, “Facts”, or “Propositions”; An immediate
consequence of a theorem that deserves to be highlighted separately is usually called a “Corollary”.

And a logical statement that we think may be true but cannot prove so is called a “Conjecture”.

The logical statements we will most be interested in typically take the form

p=4q

(p implies ¢). p is called the hypothesis and ¢ the consequence.

Example (No smoke without fire) It is generally accepted that when there is smoke, there must
be some a fire somewhere. This knowledge can be encoded by the logical implication

If there is smoke then there is a fire
p = q.

This is a statement of the form p = ¢ with p the statement “there is smoke” and ¢ the statement
“there is a fire”. ]

Hypotheses and consequences may typically depend on one or more free variables, that is, objects
that in the formulation of hypotheses and consequences are left free to change.

Example (Greeks) Despite recent economic turbulence, it is generally accepted that Greek citizens
are also Europeans. This knowledge can be encoded by the logical implication

If X isa Greek then X is a European
p(X) = q(X).

7

A sentence like “X is a ...” is the verbal way of saying something belongs to a set; for example the
above statement can also be written as

X € Greeks = X € Europeans,

where “Greeks” and “Europeans” are supposed to be sets; the assertion that this implication is true
for arbitrary X (VX, X € Greeks = X € Europeans) is equivalent to the set-theoretic statement of
inclusion:

Greeks C  FEuropeans.

You can visualize the implication and its set-theoretic interpretation in Figure 1.1. n
There are several ways of proving that logical statements are true. The most obvious one is a direct
proof: Start from p and establish a finite sequence of intermediate implications, p1, p2, ..., Pn

leading to ¢
P=pP1L=>pP2 = ...= DPn =>4(.

We illustrate this proof technique using a statement about the natural numbers.

Definition 1.1 A natural number n € N is called odd if and only if there exists k € N such that
n=2k+ 1. It is called even if and only if there exists k € N such that n = 2k.
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People

Europeans

Figure 1.1: Set theoretic interpretation of logical implication.

One can indeed show that all natural numbers are either even or odd, and no natural number is
both even and odd (Problem 1.1).

Theorem 1.2 If n is odd then n? is odd.

Proof:

nisodd< FkeN : n=2k+1
=3keN:n?=2k+1)(2k+1)
=3k eN: n?=4k*+4k+1
=3k eN : n?=22k* +2k)+1
=3 eN: n?=20+1 (namely, | = 2k* + 2k € N)
= n?is odd

This proof principle can also be exploited to perform proof by induction. Proof by induction concerns
propositions, py, indexed by the natural numbers, k € N, and statements of the form

Vk € N, pg is true.

One often proves such statements by showing that py is true and then establishing and infinite
sequence of implications
Po=>P1L=>pP2 = ....

Clearly proving these implications one by one is impractical. It suffices, however, to establish that
Pk = pi41 for all k € N, or in other words

[po A (pk = Pr+1, Vk €N)] = [pg, Vk€N].

We demonstrate this proof style with another statement about the natural numbers.

Definition 1.2 The factorial, n!, of a natural number n € N is the natural number n!l =n-(n—1)-
...-2-1. By convention, if n =0 we set n! = 1.

Theorem 1.3 For all m,k € N, (m + k)! > mlkl.

Proof: It is easy to check that the statement holds for the special cases m = kK = 0, m = 0 and
k=1,and m =1 and k = 0. For the case m =k =1, (m + k)! = 2! > 111! = mlkl.
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Assume now that for some m,k € N, (m + k)! > mlk! (we call this the induction hypothesis) and
show that for m,k+1, (m+k+1)! > ml(k+1)! (also (m+1)!k! for the case m+ 1, k, by symmetry).

m+k+1)!=m+Ek)!(m+Ek+1)
> m!kl(m + k + 1) (by the induction hypothesis)
> mlk!(k + 1) (since m € N)
=ml(k+1)!

which completes the proof. n

Even though there is no direct way to illustrate proof by induction using statements about Greeks
and other nationalities, one could in principle use a similar line of reasoning to prove a statement
like “once a Greek always a Greek” by arguing that children with at least one Greek parent are
themselves Greek.

Sometimes direct proof p = ¢ is difficult. In this case we try to find other statements that are
logically equivalent to p = ¢ and prove these instead. An example of such a statement is -q = —p,
or in logic notation

(mg=-p) = (=9
Example (Greeks (cont.)) The statement that all the Greeks are Europeans is also equivalent to

If X is not a European then X is not a Greek
—q(X) = —p(X).

In turn, this is equivalent to the set theoretic statement
non-Furopeans C non-Greeks.

If we stipulate a priori that all the possible X we may consider in our discourse belong to some “big”
set (i.e., “People”), in fact this is also equivalent to

People \ Europeans = Europeans® C  Greeks® = People \ Greeks.

where \ denotes the difference of two sets and the superscript ¢ denotes the set-complement with
respect to “People”.

Exercise 1.1 Visualize this set theoretic interpretation by a picture similar to Figure 1.1.

A proof where we show that p = ¢ is true by showing —¢ = —p is true is known as a proof by
contraposition. We illustrate this proof technique by another statement about the natural numbers.

Theorem 1.4 Ifn? is odd then n is odd.

Proof: Let p = “n? is odd”, ¢ = “n is odd”. Assume n is even (—¢q) and show that n? is even (—p).

niseven < dk e N : n =2k
= 3k eN : n? =4k?
=3 €N : n=20 (namely, | = 2k* € N)

= n? is even.
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Another common method that can be used to indirectly prove that p = ¢ is to suppose that p
is true, to suppose that ¢ is false, and to apply other proof methods to derive a contradiction. A
contradiction is a proposition of the form r A —r (like “There is smoke and there is no smoke”, or
“n is even and n is odd”); all such statements are postulated to be false by virtue of their mere
structure, and irrespective of the proposition r. If, by assuming p is true and ¢ is false we are able
to reach a false assertion, we must admit that if p is true the consequence ¢ cannot be false, in other
words that p implies ¢. This method is known as proof by contradiction.

Example (Greeks and Chinese) Suppose the following implications: for all X

X is a Greek = X is a European
X is a Chinese = X is an Asian

X is an Asian = X is not a European

We show by contradiction that every Greek is not a Chinese, more formally

If X isa Greek then X isnot a Chinese
p(X) = q(X)

Indeed, suppose p(X) and the converse of q(X), that is, X is a Chinese. By direct deduction,

X is a Greek A X is a Chinese
I

X is a European A X is an Asian

4

X is a European A X is not a European

Since the conclusion is a contradiction for all X', we must admit that p(X) A —¢g(X) is false or, which
is the same, that p(X) = ¢(X). The set-theoretic interpretation is as follows: By postulate,

Europeans N non-Europeans =
On the other hand, by deduction,
(Greeks N Chinese) C (Europeans N non-Europeans)

It follows that Greeks N Chinese is also equal to the empty set. Therefore (here is the point of the
above proof), Greeks C non-Chinese.

Exercise 1.2 Visualize this set theoretic interpretation by a picture similar to Figure 1.1.

We will illustrate this fundamental proof technique with another statement, about rational numbers.
Definition 1.3 The real number x € R is called rational if and only if there exist integers n,m € Z
with m # 0 such that x = n/m.

Theorem 1.5 (Pythagoras) v/2 is not rational.

Proof: (Euclid) Assume, for the sake of contradiction, that /2 is rational. Then there exist n,m € Z
with m # 0 such that v/2 = n/m. Since v/2 > 0, without loss of generality we can take n,m € N; if
they happen to be both negative multiply both by —1 and replace them by the resulting numbers.



Lecture Notes on Linear System Theory, (©) J. Lygeros & F. A. Ramponi, 2015 7

Without loss of generality, we can further assume that m and n have no common divisor; if they do,
divide both by their common divisors until there are no common divisors left and replace m and n
by the resulting numbers. Now
2
\@:£¢2:£§
m m

= n?=2m?

= n? is even

= n is even (Theorem 1.4 and Problem 1.1)

=3dke N : n=2k

= 3JkeN : 2m? =n? = 4k*

=3JkeN : m? =2k

= m? is even

= m is even (Theorem 1.4 and Problem 1.1).

Therefore, n and m are both even and, according to Definition 1.1, 2 divides both. This contradicts
the fact that n and m have no common divisor. Therefore v/2 cannot be rational. ™

Exercise 1.3 What is the statement p in Theorem 1.57 What is the statement ¢?7 What is the
statement r in the logical contradiction r» A —r reached at the end of the proof?
Two statements are equivalent if one implies the other and vice versa,

(p < q) is the same as (p = ¢) A (¢ = p)

Usually showing that two statements are equivalent is done in two steps: Show that p = ¢ and then
show that ¢ = p. For example, consider the following statement about the natural numbers.

Theorem 1.6 n? is odd if and only if n is odd.

Proof: n is odd implies that n? is odd (by Theorem 1.2) and n? is odd implies that n is odd (by
Theorem 1.4). Therefore the two statements are equivalent. ]

This is argument is related to the canonical way of proving that two sets are equal, by proving two
set inclusions A C B and B C A. To prove these inclusions one proves two implications:
XeA=XeB
XeB=XcA
or, in other words, X € A< X € B.

Finally, let us close this brief discussion on proof techniques with a subtle caveat: If p is a false
statement then any implication of the form p = ¢ is true, irrespective of what ¢ is.

Example (Maximal natural number) Here is a proof that there is no number larger than 1.

Theorem 1.7 Let N € N be the largest natural number. Then N = 1.

Proof: Assume, for the sake of contradiction, that N > 1. Then N? is also a natural number and
N? > N. This contradicts the fact that N is the largest natural number. Therefore we must have
N =1. ]

Obviously the “theorem” in this example is saying something quite silly. The problem, however,
is not that the proof is incorrect, but that the starting hypothesis “let N be the largest natural
number” is false, since there is no largest natural number. ]
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X—>Y

N/

Figure 1.2: Commutative diagram of function composition.

1.3 Functions and maps
A function
f:X—=Y

maps the set X (known as the domain of f) into the set ¥ (known as the co-domain of f). This
means that for all z € X there exists a unique y € Y such that f(x) =y. The element f(z) € Y is
known as the value of f at x. The set

{yeY |TreX : fla)=y} CY
is called the range of f (sometimes denoted by f(X)) and the set
{(z,y) e X XY [y =flr)} S X xYV
is called the graph of f.

Definition 1.4 A function f: X =Y is called:

1. Injective (or one-to-one) if and only if f(x1) = f(x2) implies that x1 = xa.
2. Surjective (or onto) if and only if for all y € Y there exists x € X such that y = f(x).

3. Bijective if and only if it is both injective and surjective, i.e. for ally € Y there exists a unique
x € X such that y = f(x).

Given two functions g : X — Y and f : Y — Z their composition is the function (fog): X — Z

defined by
(f o g)(x) = flg(x)).

Commutative diagrams help visualize function compositions (Figure 1.2).

Exercise 1.4 Show that composition is associative. In other words, for any three functions g : X —
Y, f:Y—>Zandh:W — X and for all we W, fo(goh)(w) = (fog)oh(w).

By virtue of this associativity property, we will simply use fogoh : W — Y to denote the composition
of three (or more) functions.
A special function that can always be defined on any set is the identity function, also called the

identity map, or simply the identity.

Definition 1.5 The identity map on X is the function 1x : X — X defined by 1x(x) = x for all
reX.

Exercise 1.5 Show that the identity map is bijective.

Using the identity map one can also define various inverses of functions.



Lecture Notes on Linear System Theory, (©) J. Lygeros & F. A. Ramponi, 2015 9

gLoflxo,X\f/Y X‘\f/Y Jogr=1y
/
90f1X<>X\/Y Jog=1ly

Figure 1.3: Commutative diagram of function inverses.

Definition 1.6 Consider a function f: X — Y.

1. The function gr, : Y — X is called a left inverse of f if and only if g, o f = 1x.
2. The function gr 1 Y — X is called a right inverse of f if and only if fogr = 1y.

3. The function g : Y — X 1is called an inverse of [ if and only if it is both a left inverse and a
right inverse of f, i.e. (go f=1x)A(fog=1y).

f s called invertible if an inverse of f exists.

The commutative diagrams for the different types of inverses are shown in Figure 1.3. It turns out
that these different notions of inverse are intimately related to the infectivity and subjectivity of the
function f.

Theorem 1.8 Consider two sets X and Y and a function f: X =Y.

1. f has a left inverse if and only if it is injective.
2. f has a right inverse if and only if it is surjective.
3. f is invertible if and only if it is bijective.

4. If f is invertible then any two inverses (left-, right- or both) coincide.

Proof: Parts 1-3 are left as an exercise (Problem 1.2). For part 4, assume, for the sake of contra-
diction, that f is invertible but there exist two different inverses, g1 : Y — X and g2 : ¥ — X (a
similar argument applies to left- and right- inverses). Since the inverses are different, there must
exist y € Y such that g1 (y) # g2(y). Let 1 = g1(y) and x5 = ¢g2(y) and note that x1 # 5. Then

o1 =g1(y) =1x 0 91(y) = (920 f) o g1(y) (g2 inverse of f)
=go0o(fogi)(y) (composition is associative)

=g201y(y) (g1 inverse of f)
= g2(y) = x2.

This contradicts the assumption that x; # x5. u
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Problems for chapter 1

Problem 1.1 (Even and odd numbers) Show that every n € N is either even or odd, but not
both.

Problem 1.2 (Inverses of functions) Consider two sets X and Y and a function f : X — Y.
Show that:

1. f has a left inverse if and only if it is injective.
2. f has a right inverse if and only if it is surjective.

3. f is invertible if and only if it is bijective.



Chapter 2

Introduction to Algebra

2.1 Groups

Definition 2.1 A group (G,x*) is a set G equipped with a binary operation * : G x G — G such
that:

1. The operation * is associative: Ya,b,c € G, a* (bxc) = (a*b) *c.
2. There exists an identity element: de € G, Va € G, axe=e*xa = a.

3. Every element has an inverse element: Ya € G, Ja ' € G, axa ' =a 'xa=e.

(G, %) is called commutative (or Abelian) if and only if in addition to 1-3 above

4. * is commutative: Ya,b € G, axb="bx*a.

Example (Common groups)
(R, +) is a commutative group. What is the identity element? What is the inverse?
(R, -) is not a group, since 0 has no inverse.

The set ({0,1,2}, +mod3) is a group. What is the identity element? What is the inverse? Is it
commutative? Recall that (0 4+ 1)mod3 = 1, (1 4 2)mod3 = 0, (2 + 2)mod3 = 1, etc.

The set of rotations of R? (usually denoted by SO(2), or U(1) or S(1)) given by

([ Yo nm})

with the usual operation of matrix multiplication is a group'. What is the identity? What is the
inverse? m

Fact 2.1 For a group (G, *) the identity element, e, is unique. Moreover, for all a € G the inverse

element, ™", is unique.

1For the time being, the reader is asked to excuse the use of matrices in the examples. Matrices will be formally
defined in the next section, but will be used in the meantime for informal illustrations.

11
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Proof: To show the first statement, assume, for the sake of contradiction, that there exist two
identity elements e,e¢’ € G with e Z¢€’. Then for alla € G, exa=a*xe=a and ¢/ xa=ax*e' = a.
Then:

which contradicts the assumption that e # €’.

To show the second statement, assume, for the sake of contradiction, that there exists a € G with
two inverse elements, say a; and as with a; # as. Then

a1 =apxe=ay*(a*xaz) = (a1 *a)*ay =e*ax = as,

which contradicts the assumption that a; # as. ™

2.2 Rings and fields

Definition 2.2 A ring (R,+,-) is a set R equipped with two binary operations, + : R x R — R

(called addition) and - : R x R — R (called multiplication) such that:

1. Addition satisfies the following properties:

o It is associative: Va,b,c € R, a+ (b+¢c) = (a+b) +c.

e [t is commutative: Ya,b € R, a+b=b+ a.

e There exists an identity element: 30 € R, Va € R, a + 0 = a.

e FEvery element has an inverse element: Ya € R, I(—a) € R, a + (—a) = 0.

2. Multiplication satisfies the following properties:

o It is associative: Ya,b,c € R, a-(b-¢c)=(a-b)-c.
o There exists an identity element: 31 € R,Ya € R, 1-a=a-1=a.

3. Multiplication is distributive with respect to addition: Ya,b,c € R, a-(b+c¢)=a-b+a-c and
(b+c)-a=b-a+c-a.

(R,+,-) is called commutative if in addition Ya,b € R, a-b="b-a.
Example (Common rings)

(R, +,-) is a commutative ring.

(R™*™ 4 .) with the usual operations of matrix addition and multiplication is a non-commutative

ring.
([ s Yo omm). )

with the same operations is not a ring, since it is not closed under addition.

The set of rotations

(R[s], +, -), the set of polynomials of s with real coefficients, i.e. a,s" +a,_15" "' +...+ag for some
n € N and ag,...,a, € R is a commutative ring.

(R(s),4+, ), the set of rational functions of s with real coefficients, i.e.

A 8™ F A—18™ ..+ ag
bps™ 4+ b,_18" L 4+ ...+ by
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for some n,m € N and ag, ..., am, by, -..,b, € R with b, # 0 is a commutative ring. We implicitly
assume here that the numerator and denominator polynomials are co-prime, that is they do not
have any common factors; if they do one can simply cancel these factors until the two polynomials
are co-prime. For example, it is easy to see that with such cancellations any rational function of the

form
0

bps™ 4+ by_18"~ L 4+ ...+ by

can be identified with the rational function 0/1, which is the identity element of addition for this
ring.

(Rp(s),+,-), the set of proper rational functions of s with real coefficients, i.e.

ans" + ap_1s" L+ ..+ ao
bps™ 4 by 1871 4+ ..+ by

for some n € N with aq, ..., an,bo,...,b, € R with b, # 0 is a commutative ring. Note that a,, = 0
is allowed, i.e. it is possible for the degree of the numerator polynomial to be less than or equal to
that of the denominator polynomial. n

Exercise 2.1 Show that for every ring (R, +, -) the identity elements 0 and 1 are unique. Moreover,
for all @ € R the inverse element (—a) is unique.

Fact 2.2 If (R,+,-) is a ring then:

1. Forallae R,a-0=0-a=0.
2. Foralla,be R, (—a)-b=—(a-b) =a- (-b).
Proof: To show the first statement note that

a+0=a=a-(a+0)=ac-a=a-a+a-0=a-a
= —(a-a)+a-a+a-0=—(a-a)+a-a
=04+a-0=0=a-0=0.

The second equation is similar. For the second statement note that
0=0-b=(a+(-a))-b=a-b+(—a)-b=—(a-b) = (—a)-b.

The second equation is again similar. n
Definition 2.3 A field (F,+,") is a commutative ring that in addition satisfies
o Multiplication inverse: Ya € F witha #0, 3a ' € F, a-a~ ' = 1.
Example (Common fields)
(R, +, ) is a field.

(R™*™ 4.} is not a field, since singular matrices have no inverse.

({A € R™*™ | DET(A) # 0}, 4+, -) is not a field, since it is not closed under addition.

([ i Yoemm).s)

is not a field, it is not even a ring.

The set of rotations
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(R[s], +,-) is not a field, since the multiplicative inverse of a polynomial is not a polynomial but a
rational function.

(R(s),4+, ) is a field.

(Rp(s),+,-) is not a field, since the multiplicative inverse of a proper rational function is not neces-
sarily proper. n

Exercise 2.2 If (F, +,) is a field then for all a € R the multiplicative inverse element a~! is unique.

Exercise 2.3 Show that if (F,+,-) is a field and @ # 0 then a-b = a - ¢ < b = c. Is the same true
for a ring? Illustrate using an example from R2*2,

Given a field (F,+,-) and integers n, m € N one can define matrices

aill N A1m,
A= o : e prxm
an1 e Qpm
with a11,...,0nm € F. One can then define the usual matrix operations in the usual way: ma-

trix multiplication, matrix addition, determinant, identity matrix, inverse matrix, adjoint matrix,
.... We assume that the reader is familiar with these operations from basic linear algebra, a brief
summary is provided in Appendix B.

Matrices can also be formed from the elements of a commutative ring (R, +,-).

Example (Transfer function matrices) As we will see in Chapter 5, the set of “transfer functions”
of time invariant linear systems with m inputs and p outputs are p X m matrices whose elements are
proper rational functions,

#(t) = Ax(t) + Bu(t
(

y(t) = Ca(t) + Du(t)) } = G(s) = O(s] = )7 B+ D € Ry(s)” ™.

There are, however, subtle differences.

Fact 2.3 Assume that (R, +,-) is a commutative ring, A € R"*"™, and DET(A) # 0. It is not always
the case that A=1 exists.

Roughly speaking, what goes wrong is that even though DETA # 0, the inverse (DETA)~! may not
exist in R. Then the inverse of the matrix defined as A=! = (DET(A))"'ADJ(A) is not defined.

The example of the transfer function matrices given above illustrates the point. Consider, for
example, the case m = p = 2 and the matrix

=

V)
—
A

6=

] € R,(s)?*2.
_s+l

@
+
—

Note that DET[G(s)] = (erLlP # 0 but

~1 _ ADJ[G(5)] _ S §)2%2
60 = e | | R

In other words, the elements of the inverse of a transfer function matrix are not necessarily proper
rational functions, and hence the inverse matrix cannot be the transfer function of a linear time
invariant system.
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2.3 Linear spaces

We now come to the algebraic object of greatest interest for linear systems, namely linear (or vector)
spaces.

Definition 2.4 A linear space (V, F,®,©) is a set V (of vectors) and a field (F,+,-) (of scalars)
equipped with two binary operations, ® : V. x V. — V (called vector addition) and ® : F xV — V
(called scalar multiplication) such that:

1. Vector addition satisfies the following properties:

e [t is associative: Vr,y,z €V, 2@ (y®z) = (2 Dy) ® 2.
o [t is commutative: Y,y eV, xSy =y dx.
o There exists an identity element: 30 € V, Vx € V, B0 = .

e For every element there exists an inverse element: Vx € V, 3(6x) € V, x @ (6x) = 0.
2. Scalar multiplication satisfies the following properties:

o It is associative: Va,be F,z €V, a® (boz) = (a-b) ©x.

o Multiplication by the multiplication identity of F leaves elements unchanged: Yxr € V,
1oz ==

3. Scalar multiplication is distributive with respect to vector addition: VYa,b € F, Vz,y € V,
(@+b) 0z =(201) & (bOw) nda® (3 y) = (10 7) & (a©y).

Exercise 2.4 Let (F,+,-) be a field. Show that (F, F,+,-) is a linear space.

As for groups, rings and fields the following fact is immediate.

Exercise 2.5 For every linear space (V, F, &, ®) the identity element 6 is unique. Moreover, for all
x € V there exists a unique inverse element Sx.

The following relations can also be established.

Fact 2.4 If (V,F,®,®) is a linear space and 0 is the addition identity element of F then for all
xeV,00x=0. Moreover, foralla€e F,z €V, (—a) ®x =S(a®x) =a® (On).
The proof is left as an exercise (Problem 2.3).

Once we have found a few linear spaces we can always generate more by forming the so called
product spaces.

Definition 2.5 If (V,F, &y, ®v) and (W, F,®w,Ow) are linear spaces over the same field, the
product space (VX W, F,®,®) is the linear space comprising all pairs (v,w) € V x W with & defined
by (v, w1) @ (v2, wa) = (V1 By V2, w1 Bw we), and © defined by a © (v,w) = (a Oy v,a Ow w).

Exercise 2.6 Show that (VxW, F,®,®) is a linear space. What is the identity element for addition?
What is the inverse element?

Two types of linear spaces will play a central role in these notes. The first is constructed by taking
repeatedly the product of a field with itself.

Example (Finite product of a field) For any field, (F,+, ), consider the product space F". Let
x=(x1,...,2n) EF", y=(y1,...,Yn) € F" and a € F and define & : F* x F" — F™ by

x®y:($1+y177xn+yn)
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and ®: F x F™" — F™ by
a®r=(a -T1,...,a Tp).

Note that both operations are well defined since a, x1,...,Zn, y1,-..,Yyn all take values in the same
field, F'.

Exercise 2.7 Show that (F", F,®,®) is a linear space. What is the identity element 67 What is
the inverse element &z of x € F™?

The most important instance of this type of linear space in these notes will be (R™, R, +, -) with the
usual addition and scalar multiplication for vectors. The state, input, and output spaces of linear
systems will be linear spaces of this type. ™

The second class of linear spaces that will play a key role in linear system theory are function spaces.

Example (Function spaces) Let (V, F, @y, ®v) be a linear space and D be any set. Let F(D, V)
denote the set of functions of the form f : D — V. Counsider f,g € F(D,V) and a € F and define
@:F(D,V)x F(D,V)— F(D,V) by

(f@g): D — V such that (f @ g)(d) = f(d) ®v g(d) Vde D
and ®: F x F(D,V) = F(D,V) by
(a® f): D — V such that (a ® f)(d) =a®y f(d) Vd € D

Note that both operations are well defined since a € F, f(d), g(d) € V and (V, F, ®v,®Ov) is a linear
space.

Exercise 2.8 Show that (F(D,V), F,®,®) is a linear space. What is the identity element? What
is the inverse element?

The most important instance of this type of linear space in these notes will be (F([to, 1], R™), R, +,-)
for real numbers ¢y < t1. The trajectories of the state, input, and output of the dynamical systems
we consider will take values in linear spaces of this type. The state, input and output trajectories
will differ in terms of their “smoothness” as functions of time. We will use the following notation to
distinguish the level of smoothness of the function in question:

C([to, t1], R™) will be the linear space of continuous functions f : [tg, 1] — R".

C1([to, t1],R™) will be the linear space of differentiable functions f : [tg,t1] — R™.

C*k([to, 1], R™) will be the linear space of k-times differentiable functions f : [to, ;] — R™.

C*([to, t1],R™) will be the linear space of infinitely differentiable functions f : [to, t1] — R™.

C*([to, t1],R™) will be the linear space of analytic functions f : [to,t1] — R™, i.e. functions
which are infinitely differentiable and whose Taylor series expansion converges for all ¢ € [tg, t1].

Exercise 2.9 Show that all of these sets are linear spaces. You only need to check that they are
closed under addition and scalar multiplication. E.g. if f and g are differentiable, then so is f @ g.

Exercise 2.10 Show that for all £k = 2,3, ...

CW([tQ,tl],Rn) C Coo([to,tl],Rn) C Ck([to,tl],Rn) C Ckil([to,tl],Rn)
C C([to,tl],Rn) C (]:([to,tl],Rn),R,—f—, )
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Note that all subsets are strict, so there must be functions that belong to one set but not the previous
one. Try to think of examples. ]

To simplify the notation, unless there is special reason to distinguish the operations and identity
element of a linear space from those of the field, from now on we will use the regular symbols +
and - instead of @& and ® for the linear space operations of vector addition and scalar multiplication
respectively; in fact as for real numbers we will mostly ommit - and simply write av instead of a ® v
for a € F, v € V. Likewise, unless explicitly needed we will also use 0 instead of € to denote the
identity element of addition. Finally we will stop writing the operations explicitly when we define
the vector space and write (V, F) or simply V' whenever the field is clear from the context.

2.4 Subspaces and bases

Definition 2.6 Let (V, F') be a linear space and W C V. (W, F) is a linear subspace of V if and only
if it is itself a linear space, i.e. for allwi,wy € W and all a1,as € F, we have that ajwi +agws € W.

Note that by definition a linear space and all its subspaces are linear spaces over the same field. The
equation provides a way of testing whether a given set W is a subspace or not: One needs to check
whether linear combinations of elements of W with coefficients in F' are also elements of W.

Exercise 2.11 Show that if W is a subspace then for alln € N, and a; € F, w; € W fori=1,....n

n
Z a;w; € W.
i=1

Show further that 6y € W. Hence show that Oy = 60y.

Example (Linear subspaces) In R?, the set {(z1,72) € R? | z; = 0} is subspace. So is the set
{(z1,22) € R? | 1 = z2}. But the set {(z1,22) € R? | 23 = 21 + 1} is not a subspace and neither is
the set {(Il,xg) S R2 | (Il = O) V (IQ = O)}

In R3, all subspaces are:
1. R3
2. 2D planes through the origin.

3. 1D lines through the origin.
4. {0}.

For examples of subspace of function spaces consider (R[t],R) (polynomials of ¢ € R with real
coefficients). This is a linear subspace of C°°(R,R), which in turn is a linear subspace of C(R,R).
The set

{fR=oRI|VEeER, |f(t)] <1}

on the other hand is not a subspace of F(R,R). m

Exercise 2.12 Show that {f : R — R | V¥t € R, |f(¢)] < 1} is not a subspace. How about
{fR=>R|IM >0, VteR, |f(t)]|<M}?

It is easy to see that the family of subspaces of a given a linear space is closed under finite addition
and intersection.
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Exercise 2.13 Let {(W;, F')}™_, be a finite family of subspaces of a linear space (V, F'). Show that
(NP_, W;, F) is also a subspace. Is (U W;, F') a subspace?

Exercise 2.14 Let (Wy, F) and (Wa, F) be subspaces of (V, F') and define
Wi+ Wy = {w1 + w2 |’LU1 e Wi,ws € WQ}

Show that (W + Wy, F') is a subspace of (V, F').

A subset of a linear space will of course not be a subspace in general. Each subset of a linear space
does, however, generate a subspace in a natural way.

Definition 2.7 Let (V, F) be a linear space and S C V. The linear subspace of (V, F) generated by S
is the smallest subspace of (V, F) containing S.

Here, “smallest” is to be understood in the sense of set inclusion.

Exercise 2.15 What is the subspace generated by {(z1,z2) € R? | (z1 = 0) V (z2 = 0)}? What is
the subspace generated by {(z1,22) € R? | 29 = 21 + 1}? What is the subspace of R? generated by

{(1,2)}?
Definition 2.8 Let (V, F) be a linear space and S C V. The span of S is the set defined by
SPAN(S) = {Zaivi ‘ neN,aq; € F,v; € S,i= 1,...,n} .
i=1

Fact 2.5 Let (V,F) be a linear space and S C V. The subspace generated by S coincides with
SPAN(S).

Proof: The fact that SPAN(S) is a subspace and contains S is easy to check. To show that is is
the smallest subspace containing S, consider another subspace, W, that contains S and an arbitrary
v € SPAN(S); we will show that v € W and hence SPAN(S) C W. Since v € SPAN(S) it can be

written as N
v = Zaivi
i=1
for some n € N and a; € F, v; € S, i =1,...,n. Since S C W we must also have v; € W,
i=1,...,n and hence v € W (since W is a subspace). E

The elements of SPAN(S) are known as linear combinations of elements of S. Notice that in general
the set S may contain an infinite number of elements; this was for example the case for the set
{(z1,29) € R? | (z1 = 0) V (z2 = 0)} in Exercise 2.15. The span of S, however, is defined as the set
of all finite linear combinations of elements of S.

Definition 2.9 Let (V, F) be a linear space. A set S CV is called linearly independent if and only
if foralln e N, v; € S fori=1,...,n with v; #v; ifi # j,

Y avi=0&a;=0,%i=1,..n

i=1

A set which is not linearly independent is called linearly dependent.

Note again that the set S may be infinite, but we only consider finite linear combinations to define
linear independence.
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Exercise 2.16 Show that a set S C V is linearly independent if and only if none of its elements
can be written as a finite linear combination of other elements in S. Show that every set S that
contains the identity element of vector addition is linearly dependent.

Example (Linearly independent set in R™) The following finite family of vectors are linearly
independent in (R3 R):
{(1,0,0),(0,1,0),(0,0,1)}.

It is easy to show that any linear combination of these vectors is equal to (0,0, 0) if and only if all
three coefficients are equal to 0. [

Example (Linearly independent functions) Consider C([—1,1],R) and let f,(t) = t* for all
t € [-1,1) and k € N. Clearly fx(t) € C([-1,1],R).
Fact 2.6 The vectors of the collection { fr(t)}7>, are linearly independent.

Proof: We need to show that for all n € N
Zaifi:6‘<:>ai =0,Vi=0,...,N.
i=0

Here 6 € C([—1,1],R) denotes the addition identity element for C([—1,1],R), i.e. the function
0 :[—1,1] — R such that 6(¢) = 0 for all t € [-1,1].

One direction (<) is obvious. For the other (=) note that

f(t) Zzn:anfn(t) =ap+ait+...+ant" =0 =f(t) =0Vt € [-1,1]
=0

d dar
t)=—ft)=...= —f() = te|-1,1
=10 = S0 = = T =ovi e [1,1]
d dar
éf(())—%f(())—...—dt—nf(())—()
=ap=a; =...=nla, =0.
Hence ap = a1 = ... = a, =0 and {fi(t)};2, are linearly independent. =

Notice that in this case the collection { fx(t)}72, contains an infinite number of linearly independent
elements. ]

At this stage one may be tempted to ask how many linearly independent vectors can be found in

a given vector space. This number is a fundamental property of the vector space, and is closely
related to the notion of a basis.

Definition 2.10 Let (V,F) be a linear space. A set of vectors S C V is a basis of (V,F) if and
only if they are linearly independent and SPAN(S) = V.

One can then show the following.

Fact 2.7 Let (V,F) be a linear space. If a basis of (V, F) with a finite number of elements exists,
then every other basis of (V, F') has the same number of elements.

Proof: Consider two bases of (V, F), S and S’ and assume that S has a finite number of elements
{v;}_;. Assume, for the sake of contradiction that S’ does not have the same number of elements.
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Without loss of generality assume further that S’ has more elements than S; if not, interchange S
and S since in this case S’ must also have a finite number of elements. Take n+ 1 elements from S”,
{v/}7+! and recall that since S’ is a basis they must be linearly independent. Since {v;}?_, generate
V we can write v} as a linear combination

V] = a1vy + ...+ AUy,
Note that at least one of the a; must be non-zero; otherwise v{ = 0 and the set {v] ?Ill cannot be
linearly independent (Exercise 2.16). Assume, without loss of generality that a; # 0 and write

1, a2 an
V= —U] — —U2—...— —U,
a a a
(where we make use of the identities in Problem 2.3). Since {v;}!'_; is a basis any element v € V
can be expressed as a linear combination of v, va, ..., v, and hence, by the above equation, as a
linear combination of v}, va, ..., v,. In particular, we can write

vh = biv] + bova + ... + by,

Note again that the by, ..., b, cannot all be zero; otherwise v, = byv} and {v;}"*! cannot be linearly
independent. Assume, without loss of generality, that bs # 0 and write
U—iv’—b—lv’— —b—"v
T b T kT
This shows that every vector is V' can be written as a linear combination of v}, v, vs, ..., v,.

Repeat for v}, etc. until finally
/ o / / /
Up41 = C1U] + covy + ...+ Ccpuy,.

This, however, contradicts the assumption that the set {v;} is linearly independent. n

The fact provides conditions under which the number of elements of a basis of a linear space in well
defined, and independent of the choice of the basis. A similar statement can be made for linear
spaces which do not have a basis with a finite number of elements. In this case there are again
families of vectors whose span covers “almost all” elements of the vector space. The proof, however,
is considerably more involved. It also relies on concepts covered in Chapters 3 and 7 that go beyond
the purely algebraic structure considered in this chapter.

Definition 2.11 Let (V, F) be a linear space. If a basis of (V, F) with a finite number of elements
exists, the number of elements of this basis is called the dimension of (V,F) and (V,F) is called
finite dimensional. If not, (V, F) is called infinite dimensional.

Exercise 2.17 If (V, F') has dimension n then any set of n+4 1 or more vectors is linearly dependent.

Example (Bases) The vectors {(1,0,0), (0, 1,0), (0,0,1)} form a basis for the linear space R?® over
the field R. This is called the “canonical basis of R3” and is usually denoted by {e1,e2,e3}. This
shows that R? is finite dimensional and of dimension 3. Other choices of basis are of course possible,
for example {(1,1,0),(0,1,0),(0,1,1)}. In fact any three linearly independent vectors will form a
basis for R3.

In the same way, the vectors {(1,0,0),(0,1,0),(0,0,1)} form the canonical basis for the linear
space C3 over the field C; therefore C? over C has dimension 3. On the other hand, C? is a

linear space also over the field R; in this case it has dimension 6, the following being a basis:
{(1,0,0),(¢,0,0),(0,1,0),(0,4,0),(0,0,1),(0,0,4)}.

Exercise 2.18 Find a basis for R" over the field R. Hence, show that R” has dimension n over R.
Show that C™ has dimension n over C and 2n over R.
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The linear space F([—1,1],R) is infinite dimensional. We have already shown that the collection
{t* | k € N} C F([-1,1],R) is linearly independent. The collection contains an infinite number of
elements and may or may not span F([—1, 1], R). Therefore any basis of F([—1,1],R) (which must
by definition span the set) must contain at least as many elements. n

Let {b1,ba,...,b,} be a basis of a finite dimensional linear space (V, F'). By definition,
SPAN({b1,...,bn}) =V therefore Vo € V 3¢&1,....5n € F : w=> &b
i=1

The vector £ = (&1,...,&,) € F™ is called the representation of € V with respect to the basis
{b1,ba, ..., bn}.

Fact 2.8 The representation of a given x € V with respect to a basis {b1,...,b,} is unique.

The proof is left as an exercise (Problem 2.6).

Representations of the same vector with respect to different bases can of course be different.

Example (Representations) Let © = (21, 72, 73) € (R3,R). The representation of 2 with respect

to the canonical basis is simply & = (x1,x2,23). The representation with respect to the basis
{(15 17 O)a (07 15 0)7 (Oa 17 1)}3 hOWGVGI‘, is 5/ = (Ila T2 —T1 — T3, I3) since
1 0 0 1 0 0
x=x1 | 0 [ +a2| 1 | 4+2a3| 0| =z | 1 |+(@2—w1—23)| 1 |+as]| 1
0 0 1 0 0 1
[

Representations can also be defined for infinite dimensional spaces, but we will not get into the
details here. As an example, consider f(t) € C¥([—1,1],R). One can consider a “representation” of
f(t) with respect to the basis {t* | k € N} defined through the Taylor series expansion. For example,
expansion about t = 0 gives
df Ld*f, .
t)=f0)+ —=0)t+=-—=(0)t"+....
J) = J0) + S O)t+ 5 L O +

which suggests that the representation of f(¢) is & = (f(0), %(O), %%(0), ...). Making this state-
ment formal, however, is beyond the scope of these notes.

It turns out that all representations of an element of a linear space are related to one another:
Knowing one we can compute all others. To do this we need the concept of linear maps.

2.5 Linear maps

Definition 2.12 Let (U, F) and (V,F) be two linear spaces. The function A : U — V is called
linear if and only if Vui,us € U, a1,as € F

A(a1u1 + CLQUQ) = alA(ul) + CLQ.A(UQ).

Note that both linear spaces have to be defined over the same field. For clarity we will sometimes
write A : (U, F) — (V, F) if we need to specify the field over which the linear spaces are defined.

Example (Linear maps) Let (U, F') = (R",R), (V, F) = (R™,R) and consider a matrix A € R™*".
Define
A: R* —» R™
u = A-u.
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It is easy to show that A is a linear map. Indeed:

A(alul + CLQUQ) =A- (a1u1 + CLQ’UQ) = CLlA sup + CLQA s U = alA(ul) + CLQA(UQ).

Consider now f € ([0, 1], R) and define the functions
A:(C([0,1,R),R) — (RR)
Foe /0 " f(0)dt (integration)
A (C([0,1,R),R) — (C([0,1],R),R)

t
f o~ g(t):/ e~ =) f(r)dr (convolution with e~).
0

Exercise 2.19 Show that the functions A and A’ are both linear.

It is easy to see that linear maps map the zero element of their domain to the zero element of their
co-domain.

Exercise 2.20 Show that if A: U — V is linear then A(6y) = 6v.
Other elements of the domain may also be mapped to the zero element of the co-domain, however.
Definition 2.13 Let A: U — V linear. The null space of A is the set
NUuLL(A) ={ue U | Alu) =0y} CU
and the range space of A is the set

RANGE(A)={v eV |FuelU : v=Au)} CV.

The word “space” in “null space” and “range space” is of course not accidental.

Fact 2.9 Show that NULL(A) is a linear subspace of (U, F') and RANGE(A) is a linear subspace of
(V. F).

The proof is left as an exercise (Problem 2.5). It is easy to see that the properties of the null and
range spaces are closely related to the injectivity and surjectivity of the corresponding linear map,
and hence its invertibility (Problem 1.2).

Theorem 2.1 Let A:U — V be a linear map and let b € V.

1. A wvector uw € U such that A(u) = b exists if and only if b € RANGE(A). In particular, A is
surjective if and only if RANGE(A) = V.

2. If b € RANGE(A) and for some ug € U we have that A(ug) = b then for allu € U:

A(u) =b < u=ug+ z with z € NULL(A).

3. If b € RANGE(A) there exists a unique w € U such that A(u) = b if and only if NULL(A) =
{0uv}. In other words, A is injective if and only if NULL(A) = {0y }.
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Proof: Part 1 follows by definition.

Part 2, («=):
u=ug+ 2= Au) = A(uo + 2z) = A(uo) + A(z) = A(ug) = b.
Part 2, (=):
A(u) = A(ug) = b= A(u — ug) = 0y = z = (u — up) € NULL(A).
Part 3 follows from part 2. n

Finally, we generalise the concept of an eigenvalue to more general linear maps of a (potentially
infinite dimensional) linear space.

Definition 2.14 Let (V, F) be a linear space and consider a linear map A :V — V. An element
X € F is called an eigenvalue of A if and only if there exists v € V' such that v # 0y and A(v) = X-v.
In this case, v is called an eigenvector of A for the eigenvalue \.

Example (Eigenvalues) For maps between finite dimensional spaces defined by matrices, the in-
terpretation of eigenvalues is the familiar one from linear algebra. Since eigenvalues and eigenvectors
are in general complex numbers/vectors we consider matrices as linear maps between complex finite
dimensional spaces (even if the entries of the matrix itself are real). For example, consider the linear
space (C?,C) and the linear map A : C? — C? defined by the matrix

=[5

through matrix multiplication; in other words, for all z € C?, A(z) = Ax.

It is easy to see that the eigenvalues of A are \; = j and Ay = —j. Moreover, any vector of the form
c [ —jl } for any ¢ € C with ¢ # 0 is an eigenvector of A\; and any vector of the form ¢ { jl } is an

eigenvector of \s.

Definition 2.14 also applies to infinite dimensional spaces, however. Consider, for example, the
linear space (C*°([to, t1],R), R) of infinitely differentiable real valued functions of the interval [to, t1].
Consider also the function A : C*([to, t1],R) — C*([to, t1], R) defined by differentiation, i.e. for all
f ¢ [to, t1] — R infinitely differentiable define

ADO = D), vt € lto,t1].

Exercise 2.21 Show that A is well defined, i.e. if f € C°([to,?1],R) then A(f) € C*([to, 1], R).
Show further that A is linear.

One can see that in this case the linear map A has infinitely many eigenvalues. Indeed, any function
f: [to,t1] = R of the form f(t) = e for A € R is an eigenvector with eigenvalue ), since

(AD) = S =2 = A (1), Wi € ft0.1]

which is equivalent to A(f) = X - f. [

Exercise 2.22 Let A: (V,F) — (V, F) be a linear map and consider any A € F. Show that the set
{v eV | A(v) = \v} is a subspace of V.
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2.6 Linear maps generated by matrices

Two of the examples in the previous section made use of matrices to define linear maps between
finite dimensional linear spaces. It is easy to see that this construction is general: Given a field F,
every matrix A € F™*" defines a linear map A : (F", F) — (F™, F) by matrix multiplication, i.e.
for all x = (x1,...,2,) € F™,

Do A1
Ax) = Az =
D1 Gmj T,

Naturally, for linear maps between finite dimensional spaces that are generated by matrices a close
relation between the properties of the linear map and those of the matrix exist.

Definition 2.15 Let F be a field, A € F™*™ be a matriz and A : (F™,F) — (F", F) the linear
map defined by A(x) = Ax for all x € F™. The rank of the matriz A (denoted by RANK(A)) is the
dimension of the range space, RANGE(A), of A. The nullity of A (denoted by NULLITY(A)) is the
dimension of the null space, NULL(A), of A.

The following facts can be used to link the nullity and rank of matrices. They will prove useful when
manipulating matrices later on.

Theorem 2.2 Let A € F™"*™ and B € F™*P,

1. RANK(A) + NULLITY(A) = m.

2. 0 < RANK(A) < min{m,n}.

3. RANK(A) + RANK(B) — m < RANK(AB) < min{RANK(A), RANK(B)}.
4. If P € F™*™ and Q € F™ " are invertible then

RANK(A) = RANK(AP) = RANK(QA) = RANK(QAP)
NULLITY(A) = NULLITY(AP) = NULLITY(QA) = NULLITY(QAP).

The proof is left as an exercise (Problem 2.7).

For square matrices there exists a close connection between the properties of A and the invertibility
of the matrix A.

Theorem 2.3 Let F' be a field, A € F"*" be a matriz, and A : F™* — F™ the linear map defined
by A(x) = Az for all x € F™. The following statements are equivalent:

1. A is invertible.
A is bijective.

A is injective.

A is surjective.
RANK(A) = n.
NuLLITY(A) = 0.

NS T

The columns aej = (a1j,...,an;) € F™ form a linearly independent set {ae;}7_;.
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8. The rows aje = (ai1,...,ain) € F™ form a linearly independent set {a;e ;1.

The proof is left as an exercise (Problem 2.8).

Finally, for linear maps defined through matrices, one can give the usual interpretation to eigenvalues
and eigenvectors.

Theorem 2.4 Let F be a field, A € F™*™ be a matriz, and A: F™ — F™ be the linear map defined
by A(x) = Az for all x € F™. The following statements are equivalent:

1. A € C is an eigenvalue of A.
2. DET(A — A) = 0.

3. There exists v € C" such that v # 0 and Av = Av. Such a v is called a Tight eigenvector of A
for the eigenvalue .

4. There exists n € C"™ such that n # 0 and n” A = ™. Such an n is called a left eigenvector of
A for the eigenvalue \.

The proof is left as an exercise (Problem 2.11). The theorem shows (among other things) that the
eigenvalues of a linear map defined by a square matrix A € F"*" can be computed by finding the
roots of the characteristic polynomial of the matrix, defined by

xa(A\) = DET[M — A] = 8" + x15" 4 ...+ Xno15 + Xn-

Notice that by definition the characteristic polynomial is a monic polynomial (the leading coefficient
is equal to 1) of degree n.

Definition 2.16 The spectrum of a matriz> A € F" " is the list of eigen values of A, denoted by
SPEC[A] = {\1,..., \n}.

Finally, combining the notion of eigenvalue with Theorem 2.3 leads to the following condition for
the invertibility of a matrix.

Theorem 2.5 A matriz A € F™*™ is invertible if and only if none of its eigenvalues are equal to
the zero element 0 € F.

The proof is left as an exercise (Problem 2.8).

2.7 Matrix representation of linear maps

In the previous section we saw that every matrix A € F™*™ defines a linear map A : F* — F™ by
simple matrix multiplication. In fact it can be shown that the opposite is also true: Any linear map
between two finite dimensional linear spaces can be represented as a matrix by fixing bases for the
two spaces.

Consider a linear map
A:U—V

between two finite dimensional linear spaces (U, F') and (V, F'). Assume that the dimension of (U, F)
is n and the dimension of (V, F) is m. Fix bases {u;}]_, for (U, F') and {v;}}, for (V, F). Let

y; =Au;) e Viorj=1,...,n.

2Sometimes a distinction is made between the spectrum of the matrix (list of eigenvalues with repeated eigenvalues
included) and the spectra list of a matrix (list of eigenvalues without repetitions). We will however not make this
distinction here.
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The vectors y; € V can all be represented with respect to the basis {v;}/; of (V, F'). In other words
for all j =1,...,n there exist unique a;; € F' such that

m
yi = Aluy) =Y aiju;.
i=1
The a;; € F' can then be used to form a matrix

aill e A1n,

Am1 .- Qmn

Since representations are unique (Fact 2.8), the linear map A and the bases {u;}7_; and {v;};%,
uniquely define the matrix A € F™*"™,

Consider now an arbitrary € U. Again there exists unique representation £ € F™ of x with respect

to the basis {u;}7_;,
n
T =2 &
j=1

Let us now see what happens to this representation if we apply the linear map A to x. Clearly
A(z) € V, therefore there exists a unique representation n € F™ of A(z) with respect to the basis
{vi}1™,. It turns out that the two representations of x and A(z) are related by matrix multiplication.

Fact 2.10 { € F™ of a vector x € U with respect to the basis {u;}7_, and n € F™ of A(x) € V
with respect to the basis {v;}1,. Then n = A-&, where - denotes standard matriz multiplication.
Proof: By definition

A(x) = Z ;05
i=1

Recall that

n n n m m n
A(ZZ?) = .A Z fj’UJj = Zgj.A(’UJJ) = Z é.j Z aijvl- = Z aijgj Vi.
=1 =1 j=1 =1 i=1 \j=1
By uniqueness of representation
n
mi= Y at =n=A-¢
=1
where - denotes the standard matrix multiplication. ™

Therefore, when one looks at the representations of vectors with respect to given bases, application
of the linear map A to € U is equivalent to multiplication of its representation (an element of F'™)
with the matrix A € F™*". To illustrate this fact we will write things like

(U, F) — (V,F)
x  —  Ax)

AeFmxn
{uj}?:l - {viit,

EeF" — AL e F™
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Theorem 2.6 The following relations between linear map operations and the corresponding matriz
representations hold:

1. Consider linear maps B : (U, F) — (V,F) and A : (V,F) — (W, F) where U, V and W
are finite dimensional linear spaces of dimensions n, m and p respectively. Then composition
C=AoB:(UF)— (W,F) is also a linear map. Moreover, if we fix bases {ur}p_,, {vi}i™,
and {w;}_, for the three spaces and

B A

{urti_, — {oibiy {oibiy — {w;}

then
(U F) =55 W)
n C=A-BeF"*"
{ur}iza =5 {w; iy
where - denotes the standard matrixz multiplication.

2. Consider an invertible linear map A : (V,F) — (V. F) on an n-dimensional linear space V
and let A=Y : (V, F) — (V, F) denote its inverse. If A is the representation of A with respect
to a given basis of V, then A=t is the representation of A~ with respect to the same basis.

The proof is left as an exercise (Problem 2.9). Analogous statements can of course be made about
the representations of linear maps obtained by adding, or scaling other linear maps.

2.8 Change of basis

Given a linear map, A : (U, F) — (V, F), selecting different bases for the linear spaces (U, F') and
(V, F) leads to different representations.

(U.F) %  (V,F)
n A F’V?‘LX’VL m
{uj}jzl — {vitity

- Aepmxn -
{uj}?:l i {0}y
In this section we investigate the relation between the two representations A and A.

Recall first that changing basis changes the representations of all vectors in the linear spaces. It is
therefore expected that the representation of a linear map will also change.

Example (Change of basis) Consider x = (z1,72) € R% The representation of x with respect to
the canonical basis {u1,u2} = {(1,0),(0,1)} is simply & = (1, 22). The representation with respect
to the basis {4, a2} = {(1,0), (1,1)} is & = (z1 — 22, x2) since

x:xl[é]mz[?]=<x1—x2>[é]+x2[”.

To derive the relation between A and A, consider first the identity map

U, F) %  (UF)

=
x —  lyz)==
IEF’I?.X’I?.
{ustizg - {ug}iy
~ QGFan
{Uj}?:l — {u; }?:1
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I denotes the usual identity matrix in F"™*"

10 ...0
01 ...0
I={(. . . . |eF™™
00 ... 1

where 0 and 1 are the addition and multiplication identity of F'. The argument used to derive the
representation of a linear map as a matrix in Section 2.7 suggests that the elements of QQ € F"*™
are simply the representations of 1y(i;) = 4; (i.e. the elements of the basis {;}7_;) with respect
to the basis {u;}7_,. Likewise

V,F) % (V,F)
x — ly(z) ==z

m IeRmXm m

{vitity R {vitity

m PEE™ST

{viity = {0},

Exercise 2.23 Show that the matrices @ € F™*" and P € F™*™ are invertible. (Recall that 1y
and 1y are bijective functions.)

Example (Change of basis (cont.)) Consider the identity map

R? = R?
x — T
I—|: 10 }eR“z
0 1
(xl,xg) — (xI;IQ)
On the other hand,
R2 Ze2, R?
x — T
Q_[ b }eRM
(T1,T2) — (1, 22) = (1 + T2, T2)
and
RQ 1R2 R2
T — T

{(1,0),(0,1)} QI_H = ]GRM

(21, 72)

{(1,0), (1, 1)}

(Z1,Z2) = (21 — T2, 22)

Ll
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Now notice that A = 1y o Ao 1y, therefore

(U,F) S (UF) S (VF) S (V)
{a;}j— — {u; i = {vibity s {0y

By Theorem 2.6 the representation of the linear map
A=1yoAdoly: (UF)— (V,F)
with respect to the bases {u;}7_; and {0;}]", is
A=P-A-Qe Fmxn

where A is the representation of A with respect to the bases {u;}}_; and {v;}2, and - denotes
ordinary matrix multiplication. Since P € F™*™ and @) € F™*" are invertible it is also true that

A=P 1. A.Q7 "

Matrices that are related to each other in this way will play a central role in subsequent calculations.
We therefore give them a special name.

Definition 2.17 Two matrices A € F™ ™ and A € F™ " are equivalent if and only if there exist
Q € F*n_ P e F™ ™ poth invertible such that A= P - A- Q.

The discussion above leads immediately to the following conclusion.

Theorem 2.7 Two matrices are equivalent if and only if they are representations of the same linear
map.

Proof: The “if” part follows from the discussion above. For the “only if” part use the matrices to
define linear maps from F™ to F'™. ™

As a special case, consider the situation where (U, F') = (V, F)
(U.F) % (UF)
n AeFnxn n

{u;ti—a — {u;}i—

- AeFnxn -
{“j}?:l = {a; }?:1

As before
UF) % WwF) S UF) % (UF)
~ n QGFan n Aanxn n QflanXn ~ n
{uj}jzl — {uj}jzl — {uj}jzl — {uj}jzl
therefore B
A=Q 1. A.Q.

The last equation is usually referred to as the change of basis formula; the matrix @ is variously
referred to as a similarity transformation, a change of basis, a coordinate transformation, or a change
of coordinates. It can be seen that many of the matrix operations from linear algebra involve such
changes of basis: Elementary row/column operations, echelon forms, diagonalization, rotations, and
many others.

We shall see that many of the operations/properties of interest in linear system theory are unaffected
by change of basis in the state input or output space: Controllability, observability, stability, transfer
function, etc. This is theoretically expected, since these are properties of the system in question and
not the way we choose to represent it through a choice of basis. It is also very useful in practice:
Since we are effectively free when choosing the basis in which to represent our system, we will often
use specific bases that make the calculations easier.
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Problems for chapter 2

Problem 2.1 (Groups)

1. Consider an arbitrary set S. Show that the set of bijective functions f : S — S forms a group
under the operation of function composition. What does this group correspond to in the case
where S is finite?

2. Draw an equilateral triangle in R?, say with vertices at (1,0), (—%, @) and (—%, _T\/g) Con-

sider the set of symmetries of this triangle, i.e. the set of all functions f : R? — R? that
map the triangle onto itself. Show that this set forms a group under the operation of function
composition. How many elements does this group contain? What is the identity element?
Repeat for the case of a square and a circle.

Problem 2.2 (Rings and Fields)

1. Let (R,+,-) be a ring and consider elements «, 3 € R. Show that -0 = 0-«a = 0 and
(—a)-f=a-(—F) = —(a-B) where as usual 0 € R denotes the addition identity and —x* the
addition inverse of element % € R.

2. Let (R, +,") be a ring. Show that there exists a unique element 0 € R such that for all « € R,
a+0 =0+ a = a. Moreover, show that for all & € R there exists a unique (—a) € R such
that o + (—a) = (—a) + a = 0.

3. Let (F,+,-) be a field and consider «, 8,7 € F. Show that
Va#0, a-f=a-y< =1.
Is the same true for a ring? Justify your answer.

Problem 2.3 (Identity and inverse properties) Let (V, F,®,®) be a linear space and 0 be the
addition identity element of F'. Show that for all z € V, 0 ® x = 6. Moreover, show that for all
aeF, zeV,(-a)0oz=0(a®z)=a06 (0x).

Problem 2.4 (Examples of linear spaces) Let (F,+,-) be a field.

1. Consider z = (&1,...,&,) € Fand y = (n1,...,m,) € F™ and « € F. Define @ : F™ x F™ —
Frand ©: F x F* — F" by

r@y =&+, & + )
a®r=(a-&,...,a-&).

Show that (F™, F, &, ®) is a linear space. What is the addition identity? What is the addition
inverse?

2. Let now (V, F,+, ) be a linear space and D an arbitrary set. Let (D, V') denote the set of all
functions f: D — V. For f,g € F(D,V) and o € F define f@g: D -V anda® f: D=V
by

(f ©9)(d) = f(d) +g(d)
(@© f)(d) = a-f(d)

for all d € D. Show that (F(D,V), F,®,®) is a linear space. What is the addition identity?
What is the addition inverse.
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Problem 2.5 (Subspaces) 1. Let U and V be linear spaces and let £(U, V) denote the set of
linear functions A : U — V. Show that £(U,V) is a linear subspace of F(U,V), the space
of all functions mapping U into V with the usual operations of function addition and scalar
multiplication.

2. Let U and V be linear spaces and A : U — V be a linear function. Show that RANGE(A) is a
subspace of V' and NULL(A) is a subspace of U.

3. Let {W;}_, be a finite family of subspaces of V. Show that the the intersection and the direct
sum of these subspaces
(NWi={veV|Vi=1,...n veWs}
i=1

@Wi:{v€V|EwiEWi,izl,...n, v=w1+ ... wy}

i=1

are themselves subspaces of V.

Problem 2.6 (Basis and vector representation) Let V be a finite dimensional linear space.

1. Let W be a subspace of V. Show that W is also finite dimensional and its dimension can be
no greater than that of V.

2. Show that the representation of a given 2 € V' with respect to a basis {by,...,b,} is unique.

Problem 2.7 (Rank and nullity) Let (F,+,-) be a field and consider the linear maps A : (F", F) —
(F™,F) and B: (FP,F) — (F™, F) represented by matrices A € F™*" and B € FP*" respectively.
Show that:

1. 0 < RANK(A) < min{n, m} and RANK(A) + NULLITY(A) = n.
2. RANK(A) + RANK(B) — n < RANK(BA) < min{RANK(A), RANK(B)}.

(Hint: Let A’ : RANGE(B) — F™ be the restriction of A to RANGE(B). Then:

(a) RANGE(A o B) = RANGE(A’) C RANGE(A),
(b) NuLL(A") C NULL(A).

To show part 2 apply the result from part 1 to A’.)

Problem 2.8 (Invertible matrices) Let F be a field, A € F™*" be a matrix, and A : F" — F"
the linear map defined by A(x) = Az for all x € F™. Show that the following statements are
equivalent:

1. A is invertible.
2. None of the eigenvalues of A is equal to zero.

A is bijective.

- W

A in injective.
5. A is surjective.
6. RANK(A) =n.
7. NuLLITY(A) = 0.
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8. The columns a; = (ayj,...,an;) € F" form a linearly independent set {a;}"_;.

9. The rows a] = (a1, ..., an) € F" form a linearly independent set {a}}! ;.
Problem 2.9 (Matrix representation properties)

1. Consider linear maps A : (V,F) — (W, F) and B : (U,F) — (V,F). Assume that U, V,W
have finite dimensions m, n, p respectively, and that A and B have representations A € FP*"
and B € F™™ with respect to given bases for the three spaces. Show that the composition
C=AoB:(UF)— (W, F) has representation C' = AB with respect to the same bases.

2. Consider a linear map A : (U, F) — (U, F) where U has finite dimension n. Assume that A
has representation A € F™*™ with respect to a given basis for U. Show that if A is invertible,
then A~! has representation A~! with respect to the same basis.

Problem 2.10 (Matrix representation examples)

1. Counsider a linear map A : (U, F) — (U, F) where U has finite dimension n. Assume there
exists a vector b € U such that the collection {b, A(b), Ao A(b),..., A"~ 1(b)} forms a basis for
U. Derive the representation of A and b with respect to this basis.

2. Consider a linear map A : (U, F') — (U, F) where U has finite dimension n. Assume there exists
a basis b;, i = 1,...,n for U such that A(b,) = \b, and A(b;) = \b; + bjy1,i=1,...,n— 1.
Derive the representation of A with respect to this basis.

3. Consider two matrices A, A € R™™ related by a similarity transformation; i.e. there exists
Q € R™" invertible such that A = Q71 AQ. Show that SPEC[A] = SPEC[A].

Problem 2.11 (Matrix eigenvalues) Let F be a field, A € F"*" be a matrix, and A : F™* — F"
be the linear map defined by A(z) = Ax for all x € F". The following statements are equivalent:

1. A € C is an eigenvalue of A.

2. DET(A — A) =0.

3. There exists v € C" such that v # 0 and Av = \v.

4. There exists n € C" such that n # 0 and n7 A = AT

Problem 2.12 (Linear function spaces) Show that linear functions A : U — V between two
linear spaces (U, F') and (V, F) form a linear space over the field F under the usual operations of
function addition and scalar multiplication.



Chapter 3

Introduction to Analysis

Consider a linear space (V, F) and assume the F' =R or F' = C so that for a € F the absolute value
(or modulus) |a| is well defined.

3.1 Norms and continuity
Definition 3.1 A norm on a linear space (V, F) is a function || - || : V — Ry such that:

1. Yo, 09 € V, |Jo1 4+ va]| < ||oi|| + |Jv2] (triangle inequality).

2. YveV,VaeF, |av| = |a] - ||v]|.
3. v =0<v=0.

A linear space equipped with such a norm is called a normed linear space and is denoted by (V, F, ||-||)-

v = 0 in the last line refers of course to the zero vector in V. A norm provides a notion of “length”
for an element of a linear space. The norm can also be used to define a notion of “distance” between
elements of a linear space; one can think of ||v; —v2]| as the distance between two vectors vy, ve € V.

Example (Normed spaces) In (R",R), the following are examples of norms:

n
lzlls = leal,  (1-norm)
i=1

n

Z |z;|*> (Euclidean or 2-norm)
i=1

1
n P
lzllp = <Z |$i|p> for p > 1, (p-norm)

i=1

2 =

[|2]|loc = max |z;| (infinity norm)
i=1,...,n

Exercise 3.1 Show that ||z||1, ||x||2, and ||z||~ satisfy the axioms of a norm.

33
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In fact the same definitions would also hold for the linear space (C™,C). Different norms of course
lead to different notions of distance for the same linear space. One way to visualise these different
distance notions is through the so-called open balls.

Definition 3.2 If (V, F, ||-||) is a normed linear space, the (open) ball of radius r € Ry centered at v € V
1s the set

B(v,r)={v" eV ||v=2"| <r}.
The ball B(0,1) is called the unit ball of (V, F.,| - ||).

Useful properties of the ball in a given norm are provided in Problem 3.2.

Exercise 3.2 Draw the unit balls of the normed linear spaces (R% R, | - 1), (R% R, | - 2), and
(R%,R, | - [loo)-

Definition 3.3 A set S CV is called bounded if S C B(0,r) for some r.
For example, any ball B(v,r) is bounded, because B(v,r) C B(0, |lv| +r + 1).

Definition 3.4 Let (V. F,||-||) be a normed space. A function v : N — V is called a sequence in V.
The sequence converges to a point v € V if and only if

Ve >03IN eNm>N = |v(m) —7|| <e.

In this case T is called the limit of the sequence.

To denote sequences, we will mostly use the notation {v;}°,, where i € N plays the role of the
index variable. To indicate that a sequence converges to some vector v € V we write v; — T

or lim; ,o, v; = U. Note that by the definition of the norm, the statement “the sequence {v;}5°,
converges to 7 € V7 is equivalent to lim; . ||v; — T|| = 0 in the usual sense in R.

Using the definition one can also define open and closed sets.

Definition 3.5 Let (V,F,|| - ||) be a normed space. A set K C V is called closed if and only if it
contains all its limit points; i.e. if and only if for all sequences {v;}3°, C K if v; — v € V then
v e K. K is called open if and only if its complement V' \ K is closed. A set that is both closed and
bounded is called compact.

Some useful properties of open and closed sets are stated in Problem 3.3.

Consider now functions between two normed spaces

f:(U7F7|"HU)_> (VvFv ””V)

Definition 3.6 f is called continuous at w € U if and only if

Ve > 036 > 0 such that ||u— /||y <6 = ||f(u) — f(u')]v <e.

The function is called continuous on U if and only if it is continuous at every u € U.
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In other words, f is continuous at u if and only if
Ve > 036 > 0 such that v’ € B(u,d) = f(u') € B(f(u),e).

or, with the usual notation, lim, ., f(u') = f(u). Continuity expresses the requirement that small
changes in u € U should lead to small changes in f(u) € V. Useful properties of continuous functions
are stated in Problem 3.4.

Exercise 3.3 Show that the set of continuous functions f : (U, F,| - |lv) — (V, F, | - ||v) is a linear
subspace of F(U,V).

Fact 3.1 The norm ||- ||, as a function between the normed linear spaces (V, F, || -||) and (R,R,|-|),
1s continuous on V.

Proof: The triangular inequality implies x| = || — zo + @o|| < ||z — 20| + ||zo]|, and therefore
[|z]l = [|zoll < ||z — @o||. Interchanging the role of x and zp, we also get |||z|| — ||xol|| < ||z — 2o
Now in the definition of continuity of || - || at xo:

Ve > 036 > 0 ||z — zo|| < d = |||z|| — ||zoll| < €

it sufficies to choose § = € to obtain |||z| — ||zo||| < ||l — zo|| < d = €. =

Continuity of functions has an intimate relationship with the convergence of sequences and hence
with open and closed sets. This relationship is highlighted in Problem 3.4.

3.2 Equivalent norms

Note that in the definitions of convergence and continuity we have left open the choice of the norm.
One may wonder if, by choosing another norm, a a convergent sequence may cease to converge, or a
continuous function can cease to be continuous. To investigate this question we need the notion of
equivalent norms.

Definition 3.7 Consider a linear space (V, F') with two norms, ||+ |lo and || - ||p. The two norms are
equivalent if and only if

Imy, > my > 0,Yo € V- myljv]la < [|v]ls < mu|v]|a-
Exercise 3.4 Show that in this case it is also true that there exist mj, m}, € R such that Yv € V,

mj||v]ls < ||vlle < ml|lvllp. Show further that if || - ||, is equivalent to || - || and | - || is equivalent
to || - ||e, then || - ||4 is equivalent to || - ||,

Example (Equivalent norms) Consider z € R™ and the ||z|j; and ||z| e norms defined above.
Then

n
|2lloe = max |zi| <D |wil = ]
1=1,...,n =

(E45t

I
B
INA

I s
/._\
=8

o]

54
B
S

N—
I
3
H'E
o]
54
3
B

I
s
8
8

=l...n -/ =1,

Therefore ||z]|s < [|z|l1 < n||z]|s and the two norms are equivalent (take m; = 1 and m,, =n). m
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Fact 3.2 Let ||-||q and ||-||p be two equivalent norms on a linear space (V, F) with F =R or F = C.

A sequence {v;}32, CV converges to some v € V in (V, F,| - ||a) if and only if it converges to v in
(Vo E - b))
Proof: Suppose that the sequence {v;}32, converges to v € V with respect to the norm || - |4, that

is for all € > 0 there exists N € N such that ||v,, —v||, < € for all m > N. Due to equivalence of the
norms, there exists m, > 0 such that my|[v||s < [|v]ls < my||v||e for all v. Fix an arbitrary € > 0.
Then there exists N € N such that, for all m > N, [Jvy, — v|[s < 7-: But then, with the same N,
forallm > N
lvm — v)ls < malvm — v]|a < O —
m

u

Since function continuity, open and closed sets were all defined in terms of convergence of sequences,
this fact further implies that open/closed sets defined using one norm remain open/closed for any
other equivalent norm. Likewise, continuous functions defined with respect to a pair of norms remain
continuous with respect to any other pair of respectively equivalent norms.

The fact that ||z||; and ||z||« are equivalent norms on R™ is not a coincidence. A remarkable result
states, indeed, that any two norms on a finite-dimensional space are equivalent. To show this, we
will use the following fact, which is indeed a corollary of two fundamental theorems in real analysis.

Fact 3.3 (A corollary to the Weierstrass Theorem). A continuous function f : S — R defined on a
subset S C R™ that is compact in (R™, || - ||2) attains a minimum on S.

In other words, if the function f : S — R is continuous and the set S is compact there exist z,, € S
and a real number m such that f(x,,) =m < f(x) for all z € S, or

m = inf f(2) = min f(z) = f(wm) > —o0.

The proof of this fact can be found in [16]. Recall that the infimum inf,cg f(x) is the greatest lower
bound of f on S, i.e. the largest number m € R such that f(z) > m for all z € S; likewise, the
supremum sup,cg f(z) is the least upper bound of f on S, i.e. the smallest number M € R such
that f(z) < M for all x € S. Fact 3.3 states that if the function f is continuous and the set S
is compact the infimum (and by adding a minus sign also the supremum) is finite and attained for
some x,, € S; in this case the infimum coincides with the minimum min,eg f(z) of the function
(and the supremum with the maximum max,cgs f(z)). This is not the case in general of course. For
example the function f: Ry — R defined by f(x) = e™* is continuous and defined over the closed
but unbounded (hence not compact) set [0,00). The maximum and supremum of the function
coincide 1 = sup,cp, f(r) = maxzer, f(z) = f(0). The infimum of the function, on the other
hand, is 0 = inf,egr, f(x), but is not attained for any = € [0, c0); hence the minimum is not defined.
Likewise, the function
_f -1—=z ifze[-1,0)
f(“””)_{ 1—2  ifzel01]

is defined over the compact set S = [~1,1] but us discontinuous at 0. Again sup,¢;_y 1) f(z) =
max,e—1,1] f() = f(0) = 1 but inf,e—1,1) f(xr) = —1 is not attained for any = € [~1,1] and
minge(_1,1] f(x) is undefined. Finally, for the function f(x) = —1/x on (0,1] the infimum is not a
finite number, since the function tends to —co as z tends to 0; this is precisely the situation we need
to exclude in the proof of Proposition 3.1 below.

For completeness we also recall the following fact.

Fact 3.4 (Cauchy Inequality). For a; e Rb; e R, i=1,...,n,

(£0) < (54) (5+)
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The proof is left as an exercise.

Theorem 3.1 Any two norms on a finite-dimensional space V' are equivalent.
Proof: For simplicity we assume that F' = R; the proof for F' = C is similar, e.g. by identifying C

with R?. Assume V is finite dimensional of dimension n and let {v;}" ; be a basis. For an arbitrary
element z € V consider the representation £ € R”, i.e. z =Y, &v; and define

> lal?
1=1

]la =
One can show that || - ||, : V — R4 is indeed a norm on V' (along the lines of Exercise 3.1). By
Exercise 3.4 it suffices to show that an arbitrary norm || - ||, is equivalent to || - ||4, i.e. there exist

my, > my > 0 such that for all x € V, my||z]|o < ||z]lp < mu|z]a-

By the norm axioms for || - ||, and Fact 3.4

n

n n n
Dol <YLl llille < (| DO IE1R D il < mullzla-
i=1 b =1 i=1 i=1

where we have set m, = /> [Jvi]|Z.

Consider now the function f:R™ — R defined by

n
E QU4
i=1

for o € R™. We show that f is continuous as a function from (R™, R, || - [|2) to (R,R,]|-|). Indeed,
given two elements o, o’ € R"

n
E QiU
i=1

lllo =

fle) =

b

n

> (@i = a)v;

i=1

< see proof of Fact 3.1

b

If(a)—f(o/)|=‘

n
Z : ’
;U5
i=1

b b

n
< Z |c; — | |Jvs|lp by the properties of the norm || - ||,
i=1

n n
< D Mo — a2 | llvill? by Fact 3.4
1 =1

i=

=mylla—d|.

Therefore, for any o € R™ and any € > 0 if we select 6 = €/m,, then for all o/ € R™ such that
[l = &/||2 < § it is true that | f(a) — f(a/)] < € hence f is continuous.

Finally, consider the set S = {& € R" | > | a? = 1} C R". Clearly |lafjs < 1 for all @ € S,
hence S is bounded in (R”,R, || - ||2). Moreover, S is also closed in (R™,R, || -||2) as it is the inverse
image of the closed set {1} under the continuous (by Fact 3.1) function a — /> ._, &® mapping
(R™R,|| - ||2) into (R,R,|-|) (see Problem 3.4). Hence, S is compact in (R™,R,] - ||2) and the
continuous function f:.S — R attains a minimum m for some o* € S. Then for any z € V with a
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representation & € R™ with respect to the basis v;,

n

Z &i i
i=1 V E?:l |§1|2

o =

n
D&
i=1

S el
=1

b

&i

n
> o S
> iy 1l

i=1

where we set o; =

> el
i=1

= [lzllaf (@) = mllza

The last inequality follows since by construction >, a? =1, hence a € S and f is lower bounded
by m. Setting m; = m completes the proof. ™

3.3 Infinite-dimensional normed spaces

Consider now real numbers ¢ty < t; and the linear space C([to,t1],R™) of continuous functions
f i [to,t1] = R™. For each t € [to, t1], f(t) € R™; consider its standard 2-norm || f(¢)||2 as a vector in
R™ and define the function || - ||« : C([to, t1],R™) — Ry by

[flloo = max [f(#)ll2-

te(to,t1]

Note that, by Fact 3.3, the maximum is indeed attained, that is there exists some t* € [to, 1] such
that || fllec = ||f(t*)]|2. More generally, e.g. if the functions can be discontinuous or the domain is
not compact, one can use the supremum instead of the maximum in the definition of || |-

One can show that the function ||f||~ defined in this way is a norm on (C([to,t1], R™),R). Indeed,
for all continuous functions f, || ]| is greater than or equal to zero and it is trivially equal to zero
if and only if f is the zero function (i.e. f(t) =0 €’ Re™ for all ¢ € [tg, t1]). Moreover,

0o — t = t = 00

[ f]] nax [af @)z = | na 1@z = lal [[£]l

[f+9lloc = max [[f(t)+g@)ll2 < max [[f(t)[2+ max [g(t)ll2 = [fllec + [|lglloo-
te(to,t1] te(to,t1] te[to,t1]

Norms on function spaces can also be defined using integration. For example, for f € C([t,t1],R™)
we can define the following:

1= [ re)le ae

t1
1£ll2 = / 17012 dt

111, = / ol dt)i

Here, the integral takes the role of the finite summation in the definition of the corresponding norms
on finite-dimensional spaces. Since the 2-norm that appears in the integrands is a continuous function
(Fact3.1), the integrands are also continuous functions of the variable ¢, and all these quantities are
well-defined. Moreover, all of them are norms. Take for example the first one. Of course we have
[[fllx > 0 for all f € C([to,?1],R™); the norm of the zero-function is of course equal to zero; on the
other hand, given a continuous function f, if f is nonzero at a point it must be nonzero in a whole
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subinterval of [to,t1], therefore ||f|1 is also nonzero. (Summing up, ||f||1 = 0 if and only if f = 0.)
Moreover,

t1 t1
laflh = / laf ()2 dt = |af / 1£(®)]2 dt = Ja] |IF]

I +gll = / ) + g2 de < / SOl + lg@12) dt = £l + gl

It is also easy to see that the use of the 2-norm in the integrands (in the definitions of || f{|1, || f|l2,
[I7ll;) and in the maximum (in the definition of || f||) is arbitrary: Since norms in R™ are all

equivalent one could have used any other norm (say the 1- or the co-norm), leading to other norms
on C([to, tl], Rn)

Exercise 3.5 Show that the function norms obtained by replacing || f(¢)||2 by another norm on R
in the integrands and the maximum are equivalent to the ones defined above.

Motivated by this fact and in analogy to finite-dimensional spaces, the reader may be tempted to
think that the all the norms introduced above are equivalent. Unfortunately, this is not the case.

Example (Non-equivalent norms) Consider the functions f € C([0,1],R) and the two norms

1
£l = s 170 and |7 = [ 1r(oae

We will show that the two norms are not equivalent. Assume, for the sake of contradiction, that
there exist m;, m,, € Ry such that for all f € C([0,1],R) we have my| f]l1 < ||fllco < mu||f|l1- Since

1 1
nfulz/o |f<t>|dts/0 17 lloe dt = [1]]oor

one can indeed choose m; = 1. On the other hand, it is impossible to find m, that satisfies the
other inequality for all f. Assume, for the sake of contradiction, that such an m,, exists and consider
the family of functions f,(t) = t* € C([0,1],R) for n € N. Clearly || fulloo = 1 and ||fn]l1 = -

n+l
Therefore || folloo = (n+ 1)||fall1. Selecting n 4+ 1 > m,, leads to a contradiction, showing that the
two norms are not equivalent. ]

3.4 Completeness

In our treatment of the solution of differential equations below we will be faced with the task of
establishing the convergence of a series in a certain linear space. In principle, one should be able to
do so using Definition 3.4. In practice, however, this is not always possible as the limit may not be
known. From the definition it is, however, apparent that if the sequence {v;};°, converges to some
v € V the v; need to be getting closer and closer to v, and therefore closer and closer to each other.
Can we decide whether the sequence converges just by looking at ||v; — v;|?

Definition 3.8 A sequence {v;}5° is called a Cauchy sequence if and only if

Ve >03IN e NVm > N, |v, —on]| <e.

Exercise 3.6 Show that a sequence is Cauchy if and only if for all € > 0 there exists N € N such
that ||vy, — vp|| < € for all m,n > N. Show further that every convergent sequence is Cauchy.
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The converse however is not always true: there may exist Cauchy sequences that do not converge
to a point in the linear space of interest. Linear spaces for which all Cauchy sequences converge to
a point in the space are known as Banach (or complete) spaces.

Definition 3.9 The normed space (V, F,|| - ||) is called complete (or Banach) if and only if every
Cauchy sequence converges.

Fortunately many of the spaces we are interested in are complete.
Fact 3.5 The linear space (R,R,|-|) is a Banach space.

This observation is in fact the reason why the real number system was introduced in the first place,
and is so fundamental that in many expositions of analysis it is taken as an axiom. It is also the
main tool used to establish completeness of many other spaces.

Theorem 3.2 Let FF =R or F' = C and assume that (V, F) is finite-dimensional. Then (V, F,|-|)

is a Banach space for any norm || - ||.

Proof: Suppose that F' = R. Let {b1, -+ ,bq} be a basis of V, so that every vector v € V can be
represented in an unique way as v = 22:1 wiby for some z;, € R. On R? let the function || - ||. be
defined by
d
el = (@1, za)lle = || anby

k=1
| - ||« is @ norm on R%; moreover, {v,}>°, is Cauchy or convergent in (V, F,|| - ||) if and only if the
corresponding sequence of d-tuples {z"}°° , is Cauchy or convergent in (R4 R, || - ||.) (justify these
assertions). Thus, it suffices to show that (R%, R, || - ||.) is complete.
Indeed, since R is finite-dimensional, ||-||. is equivalent to |||, and Cauchy or convergent sequences

with respect to one norm are Cauchy or convergent also with respect to the other. Suppose therefore
that {2"}52 , is a Cauchy sequence. This implies that

Ve >03dN e NVm,n > N, ||2" — 2"« < €. (3.1)
But then, we have the same property for each of the k-th components:
Ve > 03N e NVm,n> N, |z} —a'| <e.

In other words, the k-th components {z}/}°2, form a Cauchy sequence in R. Since R is complete,
this sequence converges. Define & = (Z1,- -+ , Tk, -+ ,Zq), where

Zp = lim zf
n— o0

Finally, in 3.1, fix N and n, and let m — oc:
Ve>03IN e NVn > N, ||2" — Z]co < €.

(we can take the limit within || - ||« because the norm is continuous). Therefore, {z™}5°, is conver-
gent, and the same happens for {v,}5 ,; since the latter is arbitrary, (V, F) is Banach.

To establish the same result for complex spaces (F' = C) one can repeat the same proof after showing
that C itself is complete. This should now be easy, and is left as an exercise. ™

Corollary 3.1 Any finite-dimensional subspace W of a linear space (V, F,|| - ) is a closed subset
of V.
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[ fm = Il
1 fTVL(t)
reéy
/
/
<—I’— [fm = N lloo
/
/
+ 1 t

Figure 3.1: Examples of functions in non-Banach space.

Proof: According to Definition 3.5, W is closed if for all sequences {w;}52, C W, if w; —» w €V,
then w € W. Now if an arbitrary sequence {w;}5°,; C W is convergent in V, then it is Cauchy both
in V and in W. Since W is Banach, its limit point w belongs to W. n

This fact will come in handy in Chapter 7 in the context of inner product spaces. The state, input
and output spaces of our linear systems will be of the form R™, and will all be Banach spaces. One
may be tempted to think that this is more generally true. Unfortunately infinite-dimensional spaces
are less well-behaved.

Example (Non-Banach space) Consider the normed space (C([—1,1],R),R, || -|1) of continuous
functions f : [—1,1] — R with the 1—norm

1
1] = / Al

For i =1,2,... consider the sequence of functions (Figure 3.1)
0 ift<0
fit)y=< it fo<t<1/i (3.2)
1 ift>1/i.

It is easy to see that the sequence is Cauchy. Indeed, if we take N,m € {1,2,...} with m > N,

1 1/m 1/N
Hfm_fN”l:‘/71|fm(t)—f]v(t)|dt=/0 (mt—Nt)dt—f—/l/ (1 — Nt)dt
t? LN m—N 1

+{1_N5} = mN San

0 1/m

Therefore, given any € > 0 by selecting N > 1/(2¢) we can ensure that for allm > N, || fo,— fn]1 < €.
One can guess that the sequence {f;}3°, converges to the function

0 ift<0
f(t)_{ 1 ift>0.
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Indeed
1/i 1
5= 1= [ =it =5 o
0 (3

The problem is that the limit function f € F([—1,1],R) is discontinuous and therefore f ¢ C([—1,1],R).
Hence C([—1,1],R) is not a Banach space since the Cauchy sequence {f;}_, does not converge to
an element of C'([—1,1],R). ]

Fortunately there are several infinite dimensional linear spaces that are Banach. The important one
for this chapter is the space of continuous functions under the infinity norm.

Theorem 3.3 (C([to,t1],R™),R,| - ||lec) s a Banach space.

Proof: We articulate the proof in three steps: First, given a sequence of continuous functions which
is Cauchy in the norm || - ||, we define a “pointwise limit” function; second, we prove that the
sequence converges to this function; third, we prove that this function is continuous.

Let {fn}52, be a Cauchy sequence of continuous functions f : [to,t1] — R™. For each ¢ € [to, t1],
{fn(t)}22 is a Cauchy sequence of vectors in R (why?). Since R™ is a Banach space (Theorem 3.2),
every such sequence has a limit. We define the function f as follows:

Ft) = Tim_fu()

Next, we show that {f,}5°; converges to f also with respect to the norm || - ||o. Indeed, the fact
that {f,}n2, is Cauchy means that, for every e > 0, there exists NV € N such that

Vn,m > N,Vt € [tOvtl]a ”fn(t) - fm(t)H < ||fn - fm”oo <€
In this equation, fix ¢t and n, and let m — oc:
Vn > NVt € [to, 1], |[fu(t) = f(D)] <€
Taking the supremum over ¢,
Vn > N, || fn— fllo <€
hence || fr — flloo — 0.

It remains to show that f is continuous. Let ¢ € [to,¢1]. It holds:

1£() = fOI = 1) = fut) + fu(t) = fu () + fu(t) = FD)]
<) = @l 4+ 1) = fa@I + 1fn(E) = fOI
Now fix an € > 0. Since {f,}52, converges to f with respect to || - ||oc, there exists n such that
lf = fnlloo < €/3, and therefore || f(¢) — f.(t)|| < €/3 for all t and in particular || f,,(t) — f(?)|| < €/3.
On the other hand, since each function of the sequence is continuous, and in particular so is f,,

there exists § > 0 such that ||f,(¢t) — f.(¢)|| < €/3 whenever |t — ¢| < 6. Thus, for all € > 0 there
exists (n and) § > 0 such that, if |t — #| < d, then

[f(t) = f@OI <e/3+€/3+€/3=F¢,
and f is continuous.

Summarizing, given an arbitrary Cauchy sequence {f,}52 in C([to, 1], R,R™), we can construct a
function f € C([to,t1], R,R™) such that || f, — fllec — 0. E

Exercise 3.7 Show that the sequence {f;}2°, defined in (3.2) is not Cauchy in (C([-1,1],R),R, || -
lloo)-

The fact that (C([to,t1],R™),R, || - |lc) is a Banach space will be exploited below for the proof of
existence of solutions for ordinary differential equations. In Chapter 7 we will encounter another
infinite dimensional linear space, the so-called space of square integrable functions, which will play
a central role in the discussion of controllability and observability.
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3.5 Induced norms and matrix norms

Consider now the space (R™*™ R).

Exercise 3.8 Show that (R™*™ R) is a linear space with the usual operations of matrix addition
and scalar multiplication. (Hint: One way to do this is to identify R™*™ with R""™.)

The following are examples of norms on (R™*" R):

Z lai;|  (cf. 1 norm in R™™)
i1 j=1

NE

afj (Frobenius norm, cf. 2 norm in R™™)

[Alle =Y

m
1=

n

J

—

1

max max |a;| (cf. oo norm in R™™)
=1,ccm j=1,..m

~

More commonly used are the norms derived when one considers matrices as linear maps between
linear spaces. We start with a more general definition.

Definition 3.10 Consider the linear space of continuous functions f: (U, F, || -|lv) = (V, Fy || - |lv)
between two normed spaces. The induced norm of f is defined as

wro lullo

One can check that, whenever the supremum is finite, it indeed defines a norm on the space of
continuous functions (Problem 3.6). Notice that the induced norm depends not only on the function,
but also on the norms imposed on the two spaces.

For continuous linear functions between normed space, the definition of the induced norm simplifies
somewhat. It turns out that it is not necessary to take the supremum over all non-zero vectors in
U; it suffices to consider vectors with norm equal to 1.

Fact 3.6 Consider two normed spaces (U, F, ||-||v) and (V, F,||-||lv) and a continuous linear function
A:U— V. Then
[All = sup [lA(u)llv.

flullu=1
The proof is left as an exercise (Problem 3.6).

Example (Induced matrix norms) Consider A € F™*" and consider the linear map A : F" —
F™ defined by A(x) = Az for all x € F". By considering different norms on F™ and F™ different
induced norms for the linear map (and hence the matrix) can be defined:

| Az|
[A[lp = sup -
zern |2l

m
AL = j_rr11axnz la;j| (maximum column sum)
=1y i—1

lAll2 = max VA (maximum singular value)
AeSPEC[AT 4]

n
Al = izr{laxmz la;;] (maximum row sum)
e
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It turns out that the induced norm of linear maps is intimately related to their continuity.

Theorem 3.4 Consider two normed spaces (U, F,|| - ||v) and (V,F,| - ||v) and a linear function
A:U — V. The following statements are equivalent

1. A is continuous.
2. A is continuous at 0.

8. supjjy), =1 A)|lv < oo and the induced norm ||Al| is well-defined.

Proof: 1 = 2: By definition a function that is continuous everywhere is also continuous at 0.

2 = 3: By contraposition. Assume that supy,,—; [A(u)|v is infinite. Then for all M > 0 there
exists ups € U with |Jup|v = 1 such that || A(uas)||v > M. In particular, for all n € N there
exists u,, € U with [Ju,||ly = 1 such that | A(uy)|lv > n. Consider 4, = u,/n € U. Clearly,
ln ||l = ||unllu/m =1/n — 0, hence, by the properties and continuity of the norm lim,,_, o @, = 0.
On the other hand,

N 1 n
1Ay = [|ACun/n)llv = ~[lAlun)llvy = = =1
where the second equality follows by linearity of A and the norm axioms. Since A(0) = 0 by linearity

of A,
Jim Gy # 0= A©)

and the function cannot be continuous at 0.

3 = 1: For simplicity we revert to the original (equivalent by Fact 3.6) definition of the induced
norm and assume that
A [lv

sup ————— = M < oo.
wro  |lullu

This implies that || A(u)|ly < M||u||p for all u # 0; moreover, since A(0) = 0 by linearity of A, it
the inequality also holds for u = 0. Therefore for all u,u’ € U

[A(u) = A)llv = [|A(u = u)]lv < Mu—u'l|v.
Therefore, for all u € U and for all € > 0 there exists ¢ > 0 such that || A(u) — A(w')|v < € for all
u € U with |ju —v/||y < § (select any 0 < § < ¢/M). Hence A is continuous at all u € U.

In summary, 1 = 2 = 3 = 1 and the three statements are equivalent. n
An easy corollary is that linear functions between finite dimensional spaces are always continuous.

Corollary 3.2 All linear functions A : U — V between two finite dimensional normed spaces
(U,F,|| - lu) and (V,F,| - ||v) are continuous.

Proof: Fix bases for the two spaces so that the linear function A is represented by multiplication
by a matrix A. Since both spaces are finite dimensional all norms are equivalent; for simplicity let
|- ]o and || - || both be the corresponding infinity norms.

Note that if A = 0 the function A is constant and hence continuous. Otherwise, consider arbitrary
an u € U and note that [[A(u) — A(W)|co < [|A]lcollt — %/ ||so. Clearly ||Al|sc (the maximum row
sum) is a finite number. Therefore, for all € > 0 there exists § = ¢/||Al|co such that ||u — u/||cc < &
implies that || A(u) — A(u')|lec < €. Hence the function is continuous. m
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This is of course not the case for general linear functions. The following example provides a preview
of our discussion on stability of linear systems (Chapter 6).

Example (Discontinuous linear functions) Consider the function A defined by
A (anRa || ’ HQ) — (O([0,00),R"),R,H ’ HOO)
ro — A(zo) = €'z

Note that A a finite dimensional space (R™) into an infinite dimensional space C([0,00),R™) and
the the 2-norm is used in the finite dimensional space whereas the infinity norm

sup | f(t)]l2 for f(-) € C([0,00),R™)

te[0,00

is used on the infinite dimensional one. It is easy to check that the function A is indeed linear.
Moreover, A(0) is the zero function hence

1 4(0)[[oc = 0.

For any zo # 0, however, A(zo) = e’z is unbounded and ||A(zo)| o is infinite. Hence the function
is discontinuous and its induced norm is indeed not defined. This will be the situation we encounter
for unstable linear systems in Chapter 6.

By contrast, the function

A (anRv ” ’ HQ) — (C([0,00),R"),R, H ’ HOO)
zo +— Azo) =e 'z

is also linear. Moreover, for any x,

[A(zo)|loc = sup |le zoll2 = [|lzoll2
te[0,00)

hence the function is continuous at 0. Its induced norm is well defined

[All= sup [[A(zo)llc = sup [lzollz =1.
lleollz=1 lleollz=1
This will be the situation we encounter for stable linear systems in Chapter 6. n

For future reference we summarise some of the basic properties of the induced norm in a theorem.
These properties are the main reason why the induced norm is used extensively for linear functions
between normed spaces (instead of the more obvious matrix norms outlined in the beginning of the
section).

Theorem 3.5 Consider continuous linear functions A, A : (V,F,|| - ||v) = (W, F,|| - ||w) and B :
(U,F| - lu) = (V,E,|| - |[v) between normed linear spaces and let || - || denote the corresponding
induced norms.

1. Forallv eV, |AW)|lw < |A] - |v]lv-

2. Foralla € F, ||aA| = |a] - ||A]l.

3. A+ Al < A+ (1A

4. |Al =0< A(v) =0 for allv € V (zero map).
5. || Ao Bl < |A]l- 18]l
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Proof: With the exception of the last statement, all others are immediate consequences of the
definition of the induced norm and the fact that it is indeed a norm (Problem 3.6). To show the
last statement, consider

Ao B| = sup [[(AoB)(u)llw = sup [AB(u))|w

lullo=1 lullo=1
< sup [JA|-||B(u)|lv (by the first statement)
ullo=1
=[lAll - e I1Bw)llv = [All- B
]
3.6 Ordinary differential equations
The main topic of these notes are dynamical systems of the form
z(t) = A(t)x(t) + B(t)u(t) (3.3)
y(t) = C(H(t) + DE)u(t) (3.4)

where

teR, z(t) e R", u(t) e R™, y(t) € RP
A(t) e R™*™, B(t) e R™*™, C(t) € RP*™, D(t) € RP*™
The difficult part conceptually is equation (3.3), a linear ordinary differential equation (ODE) with

time varying coefficients A(t) and B(t). Equation (3.3) is a special case of the (generally non-linear)
ODE

#(t) = f(2(t), u(t),t) (3-5)
with
teR, z(t) e R", u(t) e R™
fR"xR™ xR — R".
The only difference is that for linear systems the function f(z,u,t) is a linear function of z and u

for all t € R.

In this section we are interested in finding “solutions” (also known as “trajectories”, “flows”, ...)
of the ODE (3.5). In other words:

e Given:
F:R"xR™ xR —R" dynamics
(to,z0) € R x R™  “initial” condition
u(-) : R — R™ input trajectory
e Find:
z(-) : R —= R™ state trajectory
e Such that:
LL‘(tQ) = 2o
d

—a(t) = f(a(t),u(t),t) vt € R
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While this definition is acceptable mathematically it tends to be too restrictive in practice. The
problem is that according to this definition x(¢) should not only be continuous as a function of time,
but also differentiable; since the definition makes use of the derivative dx(t)/dt, it implicitly assumes
that the derivative is well defined. This will in general disallow input trajectories u(t) which are
discontinuous as a function of time. We could in principle only allow continuous inputs (in which
case the above definition of a solution should be sufficient) but unfortunately many interesting input
functions turn out to be discontinuous.

Example (Hasty driver) Consider a car moving on a road. Let y € R denote the position of the
car with respect to a fixed point on the road, v € R denote the velocity of the car and a € R denote
its acceleration. We can then write a “state space” model for the car by defining

x_{z}eRz,u—aeR

and observing that

Defining
flz,u) = |: i ]

u

the dynamics of our car can then be described by the (linear, time invariant) ODE
#(t) = f(2(t), u(t))-

Assume now that we would like to select the input u

—

t) to take the car from the initial state

to the terminal state
=[5 |
in the shortest time possible (T') while respecting constraints on the speed and acceleration
v(t) € [0, Vinaz| and a(t) € [amin, @Gmaz] VE € [0,T]
for some Viyaz > 0, min < 0 < @pmaz. It turns out that the optimal solution for u(t) is discontinuous.

Assuming that yp is large enough it involves three phases:

1. Accelerate as much as possible (u(t) = amaz) until the maximum speed is reached (z2(t) =
Vmaz)-

2. “Coast” (u(t) = 0) until just before reaching yp.

3. Decelerate as much as possible (u(t) = amin) and stop exactly at yp.

Unfortunately this optimal solution is not allowed by our definition of solution given above. ™

To make the definition of solution more relevant in practice we would like to allow discontinuous
u(t), albeit ones that are not too “wild”. Measurable functions provide the best notion of how
“wild” input functions are allowed to be and still give rise to reasonable solutions for differential
equations. Unfortunately the proper definition of measurable functions requires some exposure to
measure theory and is beyond the scope of these notes; the interested reader is referred to [18] for
a treatment of dynamical systems from this perspective. For our purposes the following, somewhat
simpler definition will suffice.
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Definition 3.11 A function v : R — R™ is piecewise continuous if and only if it is continuous at
all t € R except those in a set of discontinuilty points D C R that satisfy:

1. VY7 € D left and right limits of u exist, i.e. lim;_,.+ u(t) and lim,_, .- u(t) exist and are finite.
Moreover, u(t) = lim;_,,+ u(t).

2. Vito,t1 € R with tg < t1, D N [to,t1] contains a finite number of points.
The symbols lim;_, .+ u(t) and lim,_, - u(¢) indicate the limit of u(t) as ¢t approaches 7 from above

(t > 7) and from below (¢t < 7). We will use the symbol PC([to,t1],R™) to denote the linear space
of piecewise continuous functions f : [tg, ;] — R™ (and similarly for PC(R,R™)).

Exercise 3.9 Show that (PC([to,t1],R™), R) is a linear space under the usual operations of function
addition and scalar multiplication.

Definition 3.11 includes all continuous functions, the solution to the hasty driver example, square
waves, etc. Functions that are not included are things like 1/t or tan(t) (that go to infinity for some
t € R), and obscure constructs like

0 (t>1/2)V(t<0)

uty=4{ ~1 t€ |5 o k=1,2,...
1 te ok )

that have an infinite number of discontinuity points in the finite interval [0, 1/2].

Let us now return to our differential equation (3.5). Let us generalize the picture somewhat by
considering

@(t) = p(z(t), 1) (3.6)

where we have obscured the presence of u(t) by defining p(z(t),t) = f(x(t),u(t),t). We will impose
the following assumption of p.

Assumption 3.1 The function p : R™ x R — R"™ is piecewise continuous in its second argument,
i.e. there exists a set of discontinuity points D C R such that for all z € R™

1. p(x,-) : R = R"™ is continuous for allt € R\ D.
2. ForallT € D, limy_ .+ p(x,t) and lim,_, .- p(x,t) exist and are finite and p(x,7) = lim,_, .+ p(x, ).

3. Vito,t1 € R with ty < t1, DN [to,t1] contains a finite number of points.

Exercise 3.10 Show that if v : R — R™ is piecewise continuous (according to Definition 3.11)
and f : R™ x R™ x R — R"™ is continuous then p(x,t) = f(x,u(t),t) satisfies the conditions of
Assumption 3.1.

We are now in a position to provide a formal definition of the solution of ODE (3.6).

Definition 3.12 Consider a function p : R™ x R — R" satisfying the conditions of Assumption 3.1.
A continuous function ¢ : R — R™ is called a solution of (3.6) passing through (tg,zo) € R x R™ if
and only if

1. ¢(to) = o, and
2. ¥Vt e R\ D, ¢ is differentiable at t, and %gb(t) =p(o(t),t).
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The solution only needs to be continuous and differentiable “almost everywhere”, i.e. everywhere
except at the set of discontinuity points, D, of p. This definition allows us to include input trajectories
that are discontinuous as functions of time, but still reasonably well behaved.

Is this a good definition? For example, is it certain that there exists a function satisfying the
conditions of the definition? And if such a function does exist, is it unique, or can there be other
functions that also satisfy the same conditions? These are clearly important questions in control
theory where the differential equations usually represent models of physical systems (airplanes, cars,
circuits etc.). In this case the physical system being modeled is bound to do something as time
progresses. If the differential equation used to model the system does not have solutions or has
many, this is an indication that the model we developed is inadequate, since it cannot tell us what
this “something” is going to be.

The answer to these questions very much depends on the function p. Notice that in all subsequent
examples the function p(x,t) is independent of ¢; therefore all potential problems have noting to do
with the fact that p is piecewise continuous as a function of time.

Example (No solutions) Consider the one dimensional system

() = —sgn(z(t)) = { 1_1 i ig i 8,

For the initial condition (tg, zo) = (0, ¢) with ¢ > 0, Definition 3.12 allows us to define the solution
¢o(t) = ¢ —t for t < ¢. There does not exist a function, however, that satisfies Definition 3.12 for
t>c.

Exercise 3.11 Verify this.

In particular, for the initial condition (to,x¢) = (0,0) the solution is undefined for all ¢ > 0. ]

The problem here is that the function p(z,t) is discontinuous in . The example suggests that to
be able to use Definition 3.12 effectively we need to exclude p(x,t) that are discontinuous in z.
Another alternative would be to relax the Definition 3.12 further to allow the so-called Filippov
solutions [8, 20], but this is beyond the scope of these notes.

Is the existence of a solution guaranteed if we restrict our attention to p(z,t) that are continuous in
2?7 Unfortunately not!

Example (Finite Escape Time) Consider the one dimensional system
i(t) = x(t)”

with (¢o,z0) = (0, ¢) for some ¢ > 0. The function

is a solution of this differential equation.

Exercise 3.12 Verify this.

Notice that as t — 1/c the solution escapes to infinity; no solution is defined for ¢t > 1/c. As in
the previous example, Definition 3.12 allows us to define a solution until a certain point in time,
but no further. There is a subtle difference between the two examples, however. In the latter case
the solution can always be extended for a little extra time; it is defined over the right-open interval
(—00,1/c). In the former case, on the other hand, a “dead end” is reached in finite time; for initial
conditions (0, ¢) the solution is only defined over the closed interval (—oo, ¢]. ]
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The problem here is that p(x,t) grows too fast as a function of x. To use Definition 3.12 we will
therefore need to exclude functions that grow too fast.

Even if these “exclusions” work and we manage to ensure that a solution according to Definition 3.12
exists, is this solution guaranteed to be unique, or can there be many functions ¢(t) satisfying the
conditions of the definition for the same (t9,z0)? Unfortunately the answer is “yes”.

Example (Multiple Solutions) Consider the one dimensional system

#(t) = 2|(t)| sgn(x(t))

with (to,z0) = (0,0). For all @ > 0 the function

[ £(t—-a)* t>a
I(t)_{o t<a

is a solution of the differential equation.

Exercise 3.13 Verify this.

Notice that in this case the solution is not unique. In fact there are infinitely many solutions, one
for each a > 0. ]

The problem here is that p(x,t) is “too steep”, since its slope goes to infinity as z tends to 0. To
use Definition 3.12 we will therefore need to also exclude functions that are too steep.
Functions that are discontinuous, “grow too fast” or are “too steep” can all be excluded at once by

the following definition.

Definition 3.13 The function p : R™ x R — R" is globally Lipschitz in x if and only if there exists
a piecewise continuous function k : R — Ry such that

Vz, ' € R"Vt € R ||p(z,t) — p(a’,t)|| < k(t)||z — 2.

k(t) is called the Lipschitz constant of p at t € R.

Example (Lipschitz functions) One can easily verify that linear functions are Lipschitz; we will
do so when we introduce linear systems. All differentiable functions with bounded derivatives are
also Lipschitz. However, not all Lipschitz functions are differentiable. For example, the absolute
value function |- | : R — R is Lipschitz (with Lipschitz constant 1) but not differentiable at z =
0. All Lipschitz functions are continuous, but not all continuous functions are Lipschitz. For
example, the functions z? and \/m from R to R are both continuous, but neither is Lipschitz. z?
is locally Lipschitz, i.e. for all g € R, there exist € > 0 and kz,(-) : R — Ry piecewise continuous
such that for all x € R:

if [l — @ol| < € then [|p(x, t) — p(wo, t)[| < Kao (t)[|l2 — 20|

But there is no k(-) : R — R that will work for all zg. /x is not even locally Lipschitz, a finite
ko () : R — Ry does not exist for g = 0. |

In the following section we will show that global Lipschitz continuity is sufficient to ensure the exis-
tence and uniqueness of solutions for Global Lipshitz continuity is indeed a tight sufficient condition
for existence and uniqueness of solutions, albeit not a necessary one. The examples outlined earlier
in this section demonstrate that there exist differential equation defined by non-Lipschitz functions
that do not posess unique solutions. On the other hand, one can also find differential equation
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defined by non-Lipschitz functions that do posess unique solutions for all intial conditions; to estab-
lish this fact, however, more work is needed on a case by case basis. The existence and uniqueness
results discussed here can be further fine tuned (assuming for example local Lipschitz continuity to
derive local existence of solutions). In the Chapter 4, however, we will show that linear differential
equations, the main topic of these notes, always satisfy the global Lipschitz assumption. We will
therefore not pursue such refinements here, instead we refer the interested reader to [12, 17].

3.7 Existence and uniqueness of solutions

We are now in a position to state and prove a fundamental fact about the solutions of ordinary
differential equations.

Theorem 3.6 (Existence and uniqueness) Assume p : R" x R — R" is piecewise continuous
with respect to its second argument (with discontinuity set D C R) and globally Lipschitz with
respect to its first argument. Then for all (to,xo) € R X R™ there exists a unique continuous function
¢ : R — R"™ such that:

1. (b(to) = Xp-
2.Vt e R\ D, L6(t) = p((t),1).
The proof of this theorem is rather sophisticated. We will build it up in three steps:

1. Background lemmas.
2. Proof of existence (construction of a solution).

3. Proof of uniqueness.

3.7.1 Background lemmas

For a function f : [tg,t1] — R™ with f(¢) = (f1(¢),..., fn(t)) define

t1

F(t)dt =

to

oAbt

o fa(t)dt

Fact 3.7 Let | - || be any norm on R™. Then for all ty,t1 € R,

‘/t:lf(t)dtH < /tt ||f(t)||dt}.

Proof:(Sketch) Roughly speaking one can approximate the integral by a sum, use triangle inequality
on the sum and take a limit. Note that the absolute value on the right had side is necessary, since
the integral there will be negative if t; < tg. ™

Recall that m! =1-2-...-m denotes the factorial of a natural number m € N.

Fact 3.8 The following hold:

1. Vm, ke N, (m+k)! >m!- kL
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2. Ve € R, limp 00 S5 = 0.

Proof: Part 1 is easy to prove by induction (Theorem 1.2). For part 2, the case |¢| < 1 is trivial,
since ¢ — 0 while m! — co. For ¢ > 1, take M > 2¢ integer. Then for m > M

cm - CMCme - CM Cme - CM 1 0
m! M!(M+1)(M+2)...m ~— M! (2c)m=M — M) 2m—M '

The proof for ¢ < —1 is similar. ™

Theorem 3.7 (Fundamental theorem of calculus) Let g : R — R piecewise continuous with
discontinuity set D C R. Then for all ty € R the function f(t) = fti g(7)dr is continuous and for
allt e R\ D,

SH0) = 9(0).

Theorem 3.8 (Gronwall Lemma) Consider u(-),k(-) : R — Ry piecewise continuous, ¢y > 0,
and to € R. If for all t € R

/ K(r)u(r)dr

to

/tt k(r)dr] .

Proof: Consider t > ¢y (the proof for ¢t < ¢y is symmetric and gives rise to the absolute values in
the theorem statement). Let

u(t) <ecp +

then for allt € R

u(t) < c1exp

U(t) = +/ E(T)u(T)dr.

to

Notice that u(t) < U(t), since for t > to the absolute value is redundant as u(-) and k(-) are
non-negative. By the fundamental theorem of calculus U is continuous and wherever k£ and u are

continuous p
ZU() = k(t)u(?).

Then
w(®)k(t)e” Jo PO < U )k(t)e fio HTAT

= ftrb k(r)dr U(t)k(t)e_ ftro k(rm)dr <0

=U(t)e fttﬂ k(r)dr S U(to) = C Yt Z to
= u(t) S U(t) < eredio HDI

which concludes the proof. n
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3.7.2 Proof of existence

We will now construct a solution for the differential equation
@(t) = p(x(t),1)

passing through (¢p,z9) € R x R™ using an iterative procedure. This second step of our existence-
uniqueness proof will itself involve three steps:

1. Construct a sequence of functions z,,(-) : R — R” for m = 1,2, .. ..

2. Show that for all ¢t; < ty < to this sequence is a Cauchy sequence in the Banach space
C([t1,t2],R™),] - |lco)- Therefore the sequence converges to a limit ¢(-) € C([t1, 2], R™).

3. Show that the limit ¢(-) is a solution to the differential equation.

Step 2.1: We construct a sequence of functions x,,(-) : R — R™ for m = 1,2,... by the so called
Picard iteration:

1. {E()(t) =x9VtEeR
2. Tpa1(t) =0 + fti p(xm(7), 7)dT, ¥Vt € R.

The generated sequence of functions is known at the Picard Iteration. Notice that all the functions
Zm (+) generated in this way are continuous by construction.

Consider any t1,t2 € R such that t; < tg < t3. Let

k= sup k(t)and T =ty —t;.
te(ty,ta]

Notice that under the conditions of the theorem both k and T are non-negative and finite. Let || - ||
be the infinity norm on R™. Then for all ¢ € [t1, t2]

me—i-l(t) - xm(t)” =

xo + /ttp(xm(T), T)dT — 30 — /tp(wm_1(7'),7')d7'

to

/t (@ (7),7) — plEmr (), 7)]dr

=) [p(@m(7), 7) = plem—1(7),T) dr|  (Fact 3.7)
< /t E(T)||zm(T) — xm—1(7)||dT| (p is Lipschitz in x)
<k ; [#m(T) = @m—1(7)] dT

For m =0

[lz1 (£) — o ()| < < =M

3

t to
/ oo, )|l dr / oo, )|l dr
to ty

for some non-negative, finite number M (which of course depends on t; and t2). For m =1

lz1(r) = zo(7)|| dr

to

t
/ Mdr
to

lz2(t) — 21 (B)] < &

<k = kM|t — to].
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For m = 2,

lws(t) — z2 ()] < &

/t lz2(r) — 21 () dr

—| (- k™ (t —to)?
<% / EM |7 — to|dr| = (t=to)
to 2
In general, for all ¢ € [t, 5],
(K[t —to[]™ k7)™
[min(t) — 1)) < TN R

Step 2.2: We show that the sequence x,, (+) is a Cauchy sequence in the Banach space (C([t1, t2], R™), ||-
|lso)- Note that x,,(-) is continuous by construction by the fundamental theorem of calculus. We
therefore need to show that z,,(-) has bounded infinity norm for all m and that

Ve >03dN e NVm > N, [|z,,(-) —2n()]eo < €.

We start with the second statement. Take m > N > 0 integers and consider

lzm () —2n()lloo = me() — Tp-1() + Zm-1() =+ 2N11() — 28 ()l
~N-—
= Z [Titn+1(1) = Titn ()]
m—]ZV_—l Oo
< Z Zitn+1() = 2itn ()l oo
i=0
m—N-—1 it N
<M Z; )+)' (Step 2.1)
<M ; N. z' (Fact 3.8)
)N "X &)
:M(N)! ; (i!)
(ET)N X (kT
Z(
ET N _
e N3 “

Note that, in particular, if we take N = 0 this implies that
[Zm (-) = 20()]loo < Me*T.

This, in turn, by the triangle inequality and the fact that xo (t) = xo for all t € [t1,t2] implies that
1Tm (oo < |lzoll + Me*T < oo, which establishes that x,,(-) has bounded infinity norm hence
Tm (+) € (C([t1,t2], R™), || - |loo) as required. Moreover, by Fact 3.8
o (RD)Y
NN O

therefore,
Ve >03IN e NVm > N, ||[2m() —an()]|ec < €
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and the sequence {x,,(-)}5°_, is Cauchy in the Banach space (C([t1,t2],R™),|| - ||sc). Hence it
converges in the infinity norm to some continuous function ¢(-) : [t1,t2] — R™ with [|¢(+)]|c < o0.
Notice that convergence in the infinity norm implies that

[2m(-) = ¢()loo ™" 0= sup |lzm(t) — o(t)] =0
tE[t1,to

m—r oo

= me(ﬂ — ¢(t)|| — 0 Vt e [tl,tQ]
= T () 57 G(t) Yt € [ty to]

Step 2.3: Finally, we show that the limit function ¢(-) : [t1,t2] — R™ solves the differential equation.
We need to verify that:

1. ¢(to) = zo; and
2. Vt € [t1,t2] \ D, g6(t) = p(¢(1). 1).

For the first part, notice that by construction xo(ty) = o and for all m > 0 since
to
T (to) = xo + / p(x (1), 7)dT = 20.
to
Therefore x,,(tg) = o for all m € N and lim,,—, o0 m (to) = @(t0) = xo.

For the second part, for ¢ € [t1,t2] consider

/t [P(xm (), 7) — p(o(7), 7)]dr|| < t Ip(z0 (), 7) — p(o(7),7)|| dT| (Fact 3.7)
< /t k() |2 (7) — 6(r)dr|  (p is Lipschitz)
k t u T (t) — dr
< Lﬁ$ﬁﬂ(ﬂ o)
s%mmo—¢omoldT
= kllzm(-) = (-)|loc|t — to
< kl|@m(-) = o() | T
Since, by Step 2.2, ||zm(-) — ¢()||oe — 0,

[ pan).aim) "5 [ ot i

to to
Therefore .
Tms1(t) = wzo + fto p(@m(7), T)dT
! ) A
o(t) = w0 + [, p(o(r),T)dr

By the fundamental theorem of calculus ¢ is continuous and

%Mﬂzp@@i)WEUMM\D'

Therefore, our iteration converges to a solution of the differential equation for all ¢ € [t1,¢2]. Since
[t1,t2] are arbitrary, we can see that our iteration converges to a solution of the differential equation
for all t € R, by selecting ¢; small enough and 5 large enough to ensure that ¢ € [ty t2].
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3.7.3 Proof of uniqueness

Can there be more solutions besides the ¢ that we constructed in Section 3.7.27 It turns out that
this is not the case. Assume, for the sake of contradiction, that there are two different solutions
(), ¥ () : R = R™. In other words

L. ¢(to) = ¥(to) = zo;

2. Vr € R\ D, £¢(1) = p(¢(7),7) and “Lo(7) = p(s(), 7); and

3. there exits £ € R such that ¢ (f) # ¢(#).

By construction  # to and ¢(to) — ¥(tg) = x¢ — o = 0. Moreover,

d

57 (0(7) = ¥(7)) = p(¢(7),7) = p((7),7), YT €R\D

éW%w@:A@Wﬂﬂ—mwmﬂw,WeR

Ip(¢(7), 7) = p(¥(7), 7)l|dr

to

<

| Klotr) = w(oar

to

=llot) — @) <

=>|o(t) —¥(t)|] <1+ Ve > 0.

/kvmwﬂ—¢vmm

to

Letting u(t) = ||¢(t) — ¥(¢)|| and applying the Gronwall lemma leads to

0 < [[6(t) — $(t)]| < erelo "D yey >0,

Letting ¢; — 0 leads to
lo(t) = @) =0=¢(t) =¥(t) VteR
which contradicts the assumption that 1 (f) # ¢(f).

This concludes the proof of existence and uniqueness of solutions of ordinary differential equations.
From now on we can talk about “the solution” of the differential equation, as long as the conditions
of the theorem are satisfied. It turns out that the solution has several other nice properties, for
example it varies continuously as a function of the initial condition and parameters of the function
.

Unfortunately, the solution cannot usually be computed explicitly as a function of time. In this case
we have to rely on simulation algorithms to approximate the solution using a computer. The nice
properties of the solution (its guarantees of existence, uniqueness and continuity) come very handy
in this case, since they allow one to design algorithms to numerically approximate the solutions and
rigorously evaluate their convergence properties. Unfortunately for more general classes of systems,
such as hybrid systems, one cannot rely on such properties and the task of simulation becomes much
more challenging.

One exception to the general rule that solutions cannot be explicitly computed is the case of linear
systems, where the extra structure afforded by the linearity of the function p allows us to study the
solution in greater detail. We pursue this direction in Chapter 4.

Problems for chapter 3

Problem 3.1 (Norms) Let F be either R or C. Show that the following are well-defined norms
for the linear spaces (F™, F), (F™*", F) and (C([to,t1], F™), F), respectively:
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1. ||7]|oo = max; |x;|, where x = (z1,...,2,) € F";
2. [|Alloo = max; 3~ |a;,;|, where A = [a; ;] € F™*™;

3. [ flleo = maxiepr 1) | (#)loo, where f € C([to, ta], F™).

For x € F", show in addition that the norms ||z||s, ||2|]1 and ||z||2 are equivalent (Hint: you may
assume Schwarz’s inequality: > ., (|@;] - |yi]) < ||zll2 - [|yll2, Y2,y € F™).

Problem 3.2 (Ball of a given norm) Consider a normed vector space (V| F,||-||) and v € V and
r € R4 define the open and closed balls centered at v with radius r as the sets

B(v,r) ={v' € V| |lv="2"|| <7} and B(v,7) = {v' € V | |[v = v'|| < r} respectively.

Show that:

1. B(v,r) is open and B(a,7) is closed.

2. v1,v2 € B(v,7) = Avy + (1 — XN)vg € B(v,r),VA € [0,1] (B(v,r) is convex);
3. ve B(0,r) = —v e B(0,7) (B(0,r) is balanced);

4. Yo' € V3r € (0, +00) such that v € B(0,r).

Problem 3.3 Let (V, F,| -||) be a normed space. Show that:

1. The sets V and ) are both open and closed.
2. If K1, Ko C V are open sets then K7 N K5 is an open set.
3. If Ky, Ky CV are closed sets then K7 N K5 is a closed set.

4. Let {K; C V| i € I} be a collection of open sets, where I is an arbitrary (finite, or infinite)
index set. Then U;c; K; is an open set.

5. Let {K; C V| i€ I} be a collection of closed sets, where I is an arbitrary (finite, or infinite)
index set. Then N;c; K; is a closed set.

(Hint: Show 1, 3 and 5, then show that 3 implies 2 and 5 implies 4.)

Problem 3.4 (Continuity) Let f: (U, F,|-|lv) — (V, F,||-|lv) be a function between two normed
spaces. Show that the following statements are equivalent:

1. f is continuous.

2. For all sequences {u;}32, C U, lim; o0 u; = u = im0 f(ui) = f(u).
3. For all K C V open, the set f~}(K)={u €U | f(u) € K} is open.

4. For all K C V closed, the set f~!(K) is closed.

Problem 3.5 (Equivalent Norms) Let (V, F') be a linear space. Let ||-||, and ||||» be equivalent
norms on (V, F). Let v € V, X CV and let {v;};en be a sequence of elements of V. Show that:

1. {vi}ien is Cauchy w.r.t. || - ||o < {vi}ien is Cauchy w.r.t. || - ||p;
2. 0, X v wrt. || o © v =F v wrt. |||l

3. X isdense in V w.rt. || || & X is dense in V w.r.t. || - |p.
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Problem 3.6 (Induced norms) Let (U, F,||-||lv) and (V, F, || - ||v) be normed spaces, and let 0y
be the zero vector of U.

1. Show that the induced norm

Fl(u 1%
Fle o 1F0I
uwelU: u#0y ||u||U

is a well-defined norm for the space of continuous operators F : U — V (you may assume that
the space of operators is a linear space over F).

2. Let A:U — V be a linear operator. For the induced norm ||.A||, show that

Al = s [lA@)]lv-

w: ||ullu=

Problem 3.7 (ODE solution properties) Consider p : R” x R — R™ Lipschitz continuous in its
first argument and piecewise continuous in its second. For ¢, ty € R, zp € R™, let s(t,to,x¢) denote
the unique solution of the differential equation

&s(t,to,:co) = p(s(t, to, zo),t), with s(to,to,x0) = xo.

Consider arbitrary t,¢1,ty € R. Show that:

1. For all xy € R™, s(t,t1, s(t1,t0,x0)) = s(t, to, Zo).
2. For all zg € R™, s(to,t, s(t,t0,20)) = zo.

3. The function s(t,tg, ) : R™ — R™ is continuous.
Problem 3.8 (Population dynamics)

Problem 3.9 (Discontinuous dynamics)



Chapter 4

Time varying linear systems:
Solutions

We now return to the system

x(t) = A(t)x(t) + B(t)u(t (4.1)
y(t) = C(t)x(t) + D(t)u(t)
where
teR, z(t) e R", u(t) e R™, y(t) € RP
and

A() R —=R™™ B(-):R— R"™™,
C():R—=RP*" D(:): R — RP*™

which will concern us from now on.

4.1 Motivation: Linearization about a trajectory

Why should one worry about time varying linear systems? In addition to the fact that many physical
systems are naturally modeled of the form (4.1)—(4.2), time varying linear systems naturally arise
when one linearizes non-linear systems about a trajectory.

Consider a non-linear system modeled by an ODE
(t) = flz(t),u(t))
y(t) = h(x(t),u(t)) (4.3)

with t € R, x(t) € R", u(t) € U CR™, f: R" x U — R"™. To ensure that the solution to (4.3) is
well defined assume that f is globally Lipschitz in its first argument and continuous in its second
argument and restrict attention to input trajectories u(-) : R — U which are piecewise continuous.

Assume that the system starts at a given initial state zop € R™ at time ¢t = 0 and we would like to
drive it to a given terminal state zp € R™ at some given time 7" > 0. Moreover, we would like to
accomplish this with the minimum amount of “effort”. More formally, given a function

1:R" x U — R (known as the running cost or Lagrangian)

59



Lecture Notes on Linear System Theory, (©) J. Lygeros & F. A. Ramponi, 2015 60

we would like to solve the following optimization problem:

minimize fO (x(t),u(t))dt
over u(+) : [0, T] — U piecewise continuous
subject to  z(0) = x¢

x(T)=ap

x(+) is the solution of &(t) = f(x(t), u(t)).
Essentially {(z,u) encodes the “effort” of applying input u at state x.

The most immediate way to solve this optimization problem is to apply a theorem known as the
maximum principle [15, 13], which leads to an optimal input trajectory w(-)* : [0,7] — U and the
corresponding optimal state trajectory z*(-) : [0,7] — R™ such that x*(0) = zg, 2*(T) = zr and
#*(t) = f(a*(t),u*(t)) for almost all ¢t € [0,T].

Notice that the optimal input trajectory is “open loop”. If we were to apply it to the real system
the resulting state trajectory, (t), will most likely be far from the expected optimal state trajectory
x*(t). The reason is that the differential equation model (4.3) of the system is bound to include
modeling approximation, ignore minor dynamics, disturbance inputs, etc. In fact one can show that
the resulting trajectory x(t) may even diverge exponentially from the optimal trajectory x*(t) as a
function of ¢, even for very small errors in the dynamics f(z,u).

To solve this problem and force the real system to track the optimal trajectory we need to introduce
feedback. Several ways of doing this exist. The most direct is to solve the optimization problem
explicitly over feedback functions, i.e. determine a function g : R” xR — U such that u(t) = g(x(t),t)
is the optimal input if the system finds itself at state x(t) at time ¢. This can be done using the
theory of dynamic programming [3, 4]. The main advantage is that the resulting input will explicitly
be in feedback form. The disadvantage is that the computation needed to do this is rather wasteful;
in particular it requires one to solve the problem for all initial conditions rather than just the single
(known) initial condition xg. In most cases the computational complexity associated with doing this
is prohibitive.

A sub-optimal but much more tractable approach is to linearize the non-linear system about the
optimal trajectory (z*(-),u*(-)). We consider perturbations about the optimal trajectory

x(t) = 2 (t) + dox(t) and u(t) = u*(¢) + du(t).

We assume that dx(t) € R™ and du(t) € R™ are small (i.e. we start close to the optimal trajectory).
The plan is to use du(t) to ensure that dz(t) remains small (i.e. we stay close to the optimal
trajectory). Note that

x(t) = " (t) + ox(t) = &(t) = 2" (t) + %(M(t)) = f(a*(t),u"(t)) + %(61:(0).

Assume that

fi(z,u)
fw,u) = 5
fu(z,u)
where the functions f; : R® x U — R for ¢ = 1,...,n are differentiable. For ¢ € [0, T] define
y B0 - )
FrCHONEOIES s | SAmeR
R CHORTIOINNE I GRMO)
of [ G @) o G (1) (1)
oL @ (1), u (1) = ; z = B e R
L S@ @ @) o @ @) )
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Then
B(t) = Fa(t),u(t) = [ (8) + 6a(t), u (8) + Sut))
= f(a"(t),u"(t)) + %(m* (t),u"(t))ox(t) + %(m*(t), u*(t))du(t) + higher order terms

If dx(t) and du(t) are small then the higher order terms are small compared to the terms linear in
dz(t) and ou(t) and the evolution of dz(t) is approximately described by the linear time varying
system

%(53;(15)) — A(t)dx(t) + B(t)ou(t).

We can now use the theory developed in subsequent chapters to ensure that dx(t) remains small and
hence the nonlinear system tracks the optimal trajectory z*(t) closely.

4.2 Existence and structure of solutions

More formally, let (X,R), (U,R), and (Y, R) be finite dimensional linear spaces, of dimensions n, m,
and p respectively!. Consider families of linear functions,

At): X —- X B(t):U—=X
Clt): X =Y Dt):U =Y

parametrized by a real number ¢t € R. Fix bases, {¢;}I; for (X,R), {f;}72, for (U,R), and {g;}7_;
for (Y,R). Let A(t), B(t), C(t), and D(t) denote respectively the representation of the linear maps
A(t), B(t), C(t), and D(t) with respect to those bases,

xX,R) M (xR (U,R) W (x,R)

A(t)eR™*™ B(t)eR™*™
{eitiy — {eitiy {fi}i — {eitiy

xR U (R wr 2 (VR

C(t)eRP*™ D(t)eRP*™

R () {fi¥ita {9}y
Here we will be interested in dynamical systems of the form
z(t) = A(t)x(t) + B(t)u(t) (4.4)
y(t) = C()x(t) + D(t)u(t) (4.5)

where z(t) € R™, u(t) € R™, and y(t) € RP denote the representations of elements of (X,R), (U, R),
and (Y, R) with respect to the bases {e;}™, {fi}/,, and {g;}}_; respectively.

To ensure that the system (4.4)—(4.5) is well-posed we will from now on impose following assumption.
Assumption 4.1 A(-), B(-), C(-), D(:) and u(-) are piecewise continuous.

It is easy to see that this assumption ensures that the solution of (4.4)—(4.5) is well defined.

Fact 4.1 For all u(-) : R — R™ piecewise continuous and all (to,x0) € R x R™ there exists a unique
solution z(-) : R — R™ and y(-) : R — R? for the system (4.4)—-(4.5).

1The complex numbers, C, can also be used as the field, at the expense of some additional complication in
dimension counting. For simplicity we will think of linear spaces as defined over the field of real numbers, unless
otherwise specified (e.g. for eigenvalue calculations).
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Proof:(Sketch) Define p : R™ x R — R” by

p(x,t) = A(t)x + B(t)u(t).

Exercise 4.1 Show that under Assumption 4.1 p satisfies the conditions of Theorem 3.6. (Take D
to be the union of the discontinuity sets of A(-), B(), and u(-)).

The existence and uniqueness of (-) : R — R™ then follows by Theorem 3.6. Defining y(-) : R — RP
by
y(t) = C(t)x(t) + D(t)u(t) Vte R

completes the proof. [

The unique solution of (4.4)—(4.5) defines two functions

x(t) = s(t,to,x0,u) state transition map

y(t) = p(t,to, z9,u) output response map

mapping the input trajectory u(-) : R — R™ and initial condition (¢g,zq) € R x R™ to the state and
output at time ¢ € R respectively. It is easy to see that the function s and the input u also implicitly
define the function p through

p(t,to, o, u) = C(t)s(t, to, xo,u) + D(t)u(t).

Therefore the main properties of the solution functions can be understood by analysing the properties
of the state solution function s.

Theorem 4.1 Let D, be the union of the discontinuity sets of A(-), B(-) and u(-) and D, the union
of the discontinuity sets of C(-), D(-) and u(-).
1. For all (ty,z0) € R x R™, u(:) € PC(R,R™)
o x(-) =s(-,to, o, u) : R = R™ is continuous and differentiable for allt € R\ D,.
e y(-) = p(- to,x0,u) : R — RP is piecewise continuous with discontinuity set D,,.

2. For all t,tp € R, u(-) € PC(R,R™), z(-) = s(t,to,-,u) : R™ = R"™ and p(t,to,-,u) : R" — R?

are continuous.
3. For allt,tg € R, xg1,x02 € R™, ul(-),u2(-) S PC(R,Rm), ay,as €ER

s(t, to, @101 + a2, arur + asus) = a1s(t, to, To1, u1) + as(t, to, Toz, uz)

p(t, to, a1zo1 + a2xo2, ar1ur + asus) = a1p(t, to, o1, u1) + a2p(t, to, To2, u2).
4. For allt,ty € R, o € R", u € PC(R,R™),

s(t, to, xo, u) = s(t, to, x0,0) + s(t, to, 0, w)
p(tu to, Xo, ’LL) = p(tu to, Xo, O) + p(t7t07 O,’U,)

The last statement requires some care, as 0 is used in two different ways: As the zero element in
R™ (Ogr = (0, ...,0) in the notation of Chapter 3) and as the zero element in the space of piecewise
continuous function (fpc(t) = (0,...,0) for all £ € R in the notation of Chapter 3). The interpre-
tation should hopefully be clear from the location of 0 in the list of arguments of s and p.
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Proof: Part 1 follows from the definition of the solution. Part 4 follows from Part 3, by setting
uy = 0, ug = u, g1 = xg, g2 = 0, and a; = as = 1. Part 2 follows from Part 4, by noting that
s(t, to, -, u) = s(t,to, -, 0) + s(t, to, 0,u) and s(t, tg,-,0) : R™ — R™ is a linear function between finite
dimensional linear spaces (and hence continuous by Corollary 3.2); the argument for p is similar. So
we only need to establish Part 3.

Let T (t) = S(t,to,x()l, ul), IQ(t) = S(t,to, o2, UQ), .I(t) = S(t,to, ai1rol —+ asxrop2, a1uUy —+ CLQUQ), and
() = arz1(t) + agwa(t). We would like to show that z(t) = ¢(t) for all ¢t € R. By definition
LL‘(tQ) = a1Zo1 + A2X02 = a1 (fo) + a9 (to) = (b(to).
Moreover, if we let u(t) = ayuy(t) + agu(t) then for all t € R\ D
z(t) = A(t)x(t) + B(t)u(t)
O(t) = ayiy (t) + agda(t)
= a1 (A(t)x1(t) + B(t)ui(t)) + aa(A(t)x2(t) + B(t)us(t))
= A(t)(a121(t) + agz2(t)) + B(t)(a1ui(t) + asua(t))
= A(t)o(t) + B(t)ul(t).

Therefore x(t) = ¢(t) since the solution to the linear ODE is unique. Linearity of p follows from the
fact that C(t)z + D(¢t)u is linear in 2 and w. =

4.3 State transition matrix

By Part 4 of Theorem 4.1 the solution of the system can be partitioned into two distinct components:

S(t,to,I07U) = S(tvtOVIOvO) + S(tvthovu)
state transition = zero input transition + zero state transition

p(t7t07$07u) = p(t7t07x070) + p(t7t0707u)
output response = zero input response + zero state response.

Moreover, by Part 3 of Theorem 4.1, the zero input components s(¢, tg, zo,0) and p(t, to, zo,0) are
linear in xyp € R™. Therefore, in the basis {e;}7; used for the representation of A(-), the linear map
s(t,to,+,0) : R™ — R™ has a matrix representation. This representation, that will of course depend
on ¢ and ¢ty in general, is called the state transition matrix and is denoted by ®(¢,¢p). Therefore,
assuming s(t, ¢, xo, 0) refers to the representation of the solution with respect to the basis {e;}7 4,

S(f,t0,$0,0) = @(t,to)xo. (46)

Exercise 4.2 Show that the representation of p(¢,tp,-,0) : R® — RP with respect to the bases
{e;}, and {g;}'_, is given by C(t)®(t,t); in other words p(t, to, z0,0) = C(t)P(t, to)zo.

Therefore the state transition matrix ®(¢,tg) completely characterizes the zero input state transi-
tion and output response. We will soon see that, together with the input trajectory wu(-), it also
characterizes the complete state transition and output response.

Theorem 4.2 ®(t,ty) has the following properties:

1. ®(-,tp) : R = R™ ™ is the unique solution of the linear matriz ordinary differential equation

%‘b(t,to) = A(t)q)(t,to) with (I)(to, to) =1.
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Hence it is continuous for all t € R and differentiable everywhere except at the discontinuity

points of A(t).
2. For all t,ty,t1 € R, (I)(t,to) = ‘I)(t,tl)q)(tl,to).

3. For all ty,ty € R, ®(ty,to) is invertible and its inverse is [®(t1,t0)] " = ®(to,t1).

Proof: Part 1. Recall that s(t, tg, 20,0) = ®(t,to)xo is the solution to the linear differential equation
#(t) = A(t)x(t) with z(tg) = 9. For i = 1,...,n consider the solution z*(-) = s(-, g, 2%(to),0) to
the linear differential equation starting at the representation x%(¢g) = (0,...,1,...,0) € R" of the

basis vector e;; in other words,

i'(t) = A(t)2' (t) with 2°(to) = | 1 | hence, by (4.6), z'(t) = ®(t,t9) | 1
0 0
Note that 2%(t) is equal to the i*" column of ®(¢,t). Putting the columns next to each other

®(t,to) = [z'(t) 2°(t) ... 2"(t)]

shows that
%(I)(t,to) - %xl(t) %ﬁ(t) %x"(t)
= [A(t)z'(t) A(t)2*(t) ... A(t)z"(t)]
= A(t) [z'(t) 2*(t) ... 2"(t)] = A(t)®(t, to).
Moreover,
1 0 0
0o 1 ...
(I)(to,to) = [l‘l(to) $2(t0) :v"(to)] == . . . . =1€ Ran'
00 .. 1

Part 1 follows.

Part 2. Consider arbitrary to, 1 € R and let L(t) = ®(¢,t9) and R(t) = ®(¢,t1)P(t1,tp). We would

like to show that L(t) = R(t) for all t € R. Note that (by Part 1)

L(t1) = ®(t1,t0)
R(t1) = ®(t1,t1)P(t1,t0) = I - P(t1,t0) = P(t1,10)-

Therefore L(t1) = R(t1). Moreover, (also by Part 1)

L L(1) = La(1,10) = AN, 10) = ADL()
%R(t) = %[@(t,tl)q)(tl,to)] = %[@(t,tl)]q)(tl,to) = A()D(t,t1)P(t1,t0) = A(t)R(t)

Therefore L(t) = R(t) by existence and uniqueness of solutions of linear differential equations.

Part 3. First we show that ®(¢,t9) is nonsingular for all ¢,y € R. Assume, for the sake of contra-
diction, that it is not, i.e. there exists t,tp € R such that ®(¢,tp) is singular. Then the columns
of ®(t,ty) are linearly dependent (Theorem 2.3) and there exists g € R™ with 29 # 0 such that

(I)(t, to)xo =0.
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Let x(71) = ®(7,tg)xo. Notice that z(t) = ®(¢,t9)xo = 0 and

d%_x(T) = diTq)(T, to)xo = A(T)®(7, to)xo = A(T)x(7).

Therefore x(7) is the unique solution to the differential equation:

%JJ(T) = A(m)xz(7) with z(t) = 0. (4.7)

The function z(7) = 0 for all 7 € R clearly satisfies (4.7); therefore it is the unique solution to (4.7).

Let now 7 = tg. Then
0= x(to) == (I)(to,to).IO =1- o = X

which contradicts the fact that 29 # 0. Therefore ®(¢,ty) cannot be singular.

To determine its inverse, recall that for all ¢,%y,¢; € R,
D(t,t1)P(t1,to) = P(¢, o)
and let t = tg. Then
D(to, t1)D(t1, to) = Bto, to) = I = [D(t1,t0)] " = B(to, t1).
]

In addition to these, the state transition matrix also has several other interesting properties, some
of which can be found in the exercises. We can now show that the state transition matrix ®(¢, %)
completely characterizes the solution of linear time varying differential equations.

Theorem 4.3 For all t,ty € R, xo € R", u(-)) € PC(R,R™),

S(tvtOVCCOvu) = (I)(t,to)CCO + fti (I)(t,T)B(T)U(T)dT
state transition = zero input transition + zero state transition

o(t, to,x0,u) = C(t)D(t, to)xo + C(t) [ ®(t,7)B(r)u(r)dr + D(t)u(t)
output response = zero input response  + zero state response.

Proof: Several methods exist for proving this fact. The simplest is to invoke the rule of Leibniz for
differentiating integrals.

b(t) b(t)
%[ » f(t,T)dT] - / ) % Pt 7+ F(1,b(0) rblE) — (1, a(1) S a(r)

(for the sake of comparison, notice that the fundamental theorem of calculus is the special case
a(t) = tg, b(t) =t and f(t,7) = f(7) independent of ¢.)

We start by showing that

t
s(t, to, xo, u) = (¢, to)xo —|—/ O(t, 7)B(T)u(r)dr
to
If we let L(t) = s(t,t0,z0,u) and R(t) = P(t,t0)zo + ftto O(t, 7)B(T)u(T)dT we would like to show
that for all ¢t € R, L(t) = R(t). Notice that by definition L(ty) = s(to, to, zo,u) = xo and

d

EL(t) = is(t, to, o, u) = A(t)s(t, to, xo,u) + B(t)u(t) = A(t)L(t) + B(t)u(t).

dt
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We will show that R(t) satisfies the same differential equation with the same initial condition; the
claim then follows by the existence and uniqueness theorem.

Note first that
to
R(to) = ‘I)(to, to)xo + / ‘I)(t,T)B(T)U(T)dT =1- xo + 0= o = L(to)
to

Moreover, by the Leibniz rule

%R(t) ~ % {@(t,to)xo + /t:q>(t,7)3(7)u(¢)d¢}
~ [%@(t,to)] 20+ % Utt @(t,T)B(T)u(T)dT]

t

= A(t)B(t, to)zo + / %@(t, 7)B(r)u(r)dr + (¢, t)B(t)u(t)%t — B(to, tO)B(to)u(to)%to

= A(t)B(t, to)zo + t A)D(t, 7)B(r)yu(r)dr + T - B(t)u(t)

= A(t) [@(t,to)xo —|—/t (I)(t,T)B(T)’U,(T)dT:| + B(t)u(t)

— A(DR(t) + B(t)u(t).

Therefore R(t) and L(t) satisfy the same linear differential equation for the same initial condition,
hence they are equal for all ¢ by uniqueness of solutions.

To obtain the formula for p(t, to, zo,u) simply substitute the formula for s(t, to, xo,u) into y(t) =
C(t)x(t) + D(t)u(t). =

Let us now analyze the zero state transition and response in greater detail. By Theorem 4.1, the zero
state transition and the zero state response are both linear functions s(¢, ¢, 0, ) : PC(R,R™) — R"
and p(t,10,0,-) : PC(R,R™) — RP respectively.

S(tﬂg’.)

(PC(R,R™),R)

u(+) — / O(t, 7)B(T)u(r)dr

to

(R",R)

and

p(t,to,0,)
SN

(PC(R,R™),R) (RP,R)

u(+) — C(t)/ O(t, 7)B(T)u(r)dr + D(t)u(t).

to

Fix the basis {f;}72; for (R™,R) used in the representation of B(t) € R"*™. Fix o > to and
consider a family of functions (4, () € PC(R,R™) parametrized by € > 0 and defined by

0 ift<o
O(a,e)(t) = 1 ffo<t<o+e
0 ift>oc+e

For j = 1,...,m, consider the zero state transition? 5(t,t0,0,0(,¢)(t) f;) under input 6, ) (t)f;-
Since s(to,%0,0,0(c,)(t)f;) = 0 and the input is zero until ¢ = o,

s(t, to, 0, 5(075)(t)fj) =0 Vt<o.

2Strictly speaking, we should use the R™ representation of the basis vector f; € U instead of f; itself. The reader
is asked to excuse this slight abuse of the notation.



Lecture Notes on Linear System Theory, (©) J. Lygeros & F. A. Ramponi, 2015 67

Exercise 4.3 Show this by invoking the existence-uniqueness theorem.

For t > 0 + € and assuming e is small
(t tOvo 6(0 6) (I) 6(0 6)( )fde

) deT

n= [ w0
[
/ B(t,0 + )B(o + ¢, 7)B(r)f;dr
@(tfa +¢€)

O(t,0 +¢)

€

A=

o+te
/ O(o +e¢,7)B(7)fidr

Q

[®(c +¢€,0)B(o)fj]e
9 O(t,0)®(0,0)B(o)f; = D(t,0)B(0)f;

Therefore
ll_I)I(lJ S(t, to, 0, 6(016)(15)][]‘) = (I)(t, O')B(U)fj.

Formally, if we pass the limit inside the function s and define

0o (t) = Hm 6, ¢)(t)

e—0

we obtain
s(t,t0,0,04(t)f;) = ®(t,0)B(o)f; € R™

The statement is “formal” since to pass the limit inside the function we first need to ensure that the
function is continuous.

Exercise 4.4 We already know that the function s(t,tp,0,-) : PC(R,R™) — R"™ is linear. What
more do we need to check to make sure that it is continuous?

Moreover, strictly speaking d,(¢) is not an acceptable input function, since it is equal to infinity
at t = o and hence not piecewise continuous. Indeed, d,(t) is not a real valued function at all,
it just serves as a mathematical abstraction for an input pulse of arbitrarily small length. This
mathematical abstraction is known as the impulse function or the Dirac pulse. Even though in
practice the response of a real system to such an impulsive input cannot be observed, by applying
as input piecewise continuous functions ¢(,.)(t) for € small enough one can approximate the state
transition s(t, to, 0, 6 (t) f;) arbitrarily closely. Notice also that for t > o

S(t,to, 0, 6U(t)fj) = S(f, ag, B(O’)fj,())

i.e. the zero state transition due to the impulse 6, (¢)f; is also a zero input transition starting with
state B(o)f; at time o.

Repeating the process for all {f;}7; leads to m vectors ®(t,0)B(0)f; for j = 1,...,m. Order-
ing these vectors according to the1r index j and putting them one next to the other leads to the
impulse transition matrix, K (¢,0) € R"*™  defined by

[ ®(t,0)B(o) ift>o
K(t’”)_{o ift <o

The (4,7) element of K(t,0) contains the trajectory of state x; when the impulse function d,(t) is
applied to input u;. Note that, even though these elements cannot be measured in practice, the
impulse transition matrix is still a well defined, matrix valued function for all ¢, € R.
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Substituting s(¢,0,0, d,(t) f;) into the equation y(t) = C(t)z(t) + D(t)u(t) leads to
pt:t0,0,05 (1) f;) = C(O) (¢, 0)B(o) f; + D(t) f;05(t) € R™.

and the impulse response matrix, H(¢,0) € RP*™  defined by

H(t,0) = { g(ﬂfb(t,o)B(o) L D)6, (1) ft>o

ift <o.

Note that, unlike K (¢,0), H(t,0) is in general not a well defined matrix valued function since it in
general contains an impulse in its definition (unless of course D(t) = 0 for all ¢t € R).

Problems for chapter 4

Problem 4.1 (Invariant Subspaces) Let L : V' — V be a linear map on an n-dimensional vector
space V over the field F'. Recall that a subspace M C V is called L-invariant if Lz € M for every
x € M. Suppose that V is a direct sum of two subspaces My and My, i.e., My N My = {0}, and
My + My = V. If both My and M> are L-invariant, show that there exists a matrix representation
A e F™*™ of the form

A— [Au 0 }

0 Ay

with DiM(A11) = DiM(M;) and DIM(A22) = DiM(Mz). (Recall that the sum of subspaces M and
N of a vector space X is the set of all vectors of the form m + n where m € M and n € N. A
vector space X is the direct sum of two subspaces M and N if every vector z € X has a unique
prepresentation of the form = m +n where m € M and n € N; we write X = M ® N.)

Problem 4.2 (Eigenvalues and Invariant Subspaces) Let A be a real-valued n x n matrix.
Suppose that A+iu is a complex eigenvalue of A and x+1y is the corresponding complex eigenvector,
where A\, u € R and x,y € R™. Show that x — iy is also an eigenvector with eigenvalue A — iu. Let
V be the 2-dimensional subspace spanned by x and y, i.e., V is the set of linear combinations with
real-valued coefficients of the real-valued vectors x and y. Show that V' is an invariant subspace of
A, namely, if z € V then we have Az € V.

Problem 4.3 (ODEs)

1. Let f : R™ — R™ be Lipschitz with Lipschitz constant K € [0,+00). For ¢ € R, let x(t) be
the solution of &(t) = f(x(t)), with x(0) = z¢. Let Z € R™ be such that f(Z) = 0. Show that
|z(t) — Z|| < e&||xo — 7|, Vt € R4. (Here || - || is the Euclidean norm on (R™, R) for which K
is defined. Hint: use the Gronwall Lemma).

2. Let A: Ry - R™™ B :R. — R"™™ and v : Ry — R™ be piecewise continuous functions.
Show that, for any xo € R", the linear ODE

(t) = A(t)x(t) + B(t)u(t), teRy,
x(0) = g

has a unique solution z(-) : Ry — R™. (Hint: you may assume that if A(¢) is piecewise
continuous then so is its induced norm).

Problem 4.4 (Linear ODEs) Let A(:) : R — R™*™ be piecewise continuous. Consider the fol-
lowing linear ODE:
#(t) = A(t)a (1), (15)

and let ®(¢,tp) be the state transition matrix.
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1. Show that 2 ®(t,t) = —®(to,t)A(t).
(Hint: differentiate the identity ®(to,t)®(¢,t0) = 1.)

2. Let X be a convex set (i.e. z,2" € Xg = Az + (1 — Nz’ € X, VA € [0,1]). Let s(t,to,z0) be
the solution of (1) associated with the initial condition x(tg) = x¢. Show that the set

X(t) = {S(t,to,d?o) DX € Xo}
is convex for all ¢t € R.

3. A function X(:) : R — R™" is said to be a fundamental matrix for the matrix differential
equation X (t) = A(t)X(t) if it is a solution and it is nonsingular for all ¢ € R. Show that,
given any fundamental matrix X (-), it holds that ®(¢,t0) = X (¢) - X (to)~*.

Problem 4.5 (Change of basis)



Chapter 5

Time invariant linear systems:
Solutions and transfer functions

Let us now turn to the special case where all the matrices involved in the system dynamics are
constant, in other words

&(t) = Ax(t) + Bu(t) (5.1)
y(t) = Cx(t) + Du(t)

with ¢t € Ry, z(t) € R, u(t) € R™, y(¢t) € R and A € R"*", B € R**™ (C € RP*"™ and D € RP*™
are constant matrices.

5.1 Time domain solution

Define the exponential of the matrix A € R™*™ by

A%2 Akik
51 4+ o

et =T+ At + + ... e R™", (5.3)
Theorem 5.1 For all t,tg € Ry, ®(t,ty) = eAlt—t0),

Proof: Exercise. Show that e(*~%) satisfies the conditions of Part 1 of Theorem 4.2 by taking the
derivative of the expansion in (5.3) with respect to ¢. The result follows by uniqueness of solutions

of ordinary differential equations. ™

The above theorem together with the different properties of ®(t, to) established in Chapter 4 imme-
diately lead to the following corollary.

Corollary 5.1 The state transition matriz, solution, impulse transition, and impulse response of a
time invariant linear system satisfy the following properties:

1. For all t,ty,tg € R, eAtreAt2 = eAlitt) gpg [eAt}il =e A

2. For all t,tg € R, ®(t,t9) = P(t — to,0).

70
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3. For allt,ty € R, o € R", u(-) € PC(R,R™),
t
s(t, to, w0, u) = ey, —l—/ A7) By(r)dr
to

t
p(t, to, zo,u) = CeAltt0) gy 4 C/ e~ Bu(r)dr + Dul(t).
to

4. For allt,o € R the
eAt=B  ift>c¢
K(t,a)—K(t—o,O)—{O ift <o

CeAt=9) B 4+ Déy(t — o) ift>o

H(t,a)—H(t—an)—{ 0 ift <o.

From the above it becomes clear that for linear time invariant systems the solution is independent
of the initial time ty; all that matters is how much time has elapsed since then, i.e. t —ty. Without
loss of generality we will therefore take to = 0 and write

t
z(t) = s(t,0,z0,u) = e*lxg —|—/ AT B(r)u(r)dr
0

t
y(t) = p(tu 07 X0, ’LL) = CeAt:I;O + C/ eA(t_T)B(T)U(T)dT + Du(t)
0

eMBift>0
K@_K(t’o)_{ 0 if ¢ < 0.

CeMB+ Déo(t) ift>0
H(t):H(t’O):{o o if ¢ < 0.

Notice that in this case the integral that appears in the state transition and output response is
simply the convolution of the input u(-) with the impulse transition and impulse response matrices
respectively,

x(t) = eMao + (K *u)(t)
y(t) = CeMag + (H *u)(t).

Exercise 5.1 Verify this.

5.2 Semi-simple matrices

For the time invariant case, the state transition matrix e** can be computed explicitly. In some

cases this can be done directly from the infinite series; this is the case, for example, for nilpotent
matrices, i.e. matrices for which there exists N € N such that AV = 0; conditions to determine
when this is the case will be given in Section 5.4. More generally, one can use Laplace transforms or
eigenvectors to do this. We concentrate primarily on the latter method; Laplace transforms will be
briefly discussed in Section 5.4. We start with the simpler case of the so-called semi-simple matrices.

Definition 5.1 A matriz A € R™*" is semi-simple if and only if its right eigenvectors {v;}_, C C"
are linearly independent in the linear space (C™,C).

Theorem 5.2 Matriz A € R"*" is semi-simple if and only if there exists a nonsingular matriz
T € C"*" and a diagonal matriz A € C"*" such that A = T~1AT.
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Proof: (=) Recall that if {v;}? ; are linearly independent then the matrix [vy...v,] € C™*" is
invertible. Let
T=[vivg ... vn]fl ccrxn

Then
ATil = [A’Ul AUQ e Avn] = [)\11)1 )\2’02 PN )\nvn] = TﬁlA

where \; € C are the corresponding eigenvalues. Multiplying on the right by 7" leads to
A=T"'AT.

(<) Assume that there exists matrices T € C"*™ nonsingular and A € C"*" diagonal such that
A=T'AT = AT ' =T 'A.
Let T~ = [w; ...w,] where w; € C" denoted the i*" column of 7! and

01 0
A:

with o; € C. Then
Awi = o;w;

and therefore w; is a right eigenvector of A with eigenvalue ¢;. Since T~! is invertible its columns
(and eigenvectors of A) {w;}!_; are linearly independent. m

Now let us see how this fact helps is compute the state transition matrix e4*. Recall that e
is related to the solution of the differential equation #(t) = Axz(t); in particular the solution of
the differential equation starting at x(0) = zo can be written as x(t) = e*zo. Recall also that
A € R™ ™ can be thought of as the representation of some linear operator A : R” — R™ with
respect to some (usually the canonical) basis {e;}? ;. If A is semi-simple, then its eigenvectors are
linearly independent and can also be used as a basis. Let us see what the representation of the linear
operator A with respect to this basis is.

(C",C) A, (C",C)

{ei}i ACRLT {ei} (basis leading to representation of A by A)
A=TATT'=A
{vitica —

Recall that if x = (21,...,2,) € R™ is the representation of z with respect to the basis {e;}?, its
representation with respect to the complex basis {v;}?; will be the complex vector & = Tz € C™.
The above formula simply states that

{v;}_, (eigenvector basis)

t=Ti=TAx =TAT 'z = AZ.

Therefore, if A is semi-simple, its representation with respect to the basis of its eigenvectors is the
diagonal matrix A of its eigenvalues. Notice that even though A is a real matrix, its representation
A is in general complex, since the basis {v;}!"_; is also complex.

What about the state transition matrix?

Fact 5.1 If A is semi-simple

eM=1tMr=T""] . T (5.4)
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Proof: Exercise. Show that A¥ = T~'A*T and substitute into the expansion (5.3). m

In other words:

®.E) T @ R)
xo — x(t)
At nxXmn
{ejyn, °© B {ei}i*, (basis leading to representation of A by A)

At __ Atrp—1
{oidn, ° =L, T {v; }1_; (eigenvector basis).

Once again, note that the matrices T, T~! and e will general be complex. Fact 5.1, however,
shows that when taking their product the imaginary parts will all cancel and we will be left with a
real matrix.

Fact 5.1 shows that if a matrix is semi-simple the calculation of the matrix exponential is rather
straightforward. It would therefore be desirable to establish conditions under which a matrix is
semisimple.

Definition 5.2 A matriv A € R™*™ is simple if and only if its eigenvalues are distinct, i.e. A\j # \j
for all i # 7.

Theorem 5.3 All simple matrices are semi-simple.

Proof: Assume, for the sake of contradiction, that A € R™*"™ is simple, but not semi-simple. Then
Ai # Aj for all ¢ # j but {v;}!, are linearly dependent in (C™, C). Hence, there exist a1,...,a, € C
not all zero, such that
n
Z a;V; = 0.
i=1

Without loss of generality, assume that a; # 0 and multiply the above identity by (A — AoI)(A —
Asl)...(A — A\, I) on the left. Then

al(A—/\QI)(A—AgI)...(A—)\nI)vl +iaz(A—/\21)(A—)\3[)(A—)\nI)UZ =0.
=2

Concentrating on the first product and unraveling it from the right leads to

ar(A =X oD)(A—=XsI)...(A—=N,D)vy =a1(A — XoI)(A — A3]) ... (Avy — Apur)
=a1(A = XoI)(A—XsI)...(AMvp — A1)
=a1(A—XI)(A—=X3I)...01(\1 — \p)
=a1(A —XoI)(A = X3I)...(Avy — Ap—1v1)( A1 — Ap)
etc

which leads to
aq (/\1 — )\2)()\1 — /\3) P ()\1 — /\n)vl + Z ai()\i — /\2)(/\1 — /\3) e ()\1 — /\n)vz = 0.
=2

Each term of the sum on the right will contain a term of the form (\; — \;) = 0. Hence the sum on
the right is zero, leading to

al()\l — /\2)(/\1 — /\3) . (/\1 — /\n)Ul =0.

But, v1 # 0 (since it is an eigenvector) and a1 # 0 (by the assumption that {v;}}_; are linearly
dependent) and (A — A;) # 0 for ¢ = 2,...,n (since the eigenvalues are distinct). This leads to a
contradiction. ™
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In addition to simple matrices, other matrices are semi-simple, for example diagonal matrices and
orthogonal matrices. In fact one can show that semi-simple matrices are “dense” in R™*™ in the
sense that

VA € R™™, Ve >0, A" € R™" semi-simple : |4 — A'|| <e.

(Here || - || denotes any matrix norm, they are all equivalent). The reason is that for a matrix to
be non semi-simple the matrix of its eigenvectors 7' € C™*™ must be singular, i.e. we must have
DET[T] = 0. But this is a fragile condition, as arbitrary small perturbations of the matrix A will in
general lead to DET[T] # 0. In fact it is not hard to convince ourselves that “almost all” matrices
in R™"*" are semi-simple, since the condition DET[T] = 0 imposes a single constraint on the n?

dimensional space of complex matrices!.

In summary, almost all matrices are semi-simple, though not all.

Example (Non semi-simple matrices) The matrix

A =

o O >

1 0
Al
0 A
is not semi-simple. Its eigenvalues are Ay = Ao = A3 = A
one eigenvector

(hence it is not simple) but there is only

A1 O T T A1+ T2 = A1y 1
0 X 1 To =] = Lo + X3 = ATo = V] = 0 {;
0 0 X T3 T3 A3 = \r3 0

all other eigenvectors will be multiples of v;. Note that A; has the same eigenvalues as the matrices

A1 O A0 O

A2 = 0 X O and A3 = 0 AN O

0 0 A 0 0 A
As is also not semi-simple, it has only two linearly independent eigenvectors v; = (1,0,0) and
vy = (0,0,1). As is semi-simple, with the canonical basis as eigenvectors. Notice that none of the
three matrices is simple. n

5.3 Jordan form

Can non semi-simple matrices be written in a form that simplifies the computation of their state
transition matrix e4*? This is possible through a change of basis that involves their eigenvectors.
The problem is that since in this case there are not enough linearly independent eigenvectors, the
basis needs to be completed with additional vectors. It turns out that there is a special way of doing
this using the so called generalized eigenvectors, so that the representation of the matrix A in the
resulting basis has a particularly simple form, the so-called Jordan canonical form.

To start with, notice that for the eigenvector v; € C™ corresponding to eigenvalue A\; € C of A € R"*"
Av; = vy & (A — )\iI)’Ui =0&v; € NULL[A — /\lI]
Recall that NULL[A — \;I] is a subspace of C™.

Definition 5.3 The algebraic mutiplicity of an eigenvalue X € C of a matriz A € R" ™ is the

number of times \ appears in the spectrum SPEC[A]. The geometric multiplicity of X is the dimension
of NULL[A — \I].

1As an aside, these statements can also be made for simple and invertible matrices.
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Example (Non semi-simple matrices (cont.)) For the matrices considered above

NULL[A; — AI] = SPAN{(1,0,0)} = DIM[NULL[A; — A\]]] =1
NuLL[As — AI] = SPaN{(1,0,0), (0,0,1)} = DIM[NULL[As — A]]] = 2
NuLL[4; — AI] = Span{(1,0,0), (0,1,0),(0,0,1)} = DIM[NULL[A3 — AI]] = 3.

Notice that in all three cases the algebraic multiplicity of the eigenvalue A is 3. The problem with
A; and A is that the geometric multiplicity of A is smaller than its algebraic multiplicity. This
implies that there are not enough eigenvectors associated with eigenvalue A (in other words linearly
independent vectors in the null space) to form a basis. n

The above example suggests that the reason matrices fail to be semi-simple is a discrepancy between
their algebraic and geometric multiplicities. To alleviate this problem we need to complete the basis
with additional vectors. For this purpose we consider the so called generalized eigenvectors.

Definition 5.4 A Jordan chain of length i1 € N at eigenvalue \ € C is a family of vectors {v’ }?:1 -
C" such that

1. {’Uj}?zl are linearly independent, and
2. [A= Mot =0 and [A = Mo/ =vi=t forj=2,...,p.

A Jordan chain {v’ }2‘:0 is called mazimal if it cannot be extended, i.e. there does not exist v € C"

linearly independent from {vj};-‘zl such that [A—X|v = v*. The elements of all the maximal Jordan
chains at \ are the generalized eigenvectors of \.

Fact 5.2 Let {Uj};-‘zo C C™ be a Jordan chain of length u at eigenvalue A € C of the matriz
A e R

1. vt is an eigenvector of A with eigenvalue \.
2. vJ € NULL[(A = AI)I] forj=1,...,p.
3. NULL[(A — M )7] € NULL[(A — XI)?*Y] for any j =1,2,.. ..

Proof: Part 1: By definition [4 — M]v! =% = 0, hence Av' = \v'.

Part 2: [A— Mo/ = [A = M7=t = = [A - M]'o! =% =0.
Part 3: Let v € NULL[(A — A)7], i.e. [A— A]JPv = 0. Then [A — A}’T'v = 0 and hence v €
NULL[(A — A )7T1]. [

Example (Non semi-simple matrices (cont.)) For the matrices considered above, A; has one
maximal Jordan chain of length p = 3 at A, with

o' = (1,0,0), v* =(0,1,0), v*=(0,0,1).

A has two maximal Jordan chains at A, one of length ©; = 2 and the other of length ps = 1, with
v = (1,0,0), v =(0,1,0), v3 = (0,0,1).

Finally, A3 has three maximal Jordan chains at A each of length p; = us = ug = 1, with

U% = (17070)7 U% = (07170)7 'Ué = (07071)'
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Notice that in all three cases the generalized eigenvectors are the same, but they are partitioned
differently into chains. Note also that in all three cases the generalized eigenvectors taken all together
form a linearly independent family of n = 3 vectors. ™

It can be shown that the last observation is not a coincidence: The collection of all generalised
eigenvectors is always linearly independent.

Lemma 5.1 Assume that the matriz A € R™*™ has k linearly independent eigenvectors vy, ..., v €
C™ with corresponding mazimal Jordan chains {v! }?;0 c C, i =1,....,k. Then the matriz
[of ..o Lol oot L] € CY s inwertible. In particular, S i =n.

The proof of this fact is rather tedious and will be omitted, see [19]. Consider now a change of basis
T=[v; ... 4" v%...052...]71€({3"x" (5.5)
comprising the generalised eigenvectors as the columns of the matrix 7—1.

Theorem 5.4 With the definition of T in equation (5.5), the matriz A € R™*"™ can be written as
A=T7YJT where J € C**" is block-diagonal

L0 ... 0 % Al (1) 8 8
0 J ... 0 i
s=|. 7 ecvn =l i1 o1 |eow i=1 Lk
S 0 0 0 ... A 1
00 o Jk 0 0 0 ... 0 A

and \; € C is the eigenvalue corresponding to the Jordan chain {vf ;L;O.

Notice that there may be multiple Jordan chains for the same eigenvalue A, in fact their number
will be the same as the number of linearly independent eigenvectors associated with A\. If k = n
(equivalently, all Jordan chains have length 1) then the matrix is semi-simple, 7! is the matrix of
eigenvectors of A, and J = A.

The theorem demonstrates that any matrix can be brought into a special, block diagonal form using
its generalised eigenvectors as a change of basis. This special block diagonal form is known as the
Jordan canonical form.

Definition 5.5 The block diagonal matriz J in Theorem 5.4 is the called the Jordan canonical form
of the matrix A. The matrices J; are known as the Jordan blocks of the matriz A.

Example (Non semi-simple matrices (cont.)) In the above example, the three matrices Aj,
Ay and Ajz are already in Jordan canonical form. A; comprises one Jordan block of size 3, As two
Jordan blocks of sizes 2 and 1 and As three Jordan blocks, each of size 1. n

How does this help with the computation of e?*?

Theorem 5.5 et = T 1e/'T where

2 N\t w1 At
Jit Ait Ait tet thi~ et
e’1 0 . 0 e te R (TS Vi
0 et ... 0 Ait Ait thiZ2ehit
gt Tt 0 e te R VT3 o
e’t = and e i=1,...,k.
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Proof: Exercise. Show that A7 = T—1JIT, then that

Jo0 .0 et 0 ... 0
) 0o J3 ... 0 0 et .. 0
J? = . . , and hence that elt =
0 0 ... Jj 0 0 ... el
Finally show that
it At t2erit i LNt
e te)\ 2): £“i§12!t
it it tHi— i
it 0 e te (#1762)!

0 0 0 e elit
by differentiating with respect to ¢, showing that the result is equal to J;e”* and invoking uniqueness
(or in a number of other ways). m

So the computation of the matrix exponential becomes easy once again. Notice that if £ = n then we
are back to the semi-simple case. As in the semi-simple case, all matrices involved in the product will
in general be complex. However, the theorem ensures that when taking the product the imaginary
parts will cancel and the result will be a real matrix.

Example (Non semi-simple matrices (cont.)) In the above example,

2
6)\t te)\t %8)\15 e)\t teAt 0 e)\t 0 0
eAlt _ 0 e)\t te)\t eAgt _ 0 e)\t 0 , eAgt _ 0 e)\t 0 ,
0 0 eM 0 0 eM 0 e

At

Notice that in all cases e“** consists of linear combinations of elements of the form

eMit et L g lehit
for \; € SPEC[A] and p; the length of the longest Jordan chain at A;. In other words

et = Z I (t)e (5.6)

AeSPEC]A]

where for each A € SPEC[A], IT5(¢) € C[t]"*™ is a matrix of polynomials of ¢ with complex coefficients
and degree at most equal to the length of the longest Jordan chain at A. In particular, if A is semi-
simple all Jordan chains have length equal to 1 and the matrix exponential reduces to

eAt — § H)\eAt

AeSPEC[A]

where II, € C™"*" are constant complex matrices. Notice again that even though in general both
the eigenvalues A and the coefficients of the corresponding polynomials Iy (¢) are complex numbers,
because the eigenvalues appear in complex conjugate pairs the imaginary parts for the sum cancel
out and the result is the real matrix et € R"*".

5.4 Laplace transforms

To establish a connection to more conventional control notation, we recall the definition of the
Laplace transform of a signal f(-) : Ry — R™ ™ mapping the non-negative real numbers to the
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linear space of n x m real matrices:

F(s)=L{f(t)} = /OOO f(t)e stdt e ™

where the integral is interpreted element by element and we assume that it is well defined (for a
careful discussion of this point see, for example, [7]). The Laplace transform £{f(t)} transforms the
real matrix valued function f(t) € R™*™ of the real number ¢ € R, to the complex matrix valued
function F(s) € C"™™™ of the complex number s € C. The inverse Laplace transform £~1{F(s)}
performs the inverse operation; it can also be expressed as an integral, even though in the calculations
considered here one mostly encounters functions F'(s) that are recognisable Laplace transforms of
known functions f(t); in particular the functions F(s) will typically be proper rational functions of
s whose inverse Laplace transform can be computed by partial fraction expansion.

Fact 5.3 The Laplace transform (assuming that it is defined for all functions concerned) has the
following properties:

1. It is linear, i.e. for all Ay, Ay € RP*™ and all f1(:) : Ry — R™*™ fo() : Ry — R™*™
L{ALf1(t) + Aafo(t)} = ALL{f1(D)} + A2 L{ fo(1)} = A1 F1(s) + AaFy(s)

2. L{Lf(t)} =sF(s)— f(0).

3. L{(fxg)t)} = F(s)G(s) where (f = g)(-) : Ry — RP*™ denotes the convolution of f(-) :
Ry — RP*™ and g(-) : Ry — R™ ™ defined by

(f * 9)(t) = / £t - )g(r)dr.

Proof: Exercise, just use the definition and elementary calculus. n

Fact 5.4 For all A€ R™" and t € Ry, L{e} = (sI — A)~'.

Proof: Recall that

ﬁ At _ 4 At ﬁ At | _ At

dte = Ae :>E{dte }—E{Ae }
= sl {eAt} — e = AL {eAt}
= sL {eAt} —I1=AL {eAt}
= (s — A)E{eAt} =1

The claim follows by multiplying on the left by (sI — A)~!; notice that the matrix is invertible for
all s € C, except the eigenvalues of A. ™

Let us look somewhat more closely to the structure of the Laplace transform, (sI — A)~!, of the
state transition matrix. This is an n x n matrix of strictly proper rational functions of s, which as
we saw in Chapter 2 form a sub-ring of (R,(s),+,-). To see this recall that by definition

1 Apj[sI — A]

(sI=A)" = DET[s] — A]

The denominator is simply the characteristic polynomial,

xa(s) =s"+ Xls"_l + ...+ xn € R[s]
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of the matrix A, where x; € Rfori=1,...,n.

In the numerator is the “adjoint” of the matrix (s — A). Recall that the (i,j) element of this
n X n matrix is equal to the determinant (together with the corresponding sign (—1)*(—1)7) of the
sub-matrix of (sI — A) formed by removing its j** row and the i'* column. Since sI — A has all
terms in s on the diagonal when we eliminate one row and one column of s/ — A we eliminate at
least one term containing s. Therefore the resulting sub-determinants will be polynomials of order
at most n — 1 in s, in other words

ADpj[sI — A] € R[s]"*" and (s] — A)~t € R,(s)™*".

Given this structure, let us write (sI — A)~! more explicitly as

xa(s)

(s — A)~' =

where M (s) = Mos" ™' + ...+ M,,_25 + M, with M; € R"*" for i =0,...,n — 1.
Theorem 5.6 The matrices M; satisfy

My=1
MiZMi_lA'i‘XiI forizl,...,n—l
My 1A+ xnl =0.

Proof: Post multiplying equation (5.7) by (sI — A)xa(s) leads to
xa(s)I = M(s)(sI —A) = (s" +x18" "+ .. 4 xa)] = (Mos" "+ ... 4+ Myu_as+ My,_1) (sI — A).

Since the last identity must hold for all s € C the coefficients of the two polynomials on the left and
on the right must be equal. Equating the coefficients for s™ leads to the formula for My, for s"~!
leads to the formula for M, etc. n

The theorem provides an easily implementable algorithm for computing the Laplace transform of
the state transition matrix without having to invert any matrices. The only thing that is needed is
the computation of the characteristic polynomial of A and some matrix multiplications. In addition,
the following useful fact about square matrices can be deduced as a corollary.

Theorem 5.7 (Cayley-Hamilton) Every square matriz A € R™ "™ satisfies its characteristic poly-
nomial, i.e.
xa(A) = A" + 1 A" 4 4 I =0 € R

Proof: By the last equation of Theorem 5.6, M, 1A + x,I = 0. From the next to last equation,
M, 1 = M, _9A+ xn_11; substituting this into the last equation leads to

M, 2A% + xp 1A+ xnd = 0.
Substituting M,,_o from the third to last equation, etc. leads to the claim. n

The Cayley-Hamilton Theorem has a number of interesting and useful consequences. We state two
of these here and will return to them in Chapter 8.

Corollary 5.2 Let A € R™ " be a square matriz. For any k € N, AF can be written as a linear
combination of {I, A, A%, ... A"~}
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The proof is left as an exercise. Stated another way, the corollary shows that all powers of
an n-dimensional square matrix live in a low-dimansional subspace of the n? dimensional linear
space of square matrices; this subspace has dimension at most n and is spanned by the matrices
{I,A, A%, ... A"~ 1}. To state the second corollary we first recall the definition of a nilpotent matrix.

Definition 5.6 A matriz A € R™*" is nilpotent if and only if AN =0 for some N € N.
Corollary 5.3 The following statements are equivalent:

1. A € R™™" is nilpotent.
2. A" =0.
3. Spec[4] = {0,...,0}.

Proof: 2 = 1: Obvious, simply take N = n in the definition of nilpotent matrix.

3 = 2: Note that if SPEC[A] = {0, ...,0} the characteristic polynomial of A is x4(X) = A". By the
Cayley-Hamilton Theorem, x4(A4) = A™ = 0.

1 = 3: By contraposition. By Theorem 5.4 A can be written in Jordan canonical form A = T~1JT.
It is easy to see that AN = T~ 1JNT, therefore, since T is invertible, AN = 0 if and only if JY = 0.
Moreover,

JYN 0 ...0
J
N 0 Jy ... 0
o 0 ... JY
hence JY = 0 if and only if J¥ = 0 for each i = 1,..., k. Finally, since each particular Jordan block
Jiy i =1,...,k is upper triangular it is easy to see that
AV w0 *
0 AV * *
JN = :
0 0 o0 AV
0 0 o0 0 AV

where * stands for some complex number (possibly equal to zero). This implies that A" cannot be
zero unless each \; = 0. ]

The Laplace transform can also be used to compute the response of the system. Notice that taking
Laplace transforms of both sides of the differential equation governing the evolution of z(¢) leads to

i(t) = Ax(t) + Bu(t) = sX(s) — mo = AX(s) + BU(s).

Hence
X(s) = (s — A)"'ag + (sI — A)"'BU(s). (5.8)

How does this relate to the solution of the differential equation that we have already derived? We
have shown that

t
z(t) = ey + / eM T Bu(r)dr = Mo + (K * u)(t)
0
where (K # u)(t) denotes the convolution of the impulse state transition

K(t)=eMB
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with the input u(t). Taking Laplace transforms we obtain

X(s) = L{z(t)} =L{eMzo + (K *u)(t)}
=L{eM x4+ L{(K *u)(t)}
=(sI — A) " tao + L{eMBYL{u(t)}
=(sI — A)"'zo + (sI — A)"'BU(s)

which coincides with equation (5.8), as expected.

Equation (5.8) provides an indirect, purely algebraic way of computing the solution of the differential
equation, without having to compute a matrix exponential or a convolution integral. One can form
the Laplace transform of the solution, X (s), by inverting (sI — A) (using, for example, the matrix
multiplication of Theorem 5.6) and substituting into equation (5.8). From there the solution x(t)
can be computed by taking an inverse Laplace transform. Since (sI —A)~! € R,(s)"*" is a matrix of
strictly proper rational functions, X (s) € R,(s)™ will be a vector of strictly proper rational functions,
with the characteristic polynomial in the denominator. The inverse Laplace transform can therefore
be computed by partial fraction expansions, at least for many reasonable input functions (constants,
sines and cosines, exponentials, ramps, polynomials, and combinations thereof).

Taking the Laplace transform of the output equation leads to
y(t) = Ca(t) + Du(t) = Y (s) = CX(s) + DU(s).

By (5.8)
' Y(s) = C(sI — A) " tag + (sI — A)"'BU(s) + DU(s)

which for zy = 0 (zero state response) reduces to

Y (s) = C(sI — A)"'BU(s) + DU(s) = G(s)U(s). (5.9)

Definition 5.7 The function G(-) : C — CP*™ defined by
G(s)=C(sI —A)'B+D (5.10)

is called the transfer function of the system.

Comparing equation (5.9) with the zero state response that we computed earlier
t
y(t) = C/ A7) Bu(r)dr + Du(t) = (H * u)(t)
0

it is clear that the transfer function is the Laplace transform of the impulse response H(t) of the
system
G(s) = L{H(t)} = L{Ce™ B + Déy(t)} = C(sI — A)"*B + D.

Substituting equation (5.7) into (5.10) we obtain

M (s) _ CM(s)B + Dxa(s)
XA(S)B+D B xa(s) ' (511

G(s) =

Since K (s) is a matrix of polynomials of degree at most n — 1 and y4(s) is a polynomial of degree
n we see that G(s) € R,(s)P*™ is a matrix of proper rational functions. If moreover D = 0 then the
rational functions are strictly proper.

Definition 5.8 The poles of the system are the values of s € C are the roots of the denominator
polynomial of G(s).




Lecture Notes on Linear System Theory, (©) J. Lygeros & F. A. Ramponi, 2015 82

From equation (5.11) it becomes apparent that all poles of the system are eigenvalues (i.e. are
contained in the spectrum) of the matrix A. Note, however, that not all eigenvalues of A are
necessarily poles of the system, since there may be cancellations of common factors in the numerator
and denominator when forming the fraction (5.11). It turns out that such cancellations are related
to the controllability and observability properties of the system. We will return to this point in
Chapter 8, after introducing these notions.

Problems for chapter 5

Problem 5.1 (Change of basis) Let {u;}", {z;}" 1, {y:}}_; be bases of the linear spaces (R™,R),
(R™,R) and (R?,R), respectively. Let u(-) : Ry — R™ be piecewise continuous. For ¢ € R, consider
the linear time-invariant system:

x(t) = Ax(t) + Bu(t),
y(t) = C(t) + Dult).

(5.12)

with z(tg) = @0, where all matrix representations are given w.r.t. {u; },, {z;}" 1, {y:}'_,. Now let
{Z;}_; be another basis of (R"”,R) and let T" € R™*"™ represent the change of basis from {z;}; to

{z:hisy
1. Derive the representation of the system w.r.t. bases {u;}™, {@;}1, {vi}'_,.

2. Compute the transition map ®(t, %) and the impulse response matrix H(t,7) w.r.t. the new
representation. How do they compare with the corresponding quantities ®(¢,to) and H (¢, 7)
in the original representation?

Problem 5.2 (Time-invariant Systems) Consider the linear time-invariant system of Problem 5.1.

1. Show that
D(t,tg) = exp (A(t —to))

2. Given two matrices Ay, As € R™*"™ show that, if A1 Ay = Ay Ay, then Az exp(Ait) = exp(Ait)Asg
and exp((A; 4+ Ag)t) = exp(Ait) exp(Aat). Also show that these properties may not hold if
A1 Ay # As Ay

3. Show that the impulse response matrix satisfies H(t,7) = H(t — 7,0) (i.e. it depends only on
the difference ¢t — 7).

Problem 5.3 (Discretization of Continuous-time Systems)

1. Consider the time-varying linear system

() = A(t)x(t) + B(t)u(t),

y(t) = C(t)z(t) + D(t)u(t), (<)

with initial condition xz(tg) = z¢p € R™, t > to. Counsider a set of time instants ¢y, with
k=0,1,2,..., such that t; < tx41 for all k. Let u(t) be constant between subsequent time
instants: u(t) = up Vk € N, Vt € [tg,tp1). Let Tpi1 = x(tgs1) and Jr11 = y(tkr1) be the
state and the output of system (<) sampled at times ¢,. Show that there exist matrices Ay,
By, Ci, and Dy, such that - -

Tt1 = AxTr + Bruy, @)
Uk = CxTx + Dyuy.
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2. Now assume that (<) is time-invariant, i.e. (A(t), B(t),C(t),D(t)) = (A, B,C,D), Vt > to,
and that there exists a fixed ' > 0, t+1 — tx = T, Vk. Provide simplified expressions for Ay,
By, Cy and Dy, and show that they are independent of k.

Problem 5.4 (Realization) Consider the following n-th order scalar differential equation with
constant coefficients:

y ™M) +ary™ V(O + A an iy () + any(t) = u(t), teRy, (5.13)

where y()(t) denotes the i-th derivative of y at ¢, {a;} C R and u(:) : Ry — R is a piecewise
continuous input. Show that (5.13) can be put in the form (5.12) for an appropriate definition of
the state z(t) € R"™ and of matrices A, B,C, D.

Problem 5.5 (Jordan Blocks) Let A\, A1, 2 € F, with F =R or F' = C. Compute exp(A - t) for
the following definitions of matrix A:

CasPy e e as e wan] o femm

A

where the elements not shown are zeroes. (Hint: in 3, consider the decomposition A = A\ + N, and

make use of (A + N)F =% %(AI)Z LN

Problem 5.6 (Jordan blocks and matrix exponential) Fori=1,...,m, let A; € C"*™. De-
fine n =n1 + ...+ n,, and the block diagonal matrix

Ay
Ao
A =diag(Aq, A2, ..., Ay) = , e R, (o)

A

1. Show that exp(A) = diag(exp(A1), exp(Az), ..., exp(An)).

2. Compute exp(A;) for the following definitions of A;: (assume each entry is real)

" Al
a Az: ) b Az: B )
(a) (b) N

L A"% A
() A=|" 7] er¥?

| — 0 w

where the elements not shown are zeroes. [Hint: in (b), consider the decomposition A = AT+ N,

and make use of (\I + N)¥ =% Z,(,f—LZ),(/\I)l - NF-1]

3. Assume that v = x + iy and v* = x — iy, with z,y € R", are complex eigenvectors of a matrix
A e R"™™ je. Av = M and Av* = Mv* for some A\ = 0 + iw with o,w € R. Let (o), with
Ay € C?*2, be the Jordan decomposition of A € R"*" corresponding to a basis of the form
{v,v*,v3,04,...0,}.

(a) Write the expression of Aj.

(b) Find a new basis and the corresponding change of basis 7" such that TAT~1 = diag(/le, Ao, ...

with A, € R2%2 (real). What is the expression of A;?
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Problem 5.7 (Modal Analysis) For ¢t € Ry, consider the ODE & = Az, x(0) = zo. Compute
exp(At) for the cases listed below. In each case provide a rough plot of the parametric curves za(t)
vs. x1(t) for some initial conditions x.

1. A= 0 _w},forw<0andw>0.
lw 0
2. A= 17 _w},f0r0<0ando>0.
w o
3. A= )E)l Az/\_Al],for)\l<0<)\2,)\1,)\2<03Dd)\1,)\2>0-
L 2
-1 1
4.A___1 /\+1],for)\<0,/\>0and/\—0.

Problem 5.8 (Matrix powers) Consider A € R"*" C € RP*" and B € R"*™. Show that

1. For any k € N, A* can be written as a linear combination of {1, A, A%,..., A"~}

2. CA*B =0 for all k € N if and only if CA*B =0 for k=0,1,...,n — 1.

Problem 5.9 (Nilpotent matrices) Show that a matrix A € R™*" is nilpotent (i.e. there exists
k € N such that A¥ = 0) if and only if all of its eigenvalues are equal to zero. Show further that in

this case k < n.

Problem 5.10 (Transfer function) Let A € R"*" B € R"*™ (C € RP*™ and D € RP*™. Let
u(+) : Ry — U be piecewise continuous. For ¢t € R, consider the linear time-invariant system:

#(t) = Ax(t) + Bu(t),
y(t) = Cx(t) + Du(t).

1. Consider a change of basis £ = Tx. Compute the transfer function with respect to the new
basis and compare it to the transfer function in the original basis.

2. Assume now that A is semisimple. Use your answer in part 1 to provide a simple formula for
G(s) in terms of the eigenvalues of A.



Chapter 6

Stability

Consider again the time varying linear system

x(t) = A(t)x(t) + B(t)u(t)

y(t) = C()z(t) + D(t)u(?).
Stability addresses the question of what happens to the solutions of this system as time, ¢, increases.
Do they remain bounded, will they get progressively smaller, or will they diverge to infinity. Stability
deals first and foremost with the properties of the differential equation. We will therefore ignore the

output equation to start with. We will also start with the zero input case (u = 0y, or u(t) = 0 for
all t € R), i.e. by considering the solutions of

#(t) = A()a(t). (6.1)

We will then return to inputs and outputs in Section 6.4. As we did for the definition of the solutions
of the differential equation, we will start by considering general nonlinear systems (Section 6.1), then
specialize to linear time varying systems (Section 6.2), then specialize further to linear time invariant
systems (Section 6.3).

6.1 Nonlinear systems: Basic definitions

Consider again a general nonlinear, time varying system defined by a differential equation

@(t) = p(z(t), 1) (6.2)

for t € R, z(t) € R™ and p: R™ x R — R™. To ensure existence and uniqueness of solutions assume
that p is Lipschitz continuous in its first argument and piecewise continuous in its second. Let
s(t, to, xo) denote the unique solution of (6.2) at time ¢ € R passing through =y € R™ at time ¢y € R.

Though the computation of the solution function s : R x R™ x R — R™ is impossible in general, for
some o the solution function may become particularly simple.

Definition 6.1 A state & € R™ is called an equilibrium of system (6.2) if and only if p(&,t) =0 for
all t € R.

The following fact is an immediate consequence of this observation.

Fact 6.1 If & € R™ is an equilibrium of system (6.2) then s(t,to,2) = & for all t,to € R.

85
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Proof: Note that for the proposed solution s(tg,to,2) = & and

d
as(t,to,i) =0=p(z,t) = p(s(t, to,T),1).

:EI‘

The conclusion follows by existence and uniqueness of solutions. n

The fact shows that a solution which passes through an equilibrium, &, at some point in time is
forced to stay on the equilibrium for all times. We call this constant solution the equilibrium solution
defined by the equilibrium z.

What if a solution passes close to the equilibrium, but not exactly through it? Clearly such a solution
will no longer be identically equal to the equilibrium, but will it move away from the equilibrium,
or will it remain close to it? Will it converge to the equilibrium and if so at what rate?

To answer these questions we first need to fix a norm on R™ to be able to measure distances. Any
norm will do since they are all equivalent, for simplicity we will use the Euclidean norm throughout.
Equiped with this norm, we can now formalize the above questions in the following definition.

Definition 6.2 Let & € R™ be an equilibrium of system (6.2). This equilibrium is called:
1. Stable if and only if for all ty € R, and all € > 0, there exists § > 0 such that
HJJQ — j” <= Hs(t,to,xo) — LIA’JH <€, Vt>t.

2. Unstable if and only if it is not stable.

3. Uniformly stable if and only if for all € > 0 there exists § > 0 such that for all ty € R

H.IO — j?” <= HS(t,to,{E()) — f” <e, Vt>tg.

4. Locally asymptotically stable if and only if it is stable and for all ty € R there exists M > 0
such that

lwo — &[| < M = lim |[s(t, to, ) — ]| = 0.
t—o00

5. Globally asymptotically stable if and only if it is stable and for all (tg,zo) € R x R™

tli>1£10 [s(¢, to, z0) — 2| = 0.

6. Locally exponentially stable if and only if for all to € R there exist a,m, M > 0 such that for
all all t > tg

lxzo — Z|| < M = ||s(t, to, zo) — &|| < mljzo — 50||e_°‘(t_t°).

7. Globally exponentially stable if and only if for all ty € R there exist a,m > 0 such that for all
zog € R™ and all t > tg

[s(t,to, xo) — Z]| < m|lxg — i”efa(t—to)'

Special care is needed in the above definition: The order of the quantifiers is very important. Note
for example that the definition of stability implicitly allows § to depend on ty and €; one sometimes
writes 0 (g, €) to highlight this dependence. On the other hand, in the definition of uniform stability
0 can depend on e but not on %y, i.e. the same § must work for all ¢y; one sometimes uses the
notation d(e) to highlight this fact. Likewise, the definition of global exponential stability requires
« and m to be independent of g, i.e. the same a and m must work for all zy5 € R™; a variant of
this definition where m and « are allowed to depend on xz is sometimes referred to as semi-global
exponential stability.
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The definition distinguishes stability concepts along three axes. The most fundamental distinction
deals with the convergence of nearby solutions to the equilibrium. The equilibrium is called unstable
if we cannot keep solutions close to it by starting sufficiently close, stable if we can keep solutions
as close as we want by starting them sufficiently close, asymptotically stable if in addition nearby
solutions converge to the equilibrium, and exponentially stable if they do so at an exponential
rate. The second distinction deals with how these properties depend on the starting time, ty: For
uniform stability the starting time is irrelevant, the property holds the same way irrespective of
when we look at the system. The third distinction deals with how these properties depend on the
starting state, zg: “Local” implies that the property holds provided we start close enough to the
equilibrium, whereas global requires that the property holds irrespective of where we start. Note
that this distinction is irrelevant for stability and uniform stability, since the conditions listed in
the definition are required to hold provided we start close enough. One can also combinatorially
mix these qualities to define other variants of stability notions: Uniform local asymptotic stability
(where the equilibrium is uniformly stable and the convergence rate is independent of the starting
time), uniform global exponential stability, etc. We will not pursue these variants of the definitions
here, since most of them turn out to be irrelevant when dealing with linear systems.

It is easy to see that the notions of stability introduced in Definition 6.2 are progressively stronger.

Fact 6.2 Consider an equilibrium of system (6.2). Then the following statements are true:

|| If the equilibrium is | then it is also ||
uniformly stable stable
locally asymptotically stable stable

globally asymptotically stable | locally asymptotically stable
locally exponentially stable locally asymptotically stable
globally exponentally stable | globally asymptotically stable
globally exponentally stable locally exponentially stable

Proof: Most of the statements are obvious from the definition. Asymptotic stability requires
stability, global asymptotic stability implies that the conditions of local asymptotic stability hold
for any M > 0, etc. The only part that requires any work is showing that local/global exponential
stability implies local/global asymptotic stability.

Consider a globally! exponentially stable equilibrium &, i.e. assume that for all ¢y there exist
a,m > 0 such that for all z, ||s(t, to, z0) — || < m|ze — |e= %) for all t > ty. For tp € R and
€ > 0 take 0 = ¢/m. Then for all g € R™ such that ||zg — &|| < 6 and all ¢ > ¢

|s(t, to, x0) — & < m|jmo — &]]e” 210 < me =t = gemalt=to) < ¢
Hence the equilibrium is stable. Moreover, since by the properties of the norm ||s(¢, to, o) — Z|| > 0,

0 < lim ||s(t, to, z0) — &o|| < lim m|jzy — &[le” %) =0,
t—00 t—o0
Hence limy_, ||s(t, to, z9) — &|| = 0 and the equilibrium is asymptotically stable. m

It is also easy to see that the stability notions of Definition 6.2 are strictly stronger one from the
other; in other words the converse implications in the table of Fact 6.2 are in general not true. We
show this through a series of counter-examples.

Example (Stable, non-uniformly stable equilibrium) For z(¢) € R consider the linear, time

varying system
2t
——=x
1+¢2

i(t) = (t) (6.3)

1The argument for local exponential stability is effectively the same.
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-

Figure 6.1: Three trajectories of the linear time varying system of equation (6.3) with initial condition
x(tp) =1 and to = 0, —1 and —2 respectively.

Exercise 6.1 Show that the system has a unique equilibrium at & = 0. Show further that

1+143

T+270

S(tv tOv .I()) -
by differentiating and invoking existence and uniqueness of solutions.

Typical trajectories of the system for g = 1 and different values of ¢y are shown in Figure 6.1.

It is easy to see that # = 0 is a stable equilibrium. Indeed, given to € R and € > 0 let § = ¢/(1 +t3).
Then for all g € R™ such that ||zo] < 0,

1+143
—5 T
1+¢27°

€
st 0] = | s

However, the equilibrium is not uniformly stable: For a given € we cannot find a § that works for all
to € R. To see this, notice that for to < 0, ||s(t, o, 7o)|| reaches a maximum of (1 +¢3)||xo at ¢ = 0.
Hence to ensure that ||s(t,t,z0)|| < € we need to ensure that (1 + t3)||zo|| < € which is impossible
to do by restricting zo alone; for any 0 < § < € and |zo|| < 6 we can make |[s(0,to,z0)|| > € by

taking tg < —y/€/0 — 1. |

Example (Stable, non asymptotically stable equilibrium) For z(t) € R? consider the linear,
time invariant system

(t) = [ M ]x(t) with 2(0) = o = [ " ] . (6.4)

Since the system is linear time invariant we can take ¢ty = 0 without loss of generality.
Exercise 6.2 Show that the system has a unique equilibrium # = 0. Show further that

®(t.0) = |

cos(wt) —sin(wt)]
sin(wt)  cos(wt)
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Figure 6.2: Three trajectories of the linear time invariant system of equation (6.4) with initial
condition z(0) = (0, 1), (0,2) and (0, 3) respectively.

by differentiating and invoking Theorem 4.2.

Typical trajectories of the system for different values of 2y are shown in Figure 6.2. Clearly

xo1 cos(wt) — o2 sin(wt)

a(t) = ®(t,0)xo = xo1 sin(wt) 4 wo2 cos(wt)

Using the 2-norm leads to
(@)1 = llzoll*.

Therefore the system is uniformly stable (take 6 = €) but not asymptotically stable (since in general
lim; o0 [|2(8)| = ||z0]| # 0). u

Exercise 6.3 Show that linear time invariant system & (¢) = 0 with z(¢) € R also has a stable, but
not asymptotically stable equilibrium & = 0. Does this system have any other equilibria? Are they
stable? Asymptotically stable?

Example (Asymptotically stable, non exponentially stable equilibrium) Let us return to
the system of equation (6.3). Recall that & = 0 is a stable equilibrium. Moreover,

1
. o 2 . —
Jim (e, to,m0) | = ol (1 + 83) fim ——— =0

for all tg, x¢. Hence the equilibrium is globally asymptotically stable. It is, however not exponentially
stable (not even locally). Assume, for the sake of contradiction, that for all £y € R there exist
a,m, M > 0 such that for all zg € R with ||ao|| < M and all ¢ > to,

||S(ta to, Io)H < mHIO”e_O‘(t_tO)

In particular, for ty = 0 this would imply that for all ¢ > 0
at

e
142

lls(t,0,1) < ml|zolle”* = < m.
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0
x1()

Figure 6.3: Trajectories of the nonlinear system of equation (6.5).

. at . . . .
Since ﬁj — o0 as t — oo this is a contradiction. ™

Notice that so far all the counter-examples have involved linear systems (sometimes time varying).
As we will see in the next section, for linear systems local and global asymptotic stability are
equivalent concepts. To distinguish between them we therefore need to resort to non-linear systems.

Example (Locally, non-globally asymptotically stable equilibrium) Consider a two dimen-
sional state vector x = (z1,22) € R? whose evolution is governed by the following differential
equations

a1 (t) sy (t
. = . 6.5
RSt R P (65)
It is easy to see that this system has three equilibria, at (0,0), (1,0) and (—1,0) respectively.

Exercise 6.4 Verify that these are indeed the only equilibria of this system. Is the system linear or
nonlinear? What is the function p in @(t) = p(x(t),t)? Is it globally Lipshitz in its first argument?

Clearly none of the three equilibria can be globally asymptotically stable: It is impossible for all
trajectories to converge to a particular equilibrium, since those starting at another equilibrium will
stay put. To study whether some of these equilibria are stable or locally asymptotically stable one
can compute the linearisation of the system about each of the equilibria and study the stability
of the resulting linear system using the methods presented later in this chapter. It is reasonable
to assume that nearby the equilibrium, where the terms neglected in the linearisation are small,
the behaviour of the nonlinear system will be similar to that of its linearisation. Hence if the
linearisation is asymptotically stable one would expect the equilibrium to be locally asymptotically
stable for the nonlinear system. This argument can in fact be formalized, leading to the so-called
Lyapunov Indirect Method for checking local asymptotic stability, or instability of nonlinear systems.
The interested reader is referred to [17] or [12] for more information on this topic.

For this system, linearisation suggests that one would expect the equilibria (1,0) and (—1,0) to be
locally asymptotically stable and the equilibrium (0,0) to be unstable (Problem 6.5). This can be
visually confirmed by simulating the system for various initial conditions and plotting the trajectories
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x(t). The most informative way of doing this is to generate a parametric plot of () against za(t)
parametrized by ¢. This so-called phase plane plot for this system is shown in Figure 6.3. n

Before restricting our attention to linear system we point out two more general facts about the
stability concepts introduced in Definition 6.2. The first is an intimate relation between stability
and continuity. To expose this link we need to think of the function mapping initial conditions to
state trajectories from the initial time ¢ty onwards. Since state trajectories are continuous functions
of time, for each ty € R one can think of this function as a map between the state space R" and the
space of continuous functions C([to, c0), R™)

S('v Lo, ®) :R" — O([t()v 00)7 Rn)
To — {S(',to,.f()) : [th OO) - Rn}
The strange notation is meant to alert the reader to the fact that we consider s(-,tg, ®) for fixed ¢o

as a function mapping a vector (denoted by the placeholder ®) to a function of time (denoted by
the placeholder -, left over after xq is substituted for ®).

Recall that for the stability definitions we have equipped R™ with a norm || - || We now equip
C([to, 00), R™) with the corresponding infinity norm
l[s(+; 20, o) llto,00 = sup [[s(t, to, zo)|l, (6.6)
t>to

where we include ty in the notation to make the dependence on initial time explicit. Notice that the
first norm in Equation (6.6) is a norm on the infinite dimensional function space (i.e., s(-, %o, zo) €
C([to, 00),R™) is though of as a function of time), whereas the second norm is a norm on the finite
dimensional state space (i.e., s(t,to,x0) € R™ is the value of this function for the specific time
te [to, OO))

Fact 6.3 An equilibrium, &, of system (6.2) is stable if and only if for all ty € R the function
s(+, to, ®) mapping the normed space (R™,|| -||) into the normed space (C([to,o0), R™), || - |ltg.0c0) @S
continuous at .

Proof: The statement is effectively a tautology. Fix tyg € R and recall that, according to Defini-
tion 3.6, s(+,tg, ®) is continuous at & if and only for all € > 0 there exists ¢ > 0 such that

lzo — Z[| < = [Is(-st0, zo) — s(, t0, )l 19,00 < €.
By Equation (6.6) this is equivalent to
lxo — &|| < & = ||s(t,to, o) — s(t, to, Z)|| < e Vt > to,
which, recalling that s(t, g, 2) = & for all ¢ > {( is in turn equivallent to
lxo — 2| < 6 = ||s(t, to, o) — Z|| < € Vt > to,
which is precisely the definition of stability. ™

A similar relation between uniform stability and uniform continuity (where the § above is indepen-
dent of ty) can also be derived in the same way.

The second general fact relates to the possible rate of convergence. The strongest notion of stability
in Definition 6.2, namely exponential stability, requires that solutions converge to the equilibrium
exponentially (i.e. rather quickly) in time. Could they converge even faster? Could we, for example,
introduce another meaningful stability definition that requires solutions to coverge with a rate of
e~ for some o > 0?7 And if not, can we at least increase « in the exponential convergence? The
following fact reveals that Lipschitz continuity imposes a fundamental limit on how fast convergence
can be.
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Fact 6.4 Let & be an equilibrium of system (6.2) and assume that there exists k > 0 such that for
all x, 2’ € R", ||p(x,t) — p(a/,t)|| < k|l —'||. Then for all to € R and all t > tg

lzo — 2[le™*71) < |ls(t, to, o) — 2| < [laro — & ")

Proof: If g = Z the claim is trivially true, we therefore restrict attention to the case xg # . Note
that in this case we must have s(t,tg, xo) # 2 for all ¢; if s(t, to,x9) = & for some ¢ then s(¢, o, xo)
must be the equilibrium solution and s(t,tg, xo) = & for all ¢ which, setting ¢ = to contradicts the
fact that x¢ # .

Recall that for simplicity we are using the Euclidean norm. Hence ||s(t, to, zo) — 2||* = (s(¢, to, z0) —

i)T(s(t to,xo) — &) and

|| (t,to, z0) — &% = (t,to, o)

~ o d
‘—s (t to,:zro) (s(t,to,x0) — &) + (s(t, to, z0) — I)Tas

= |p(s(t, to, z0), t)" (s(t,t0, w0) — &) + (s(t, to, z0) — )" p(s(t, to, x0), 1)
< |p(s(t, to, z0), )" (s(t, to, o) — £)| + | (s(t, to, o) — £) " p(s(t, to, z0), t)|
< lp(s(t,to, 20), )T || - Is(ts to, o) — & + | (s(t, to, o) — &) || - [[p(5(t, o, 20), )]
= 2||s(t, to, o) — Z[| - |p(s(t, to, o), t)
= 2||s(t, to, z0) — 2| - [[P(s(t, t0, o), t) — (2, 1)
< 2k||s(t, to, zo) — 2| - [|s(t, to, w0) — 2.
On the other hand,

t to,l‘o) — ,THQ

d o d .
st 20010 0) — 21 st t.0) = .

Since s(t,to, xo) # &, combining the two equations we must have

‘ (t, o, @0) — || < Klls(t, to, z0) — 2]

or in other words
. d . .
_k”S(tvtvaO) - ‘TH < EHS(t,to,fL‘o) - CL‘H < kHS(tvtOVTO) - CL‘H

Applying the Gronwall Lemma (Theorem 3.8) to the right inequality leads to

[s(t,to, xo) — 2| < ||lxo — i.”ek(tfto).

From the right inequality (adapting the steps of the proof of the Gronwall Lemma) we have

d d p
dt (Hs(t’ fo:0) = f”ek(t_m) = — (ls(t, to, o) — &) " 70) + [|s(t, to, wo) — af| =€~
2 _kHS(tathxO) - j’:”ek(t_to) + ||S(t,t0,.’[]0) — .’i’”kek(t_to) =0.
Hence for all t > 1,
I[s(t, to, zo) — )| X710 > ||s(to, to, x0) — &€ 070) = ||z — 2,

which leads to

|s(t, to, o) — & > ||lzo — &||e*Et0),

In summary, convergence to an equilibrium can be at most exponential. The fact also shows that if
an equilibrium is unstable divergence cannot be any faster than exponential. Even though a fixed
Lipshitz constant is assumed to simplify the proof it is easy to see that the claim still holds if the
Lipschitz constant is time varying but bounded from above and below; one simply needs to replace
k by its lower bound in the left inequality and its upper bound in the right inequality. The lower
bound on the Lipschitz constant also provides a bound for the rate of exponential convergence.



Lecture Notes on Linear System Theory, (©) J. Lygeros & F. A. Ramponi, 2015 93

6.2 Linear time varying systems

We note that Definition 6.2 is very general and works also for nonlinear systems. Since for linear
systems we know something more about the solution of the system it turns out that the conditions
of the definition are somewhat redundant in this case. Consider now the linear time varying system

@(t) = A(t)x(t) 6.7)

and let s(t, o, xo) denote the solution at time ¢ starting at zq at time ¢g. Since s(¢, to, xo) = P(¢, to)xo,
the solution is linear with respect to the initial state and all the stability definitions reduce to checking
properties of the state transition matrix ®(¢, o).

First note that for all {5 € R if 2y = 0 then
S(t,to, 0) = @(t,to)xo =0eR" Vte R+

is the solution of (6.7). Another way to think of this observation is that if x(ty) = 0 for some
to € Ry, then
i(fo) = A(t)x(to) =0

therefore the solution of the differential equation does not move from 0. Either way, the solution
of (6.7) that passes through the state x(to) = 0 at some time t; € Ry will be identically equal to
zero for all times, and & = 0 is an equilibrium of (6.7).

Exercise 6.5 Can there be other xg # 0 such that s(t,to,x9) = xo for all t € R,.7?

Theorem 6.1 Let || P(t,0)| denote the norm of the matriz ®(t,0) € R**" induced by the Euclidean
norm in R™. The equilibrium & =0 of (6.7) is:

1. Stable if and only if for all ty € R, there exists K > 0 such that

|®(t,0)]] < K for all t > 0.
2. Locally asymptotically stable if and only if lim; o | ®(¢,0)]] = 0.

Proof: Part 1: We first show that if there exists K > 0 such that ||®(¢,0)|| < K for all ¢ > 0 then
the equilibrium & = 0 is stable; without loss of generality, we can take K > 1. Fix tg € R and, for
simplicity, distinguish two cases:

1. tg < 0. In this case let M (to) = sup ¢y, o) [|2(7,%0)]-

2. to > 0. In this case let M(to) = sup,¢o 4, [|2(7,t0)||-

In the first case, if ¢ € [tp, 0] note that

l[s(t, 0, zo)[| < 1 (2, o)l - [lzoll < sup 1@ (7,t0)ll - [lzoll = M (to)l[zol-
TE|to,

Ift > 0,

l|s(t, to, wo)|| = [|P(t, to)xo || = || (%, 0)P(0, to)xo |
<[ 0)[ - |20, to)| - [|woll < [|P(¢,0)[| sup [[@(7,t0)] - [[oll

Te[to,o]

= K M(to)||zol|-
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Similarly, in the second case for all ¢ >ty > 0,

[[s(t; to, xo) || = [|®(2,0) (0, to)zol| < [[@(, 0)] - [|B(0, o) || - [[zol|
< [[@(,0)[ sup || (7, t0)l - [[zoll

T€[0,t0]

= KM (to)]|zol|-
In all cases,

Is(t, to,z0)|| < KM((to)||zo| for all t > to
= sup |s(t, to, zo) || < KM (to)l|zoll
t>to

= |ls(t; t0, 20)lltg,00 < KM (to)|oll

t,t
= sup ||S( ? 0,.%'0)”150700 S KM(tO)

[lzoll=1 llzol|

Hence the induced norm of the function

s(,t0,©,0) = (R™ - ) — (C([to,0),R™), [ - [lto,00)
o — S('athIOaO) = (I)('ato)xo

is finite, the function is continuous and the equilibrium & = 0 is stable by Fact 6.3.

Conversely, we show by contraposition that if ||®(¢,0)| is unbounded (i.e., for all K > 0 there
exists ¢ > 0 such that ||®(¢,0)|| > K) then the equilibrium & = 0 cannot be stable (i.e., there exist
to and € > 0 such that for all 6 > 0 there exists xy € R™ with |zo]] < § and ¢ > to such that
Is(t, to, zo)|| > €). For simplicity, take ¢p = 0 and € = 1. For any § > 0 pick K = 2/6 and find the
t > 0 such that ||®(¢,0)]] > K. Recall that

@, 0| = Sop (¢, 0)z|| > K.

Therefore, there exists 2 € R such that ||z|| = 1 and ||®(¢,0)z|| > K. Let 9 = x6/2. Then
l[zoll = [|2]|6/2 = 6/2 < & and

l[s(t,0,zo)[| = |®(¢,0)x6/2|| = [|®(¢£,0)x(|5/2 > K5/2 = 1.

Part 2: Assume first that lim;_,« ||®(¢,0)|| = 0 and show that the equilibrium solution is asymptot-
ically stable. For all (zg,t9) € R™ x R

[s(t, to, zo)[| = ([ (¢, to)zoll = [[@(2, 0)2(0, to)wol| < [[(¢,0)] - [|2(0, to)wol|-
Therefore, for all g € R™, ty € R the second term is constant and
tli)rgo Is(t,to, xo)|| = 0.

To establish that the equilibrium is asymptotically stable it therefore suffices to show that it is stable.
Note that the function ||®(-,0)] : R4 — R is continuous (by the properties of ® and the continuity
of the norm). Therefore, since lim;_, ||®(¢,0)|| = 0, we must have that |[|®(-,0)] is bounded and
the equilibrium is stable by Part 1.

Conversely, assume that the equilibrium is locally asymptotically stable. Then there exists M > 0
such that for all ¢ € R and all 2o € R™ with ||z¢|| < M,

lim (®(t,0)) ®(0,t0)zo =0  (6.8)

00 t—o0

lim s(¢, 9, 20) = tl_l}rgo D(t,to)xo = tli)m (D(t,0)D(0,t0)x0)

t—o0

Consider the canonical basis {e;}!_; for R" and take ¢y = 0. Letting zo = e; in (6.8) shows that the
i column of ®(t,0) tends to zero. Repeating for ¢ = 1,...,n establishes the claim. ™
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The use of the matrix norm induced by the Euclidean norm on R" is again optional, any other
induced norm would also work. From this theorem one can further conclude that when it comes
to linear systems (even linear time varying systems) local stability notions are equivalent to global
ones.

Fact 6.5 The equilibrium solution & =0 of (6.1) is

1. Globally asymptotically stable if and only if it is locally asymptotically stable.

2. Globally exponentially stable if and only if it is locally exponentially stable.

The proof is left as an exercise (Problem 6.6).

6.3 Linear time invariant systems

For linear time invariant systems the stability discussion simplifies even further. Consider the linear
time invariant system

z(t) = Ax(t) (6.9)
and recall that in this case the solution at time ¢ starting at x¢ at time tg is given by
st to, ko) = eAlt=to) 0.

It is easy to see that in this case there is no difference between uniform and non-uniform stability
notions.

Fact 6.6 The equilibrium & = 0 of the linear time invariant system i(t) = Ax(t) is uniformly stable
if and only if it is stable.

The proof is left as an exercise (Problem 6.7).

We have seen that for linear systems there is no distinction between local and global asymp-
totic/exponential stability (Fact 6.5). Asymptotic stability, however, is still a weaker property
than exponential stability, even for time varying linear systems (see the example of equation (6.3).
For time invariant linear systems it turns out that asymptotic stability and exponential stability are
also equivalent to each other. Moreover, one can determine whether a time invariant linear system
is exponentially stable through a simple algebraic calculation.

Theorem 6.2 For linear time invariant systems the following statements are equivalent:

1. The equilibrium & = 0 is asymptotically stable.
2. The equilibrium & = 0 is exponentially stable.
3. For all X\ € SPEC[A4], RE[)A] < 0.
We start the proof by establishing the following lemma.
Lemma 6.1 For all € > 0 there exists m > 0 such that for all t € Ry
4] < melito

where || - || denotes an induced norm on R™*™ and p = max{RE[\] | A € SPEC[A]}.
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Proof: Recall that the existence of the Jordan canonical form implies that

eAt = Z 11, (t)e)‘t

AeSPEC[4]

where TI)(t) € C[¢]"*™ are n x n matrices of polynomials in ¢ with complex coefficients. Consider
(for simplicity) the infinity induced norm || - o for C**™. Then

Moo =1 D @M < D> IOl

AESPEC[A] w  AESPEC[A]
For A € SPEC[A] let A = 0 + jw with o,w € R; if A € R simply set w = 0. Note that

’e”‘ = |elotiwlt] — ‘e"t‘ : ‘ej‘“t‘ =" - |cos(wt) + j sin(wt)| = .

Therefore, since 0 = RE[A] < p,

le?loe < Yo L@l | e

AeSPEC[4]

Recall that [|II(t)]| ., is the maximum among the rows of II5(¢) of the sum of the magnitudes of the
elements in the row. Since all entries are polynomial, then there exists a polynomial py(t) € R[¢]
such that py(t) > [|TIx(t)|,, for all ¢ € Ry. If we define the polynomial p(t) € R[t] by

)= > ),
AeSPECIA]

then
lefloo < p(t)e. (6.10)

Since p(t) is a polynomial in t € Ry, for any ¢ > 0 the function p(t)e”< is continuous and

limi 00 p(t)e ¢ = 0. Therefore p(t)e " is bounded for ¢t € Ry, i.e. there exists m > 0 such
that p(t)e= < m for all ¢t € Ry. Substituting this into equation (6.10) leads to

Ve >0 Im >0, [|e?] o < metot,

Proof: (Of Theorem 6.2) We have already seen that 2 = 1 (Fact 6.2).

3 = 2: If all eigenvalues have negative real part then
w=max{RE[\] | A € SPEC[A]} < 0.
Consider € € (0, —u) and set o = —(p + €) > 0. By Lemma 6.1 there exists m > 0 such that
le*]] < me™e.
Therefore for all (xq,ty) € R™ x Ry and all ¢ > ¢

(e, to, o)l = [|eA¢= )| < [|eAC=)|| - flzol| < mlfzollet=t).

Hence the equilibrium solution is exponentially stable.

1 = 3: By contraposition. Assume there exists A € SPEC[A] such that RE[A\] > 0 and let v € C™
denote the corresponding eigenvector. Without loss of generality take ¢ty = 0 and note that

s(t,0,v) = eMv € C™.



Lecture Notes on Linear System Theory, (©) J. Lygeros & F. A. Ramponi, 2015 97

A0

This follows by existence and uniqueness of solutions, since e*’v = v and

d
dt

For clarity of exposition we distinguish two cases.

v =M\ = eMAv = AeMo.

First case: A is real. Then
Is(t,0,0)] = |eM] - [|v]].

Since A > 0, ||s(¢,0,v)]|| is either constant (if A = 0), or tends to infinity as ¢ tends to infinity (if
A > 0). In either case the equilibrium solution cannot be asymptotically stable.

Second case: A is complex. Let A = 0 + jw € C with o,w € R, 0 > 0 and w # 0. Let also
v = vy + jug € C" for vy,v2 € R™. Recall that since A € R"*™ eigenvalues come in complex
conjugate pairs, so X' = o — jw is also an eigenvalue of A with eigenvector v/ = v; — juvy. Since v is
an eigenvector by definition v # 0 and either v; # 0 or v # 0. Together with the fact that w # 0
this implies that ve # 0; otherwise A(vy + jus) = (0 + jw)(v1 + jve) implies that Avy = (0 + jw)vy
which cannot be satisfied by any non-zero real vector v;. Therefore, without loss of generality we
can assume that |Jva]| = 1. Since
vy — —J(v 4 jv2) + (01 —jva) _ —ju+ v’

2 2

by the linearity of the solution
S(t7 07 2’02) = _jS(t, 07 U1 + j’l}g) + jS(t, 07 v — j’l}g)

= —je(gﬂw)t(vl + jua) + jel 7 vy — jug)
= e [—jel (vg + jug) + je IV (v — juo)]
— 7t [ j(cos(wt) + ] sin(w)) (ur + jv2) + 5 (cos(wt) — j sin(wt))(vr — jva)]
= 2¢7" [vg cos(wt) + vy sin(wt)] .

Hence

lls(t,0,2v2)|| = 27" |Jvg cos(wt) + vy sin(wt)]| .

Note that
|lv2 cos(wt) + vy sin(wt)|| = |Jve|| =1

whenever t = 7k /w for k € N. Since o > 0 the sequence

stk /w, 0,20)][ 132 = {2e™/} ~

is bounded away from zero; it is either constant (if o = 0) or diverges to infinity (if ¢ > 0). Hence
Is(,0,2v1)|| cannot converge to 0 as t tends to infinity and the equilibrium solution cannot be
asymptotically stable.

We have shown that 1 = 3 = 2 = 1. Hence the three statements are equivalent. n

Theorem 6.2 does not hold is the system is time varying: We have already seen an example of
a system that is asymptotically but not exponentially stable, so the three statements cannot be
equivalent. How about 3 = 1?7 In other words if the eigenvalues of the matrix A(t) € R™*™ have
negative real parts for all ¢ € R is the equilibrium solution of &(t) = A(t)x(t) asymptotically stable?
This would provide an easy test of stability for time varying systems. Unfortunately, however, this
statement is not true.

Example (Unstable time varying system) For a € (1,2) consider the matrix

—1 4+ acos?(t) 1 — acos(t) sin(t)

At) = —1+acos(t)sin(t)  —1 4 asin?(t)
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Exercise 6.6 Show that the eigenvalues A1, A2 of A(t) have RE[\;] = —25% for i = 1,2. Moreover,
(a—1)t (t) —t o (t)
e cos e 'sin
(t,0) = [ —ele=Digin(t) et cos(t) ] '

Therefore, if we take 29 = (1,0) then

(a—1)t
e cos(t o
(00 = [ —e(“_l)tsirf(l)f) } = [ls(t,0,0) |2 = e~V

Since a € (1,2), RE[N;] < 0 for all t € Ry but nonetheless ||s(t,0,z¢)|2 — oo and the equilibrium
solution is not stable. ]

As the example suggests, determining the stability of time varying linear systems is in general
difficult. Some results exist (for example, if A(t) has negative eigenvalues, is bounded as a function
of time and varies “slowly enough”) but unfortunately, unlike time invariant linear systems, there
are no simple, general purpose methods that can be used to investigate the stability of time varying
linear systems.

An argument similar to that of Theorem 6.2 can be used to derive stability conditions for time
invariant systems in terms of the eigenvalues of the matrix A.

Theorem 6.3 The equilibrium & = 0 of a linear time invariant system is stable if and only if the
following two conditions are met:

1. For all A € SPEC[A], RE[A] < 0.

2. The algebraic and geometric multiplicity of all X € SPEC[A] such that RE[N] = 0 are equal.

The proof is left as an exercise (Problem 6.7).

6.4 Systems with inputs and outputs

Consider now the full linear time varying system

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

with piecewise continuous input function u(-) : R — R™. Based on the structure of the solutions

s(t, to, xo,u) and p(t,to, zo,u) it should come as no surprise that the properties of the zero input
solution s(t, tg, o, 0) (i.e. the solutions of (6.7)) to a large extend also determine the properties of
the solution under non-zero inputs. Recall that for simplicity we consider the Euclidean norm for
R™ and for f() : R — R™ we defined

£ (llto.00 = sup [| £ ().
t>tg

Similar definitions can be given for the matrix valued functions A(t), B(t), etc. using the corre-
sponding induced norms. Recall also that for existence and uniqueness of solutions we assume that
A(t), B(t), etc. are piecewise continuous functions of time.

Theorem 6.4 Assume that

1. The equilibrium solution is exponentially stable, i.e. there exists m,a > 0 such that for all
(zo,t0) € R™ x Ry and all t € Ry, ||s(t, to, z0,0)|| < m|jxg|le”*¢—t0),
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2. For allto € R, [[A(-)]lt,00, [B()llto.005 1C()llt9.00, [P ()llt,00 are bounded.
Then for all (xo,t0) € R™ x R and all u(-) : [to,00) = R™ with ||u(-)||ty,c0 bounded,

m
HS(, Lo, Iovu)Hto-,OO < mHIO“eato + EHB()H%@OHU()H%,OO

o m
HM%wmemSWWOMmWﬂ““%EW%WwﬂMWmmHWOMmHMwa
If in addition lim;_, oo u(t) = 0 then lims oo 8(¢, to, 2o, u) = 0 and limy_,o0 p(t, to, 2o, u) = 0.

The proof requires only some manipulation of norm inequalities and is left as an exercise (Prob-
lem 6.8).

One can see that also in the case of systems with inputs there is an intimate relation between stability
and continuity of the solution functions in an appropriate function space. To see this consider the
functions

s(+, t,0,®) : PC([tg, 0), R™) — C([to, 00), R™)

{u(") : [to,0) = R™} — {s(-,t0,0,u) : [tg,00) = R"}
p(+,t0,0,®) : PC([to, 00),R™) — PC([tg, 00), RP)

{u() : [to,00) = R™} > {p(-, 10,0, u) : [to,00) — RP}

The strange notation is again meant to alert the reader to the fact that we consider s(-,tg,0,®) for
fixed ¢y as a function mapping a piecewise continuous function of time (denoted by the placeholder
©®) to a continuous function of time (denoted by the placeholder -, left over after u is substituted for
©®). Then Theorem 6.4 directly implies the following.

Corollary 6.1 If the linear time varying system is exponentially stable then the functions s(-,tp,0,®)
and p(-,t9,0,®) are continuous.

The proof is left as an exercise (Problem 6.8).

The properties guaranteed by Theorem 6.4 are known as the bounded input bounded state (BIBS)
and the bounded input bounded output (BIBO) properties. We just note that exponential stability
is in general necessary, since asymptotic stability is not enough.

Example (Unstable with input, asymptotically stable without) For z(¢),u(t) € R and
t € Ry consider the system

#(t) = —

1+t:17—|—u.

Exercise 6.7 Show that for to > 0, ®(t,t9) = (1 +t9)/(1 +1).

Let 2(0) = 0 and apply the constant input u(t) =1 for all ¢t € Ry. Then

Pl4r t+12/2
T:
1+t 1+t

m@anfgymw@m:A

even though the equilibrium solution is asymptotically stable and the input is bounded since
(oo =1 < o0. L



Lecture Notes on Linear System Theory, (©) J. Lygeros & F. A. Ramponi, 2015 100

6.5 Lyapunov equation

In addition to computing eigenvalues, there is a second algebraic test that allows us to determine
the asymptotic stability of linear time invariant systems, by solving the linear equation

ATP 4+ PA=—Q

(known as the Lyapunov equation). To formally state this fact recall that a matrix P € R™*" is
called symmetric if and only if PT = P. A symmetric matrix, P = PT € R"X" is called positive
definite if and only if for all z € R" with = # 0, 27 Pz > 0; we then write P = PT > 0.

Theorem 6.5 The following statements are equivalent:

1. The equilibrium solution of &(t) = Ax(t) is asymptotically stable.
2. For all Q = QT > 0 the equation AT P + PA = —Q admits a unique solution P = PT > 0.

The proof of this fact is deferred to the next section. For the time being we simply show what can
go wrong with the Lyapunov equation if the system is not asymptotically stable.

Example (Lyapunov equation for two dimensional systems) Let x(t) € R? and consider the
linear system &(t) = Axz(t) for some generic

a a
A= 11 12 c R2X2.
a1 A22

We fix a matrix @ = 21 and since P is symmetric we have

P:[pl p2]€R2X2andQ:[

0 :| c R2><2.
P2 D3 2

2
0
The Lyapunov equation
an Gz | L prop2| | PL P2 | e a2 | | 20
aiz a2 D2 D3 D2 D3 a1 a2 0 2
reduces to a set of three linear equations

apipr +azp2 = —1
aizp1 + (a1 + age)p2 + a21pz =0
a12p2 + azepz = —1
in the three unknowns py, pa, p3 (the top-right and bottom-left equations are identical).

To gain some insight into the conditions of Theorem 6.5 let us see what happens if we replace some
trivial stable, asymptotically stable and unstable matrices A into these equations. For example, if

we take
-1 0
=1 5]

(asymptotically stable with eigenvalues at —1 and —2) the system has a unique solution p; = 1,
p2 = 0, p3 = 1/2 leading to a positive definite

as expected. If we take
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(unstable with eigenvalues at 1 and —2) the system has a unique solution p; = —1, p2 =0, p3 = 1/2
leading to
-1 0
P= [ 0 172 ]
which is not positive definite. If we take
1 0
=lad]
(unstable with two eigenvalues at 1) the system has infinitely many solutions (p; = —1 = p3 but po
is arbitrary). Finally, if we take
0 1
N
(stable but not asymptotically stable with eigenvalues at +j) the system has no solutions (we must
have po = 1 and py = —1 at the same time). ]

Problems for chapter 6

Problem 6.1 (Stability) For ¢t € R, consider the ODE #(t) = A(t)x(t), where, for a € R,

—1 4 acos?(t) 1 — acos(t) sin(t)
Alt) = {—1 - acos(ts) sin(t) -1+ assins(t , ]

1. Show that (e-1)¢ sin)
| el Vrcos(t) e Tsin(t
(¢,0) = [—e(al)tsin(t) e ! cos(t).]

2. Deduce how the stability properties of the system change with the value of a.

3. Find the values of a for which the eigenvalues of A(t) have negative real part for all ¢ > 0.
Compare the result with that of 2.

Problem 6.2 (Laplace Transform) Consider the time-invariant system:

#(t) = Ax(t) + Bu(t),
y(t) = Cx(t) + Du(t).

1. Let 2(0) = 0. Make use of the Laplace transform to derive an input-output (ARMA) model
of the system of the following form: for a; € R and B; € RP*™ =0,1,...,n,

aoy™ (1) + ary™ V() + ...+ any(t) = Bou™ (t) + Byu" V() + ... + Buu(t),

where y® (t) (resp. u(?(t)) denotes the i-th derivative of y (resp. of u) at t. You may assume
that 4 (0) =0 and u)(0) =0 for i = 0,...n.

2. Let A = [j;i A(;2:|a B = {BE)J and C = [C1  Cs], where, for 1 < ny < n, Ayy € R™27"2,

By € R™2X™ (5 € RP*™2 and all other matrix blocks have consistent dimensions. Compute

the transfer function of the system and use the result to build a state-space representation of

order (i.e. size of the state evolution matrix) ns having the same transfer function.

(Hint: verify that the inverse of an invertible block triangular matrix M = {Mﬂ 0
M1 Maa

My

Mz Ms,

] , with

My, and Msys square, is also block triangular, i.e. M~! = { } in particular, M3,

must be equal to... .)
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Problem 6.3 (Stability)

1. Consider a system @(t) = f(z(t)). Suppose that we have % (z(t)" Pz(t)) < —z(t)TQu(t),
where P and ) are symmetric positive definite matrices (here the time-derivative is taken
along solutions of the system). Prove that under this condition the system is exponentially
stable, in the sense that its solutions satisfy ||(t)|| < ce™#!||z(0)| for some ¢, > 0. Note
that this statement is true whether the system is linear or not. Further, if f(z) = Az, then

show that the above condition is equivalent to AT P + PA < —Q.
2. Consider the system @(t) = Az(t) + Bu(t) such that ||| < ce™! for some ¢, pn > 0.

(a) Prove that if u is bounded over all time (in the sense that supg<;. . [[u(t)|| < M for some
M), then z is also bounded, for any initial condition.

(b) Now restrict attention to the zero initial condition (z¢ = 0). We can view the system above
as a linear operator from the normed linear space of bounded functions w : [0, co[ — R™
with norm |lu|| := supg<,. ||u(?)||, to the normed linear space of functions z : [0, co[ —
R™ with the norm ||z|| := supy<;<o [|[2(t)||. What can you say about the induced norm
of this operator, using the calculations you made in (a)? What can you say about its
continuity?

Problem 6.4 (Discrete-time Systems) Consider a discrete-time linear system x(k+1) = Az(k)+
Bu(k), k=0,1,....

1. Write the formula for the solution x(k) at time k starting from some initial state z(0) at time
0.

2. Assume A is semi-simple. Under what conditions on the eigenvalues of A is the discrete-time
system z(k + 1) = Axz(k) (no controls) asymptotically stable? Stable? Justify your answers.
(Stability definitions are the same as for continuous-time systems, just replace ¢ by k.)

3. Lyapunov’s second method for discrete-time system x(k + 1) = f(z(k)) involves the difference
AV (z) := V(f(x))—V (z) instead of the derivative V (z); with this substitution, the statement
is the same as in the continuous-time case. Derive the counterpart of the Lyapunov equation
for the LTT discrete-time system z(k + 1) = Az (k).

Problem 6.5 (Linearisation example) Consider a two dimensional state vector x = (x1,22) €
R? whose evolution is governed by the following differential equations

Il(t) xg(t)
ig(t) =X (t) — I (t)g — ,Tg(t).

1. Compute all equilibria of the system.

2. Compute the linearisation of the system about its equilibria. The calculation is the same as
the one in Section 4.1, replacing the “optimal trajectory”, z*(t), with the equilibrium solution
x*(t) = & for all ¢, where & is each of the equilibria of the system.

3. Compute the eigenvalues of the matrices of the resulting linearisation and speculate about
the stability of the equilibria of the nonlinear system by invoking Theorem 6.2. Simulate the
system to confirm your intuition.

Problem 6.6 (When local is global) The equilibrium solution & = 0 of the linear time varying
system z(t) = A(t)x(t) is

1. Globally asymptotically stable if and only if it is locally asymptotically stable.
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2. Globally exponentially stable if and only if it is locally exponentially stable.

Is it possible for the linear time varying system to have more than one equilibria? If yes, is it possible
for any of them to be locally asymptotically stable in such a case?

Problem 6.7 (When all is uniform) Show that the equilibrium @ = 0 of the linear time invariant
system x(t) = Ax(t) is uniformly stable if and only if it is stable. Show further that this is the case
if and only if the following two conditions are met:

1. For all A € SPEC[A], RE[)\] < 0.
2. For all A € SPEC[A] such that RE[A] = 0, all Jordan blocks of A have dimension 1.

Problem 6.8 (BIBO and BIBS stability) Consider the time varying linear system

() = A(t)x(t) + B(t)u(t)
y(t) = C(t)x(t) + D(t)u(t).

with A(t), B(t), C(t), D(t) piecewise continuous. Assume that

1. The equilibrium solution is exponentially stable, i.e. there exists m,a > 0 such that for all
(zo,t0) € R™ x Ry and all t € Ry, ||s(t, to, zo, 0)|| < m||zol|e@Ct0),

2. For all to € R, [|AC) s |t [CO) im0 1D() 1y are bounded.
Show that:
1. For all (zg,tp) € R™ x R and all u(+) : [tg,00) — R™ with ||u(-)||¢),co bounded,

m
(>0, @0, w)llzo,00 < mllzolle™ + —I1B()lzo,00/u()llz0,00

o m
(0, 20, 1) ag,00 < mICCY g o0 olle™™ + [ THNCC o colBCllo.00 + 1D Ollto,00 | 1l 00-

2. For all ty € R the functions

s(+, 10,0,
{u
p(+t0,0,®
{u

: PC([to, 0), R™) — C([to, o0), R™)

) i [to,00) = R™} — {s(+, t0,0,u) : [tg,00) = R"}
: PC([to, 00), R™) — PC([tg, 00), RP)

) [to,00) = R™} — {p(-,t0,0,u) : [to,00) — RP}

are continuous.



Chapter 7

Inner product spaces

We return briefly to abstract vector spaces to introduce the notion of inner products, that will form
the basis of our discussion on controllability and observability.

7.1 Inner product

Consider a field F, either R or C. If F' = C let |a| = \/a? + a3 denote the magnitude and @ = a; —jas
denote the complex conjugate of a = a1 + jas € F. If F = R let |a| denote the absolute value of
a € F; for simplicity define @ = a in this case.

Definition 7.1 Let (H, F) be a linear space. A function (-,-) : Hx H — F is called an inner product
if and only if for all x,y,z € H, a« € F,

1. {z,y+z) = (z,y) + (x, 2).

2. (x,ay) = alz,y).

3. (x,z) is real and positive for all x # 0.
4. (x,y) = (y,x) (complex conjugate).

(H,F,(-,-)) is then called an inner product space.

Exercise 7.1 For all z,y,2 € H and all a € F, (x +y,2) = (x,2) + (y,2) and (az,y) = a(x,y).
Moreover, (z,0) = (0,2) =0 and (z,z) = 0 if and only if x = 0.

Fact 7.1 If (H,F,(-,-)) is an inner product space then the function || -| : H — F defined by
llz]| = \/(x,z) is a norm on (H,F).

Note that the function is well defined by property 3 of the inner product definition. The proof is
based on the following fact.

Theorem 7.1 (Schwarz inequality) With || - || defined as in Fact 7.1, [{x,y)| < ||| - [|y|| for all
z,y € H.

Proof: If x = 0 or y = 0 the claim is obvious by Exercise 7.1. Otherwise, select a € F' such that
o] = 1 and oz, y) = [(z,y)|; i.e. if FF = R take a to be the sign of (z,y) and if F = C take

104
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o= Iéziil Then for all A € R

Az +ayl|* = (A + ay, Az + ay)
= Az + ay, \x) + (\x + ay, ay)
= \Az + ay,z) + a{(dz + ay, y)
= Mz, Az + ay) + aly, \z + ay)
=AMz, 2) + alz,y) + a(My, z) + aly,y))
= N lz|® + Az, )| + Alz, )| + [l ly[|?
= N2|z]|* + 2X[(z, )| + [lyl*.

Since by definition (Az + ay, Az + ay) > 0 we must have
22|21 + 2\ (2, v)| + [ly[* > 0.

This is a quadratic in A that must be non-negative for all A € R. This will be the case if and only if
it is non-negative at its minimum point. Differentiating with respect to A shows that the minimum

occurs when
LY
2|l

Substituting this back into the quadratic we see that

[(z, y)|?
[l

H:E”Q _ 2|<$,y>|2

e ly1* = 0= [{z,y)|* < ll=]* - Iy

Exercise 7.2 Prove Fact 7.1 using the Schwarz inequality.

Definition 7.2 Let (H,F,{-,-)) be an inner product space. The norm defined by ||z|*> = (z,x)
for all x € H s called the norm defined by the inner product. If the normed space (H,F,|| - ||) is
complete (a Banach space) then (H, F,(-,-)) is called a Hilbert space.

To demonstrate the above definitions we consider two examples of inner products, one for finite di-
mensional and one for infinite dimensional spaces; the latter brings us to the discussion of the Hilbert
space of square integrable functions, that will play a central role in the discussion of controllability
and observability in Chapter 8.

Example (Finite dimensional inner product space) For F' =R or F' = C, consider the linear
space (F™, F). Define the inner product (-,-) : F™* x F™ — F by

n
(@y) = Ty =7" -y
=1

for all z,y € F™, where % denotes complex conjugate (element-wise) transpose.

Exercise 7.3 Show that this satisfies the axioms of the inner product.

It is easy to see that the norm defined by this inner product

n

l2)® = (z,2) =)ol = |23

i=1

is the Euclidean norm. We have already seen that (F™, F, || - ||2) is a complete normed space (The-
orem 3.2), hence (F™, F, (-,-)) is a Hilbert space. =
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7.2 The space of square-integrable functions

For F = Ror F = C, tyg,t1 € R with tg < t; consider the family of square integrable functions
f() : [to,t1] = F™, i.e. all functions such that

K"W@mw<w

Note that the discussion can be extended to the case where tg = —o0, or t; = 400, or both simply
by considering the domain of the function to be respectively (to, t1], [to,t1) or (to,t1) and requiring
that the integral be finite.

Exercise 7.4 Show that the sum of square-integrable functions is also square-integrable and hence
square integrable functions form a subspace.

On this space we can define the L? inner product

t1

(f.g)= | T@ gt)dt

to

S
where as before f(¢) denotes complex conjugate transpose of f(t) € F™. It is easy to see that the
norm defined by this inner product is the 2—norm, already introduced for continuous functions in

Chapter 3 1
t1 bl
|ﬂNb=(A|f@@ﬁ)-

Since square integrable functions also contain discontinuous functions, however, we now run into
difficulties with our norm definition. Consider for example the function f that takes the value 1
at t = 0 and 0 everywhere else. Then fOJrOO |f(t)]> dt = 0, but f is not the zero function, which
violates the axioms of the norm (Definition 3.1). To resolve this issue we can identify functions that
are equal except for “a few” points with each other and consider them as the same function. More
formally, we can define an equivalence relation between functions: Functions fi(-) : [to,t1] — F™
and fa(+) : [to, t1] = F™ will be called equivalent if and only if

/ 1 | f1(t) — fa(t)||3dt = 0.

to

Notice that two functions are equivalent if they are equal “almost everywhere” (except for finitely
many points, countably many points, etc.) We can then identify equivalent functions with each other
(formally, identify all functions in the same equivalence class with the equivalence class itself) and
consider as our space of interest the set of non-equivalent square integrable functions (formally, the
quotient space of the equivalence relation). One can check that this space is indeed a linear space
over the field F’ under the usual operations of function addition and scalar multiplication. Moreover,
[|£(-)]l2 is now a well defined norm on this space, since all functions such that ftil | f()|I3dt = 0 are
now identified with the zero function.

Unfortunately, one can see that the resulting space is not complete. Loosely speaking, the limit of
a Cauchy sequence of square integrable functions in the 2-norm may be a function whose integral
is not defined (a non-integrable function in the sense of Riemann). The canonical way in which
this problem is solved is by extending the definition of integral. The Lebesgue integral of a function
is a technical construction that generalizes in many ways the notion of integral that the reader
remembers from calculus courses (the Riemann integral). When a function f is integrable in the sense
of Riemann (either over [tg,¢1] or over Ry), the Lebesgue integral of f always exists and coincides
with its Riemann integral. But Lebesgue integration allows for a much larger class of functions
to be integrable, comprising functions way, way “wilder” than just discontinuous at finitely many
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points. For example, the function d : [0, 1] — R such that d(t) =1 if ¢t € Q, and d(t) = 0 elsewhere
is discontinuous at all points and is not integrable according to Riemann; but we mention, albeit
without any justification, that the Lebesgue integral fol d(t)dt exists and is equal to 0. Lebesgue
integration also provides more general convergence theorems, and an easier way to reduce multiple
integrals to iterated integrals of one variable (Fubini’s theorem).

If the reader proceeds in the field of System Theory, he or she will have to seriously study Lebesgue
integration at some point. But since the long excursus into measure theory required by this study
leads far beyond the scope of this course, we will avoid this discussion altogether, leave to the reader
the bare statement that the Lebesgue integral is “a more general notion of integral”, and instead
rely, without providing a proof, on the following fundamental result of mathematical analysis:

Fact 7.2 Given a normed linear space (V,F,| - ||), there exist a complete normed linear space
(V,E,|-]|) and a norm-preserving linear function ¢ : V. — V (that is, ||¢(x)|| = ||z|| for allz € V)
such that every point in V is a limit point of some sequence of points in (V). V is called the
completion of V.

In other words, every normed space V' can be mapped to a “dense” subspace of a complete space
V'; the map preserves the distances between points (it is an “isometry”), so that V and the “dense”
subspace can be identified to all practical purposes. To gain intuition, the reader can think at the
completion of V' as the union of V" and the set of all the “missing limit points” of the non-convergent
Cauchy sequences of V. For example, R is the completion of Q. On the other hand, if V is already
complete, then the completion of V' is V itself (hence, the completion R is R). What is now of
greatest interest for us is the following

Fact 7.3 The completion of (C([to,t1], F™),||-||2) is the space of Lebesgue square-integrable functions
over [to, 1], that is the set of all those functions f : [to,t1] — F™ for which the integral fttol |f(t)|* dt
exists (in the sense of Lebesque) and is finite; this space is a complete normed space with respect

to the norm || f]l2 := 4/ til |f(t)|? dt, provided that functions which are equal “almost everywhere”

are identified. All the functions f whose square is integrable in the sense of Riemann belong to
this space, and their norm according to both the definitions of integral coincide. This completion is
denoted L*([to,t1], F™).

L?([to,t1], F™) is now a true Banach spaces; together with the L? inner product it is therefore a

Hilbert space.

7.3 Orthogonal complement

Definition 7.3 Let (H, F,(-,-)) be an inner product space. x,y € H are called orthogonal if and
only if (x,y) = 0.

Example (Orthogonal vectors) Consider the inner product space (R™,R,{(-,-)) with the inner
product (x,y) = T!y defined above. Given two non-zero vectors z,y € R" one can define the angle,

0, between them by
6 = cos* (7<:v,y> )
]l - llyll

x,y are orthogonal if and only if 0 = (2k + 1)7/2 for k € Z.

Exercise 7.5 Show that € is well defined by the Schwarz inequality. Show further that 6 = (2k +
1)w/2 if and only if x and y are orthogonal.
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This interpretation of the “angle between two vectors” motivates the following generalisation of a
well known theorem in geometry.

Theorem 7.2 (Pythagoras theorem) Let (H, F,(-,-)) be an inner product space. If v,y € H are
orthogonal then ||z + y||?> = ||z||® + ||y||?, where || - || is the norm defined by the inner product.

Proof: Exercise. u

Note that H does not need to be R? (or even finite dimensional) for the Pythagoras theorem to hold.
Given a subspace M C H of a linear space, consider now the set of all vectors y € H which are

orthogonal to all vectors © € M.

Definition 7.4 The orthogonal complement of a subspace, M, of an inner product space (H, F, (-, -))
is the set

Mt ={yecH| (x,y) =0 Yz € M}.

Consider now an inner product space (H,F,(-,-)) with the norm [|y||*? = (y,y) defined by the
inner product. Recall that a sequence {y;}5°, is said to converge to a point y € H if an only if
lim;_o ||y — y:|| = O (Definition 3.4). In this case y is called the limit point of the sequence {y;}5°,.
Recall also that a subset K C H is called closed if and only if it contains the limit points of all the
sequences {y; }72, € K (Definition 3.5).

Fact 7.4 Let M be a subspace of the inner product space (H,F,{-,-)). M= is a closed subspace of
H and M N M+ = {0}.

Proof: To show that M is a subspace consider Y1,Y2 € M*, a1, as € F and show that a1y1+agy2 €
M. Indeed, for all z € M, (x,a1y1 + as2y2) = a1 {x,y1) + az(z,y2) = 0.

To show that M~ is closed, consider a sequence {y;}3°, C M+ and assume that it converges to
some y € H. We need to show that y € M*. Note that, since y; € M+, by definition (z,y;) = 0 for
all z € M. Consider an arbitrary x € M and note that

(,y) = (@ yi +y —vi) = (z,9:) + (2,9 —va) = (2,9 — %)
By the Schwarz inequality,
0< [z, y)| =z, y —ya)l < llzll - lly — will-

Since lim; 0 ||y — yi|| = 0 we must have that |(z,y)| = 0. Hence y € M.

Finally, consider y € M N M*. Since y € M+, (z,y) = 0 for all z € M. Since for y itself we have
that y € M, {y,y) = ||y||*> = 0. By the axioms of the norm (Definition 3.1) this is equivalent to
y = 0' |

Definition 7.5 Let M, N be subspaces of a linear space (H, F'). The sum of M and N is the set

M+ N ={w|3ue M,veN such that w = u + v}.

If in addition M NN = {0} then M + N is called the direct sum of M and N and is denoted by
M®N.

Exercise 7.6 Show that M + N is a subspace of H.
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Fact 7.5 V.= M @& N if and only if for all x € V there exists unique v € M and v € N such that
r=u-+uv.

Proof: (exercise) (=). Let V=M @ N. Then for all z € V there exist v € M and v € N such that
x = u ~+ v. It remains to show that the v and v are unique. Assume, for the sake of contradiction,
that they are not. Then there exist v’ € M, v' € N with (v/,v") # (u,v) such that = v/ +v’. Then

v+ =utv=>u—u =v—0.

Moreover, u —u’ € M and v —v" € N (since M, N are subspaces). Hence M NN 2 {u—u',0} # {0}
which contradicts the fact that M NN = {0}.

(«). Assume that for all z € V there exist unique v € M and v € N such that z = u + v.
Then V= M + N by definition. We need to show that M NN = {0}. Assume, for the sake of
contradiction that this is not the case, i.e. there exists y # 0 such that y € M N N. Consider and
arbitrary x € V and the unique v € M and v € N such that x = u + v. Define v’ = v + y and
v’ = v —y. Note that v’ € M and v' € N since M and N are subspaces and y € M N N. Moreover,
uW+v =u+y+v—y=u+v=21xbutu#u and v # v since y # 0. This contradicts the
uniqueness of u and v. n

Theorem 7.3 Let M be a closed subspace of a Hilbert space (H, F,{-,-)). Then:

L
1. H=M & M= (denoted by M & M+ ).

2. For all x € H there exists a unique y € M such that x —y € M*. This y is called the
orthogonal projection of x onto M.

3. For all x € H the orthogonal projection y € M is the unique element of M that achieves the
minimum

[ —yll = nf{[|lz —ul| [ u € M}.

7.4 Adjoint of a linear map

Definition 7.6 Let (U, F,{-,-)v) and (V, F,{-,-)v) be Hilbert spaces and A : U — V a continuous
linear map. The adjoint of A is the map A* :'V — U defined by

(v, Au)y = (A%v,u)u
forallueU,veV.

Theorem 7.4 Let (U, F,(-,")v), (V,F,{-,-)v) and be (W, F,{-,-)w) Hilbert spaces, A : U — V,
B:U—=V andC: W — U be continuous linear maps and a € F. The following hold:

1. A* is well defined, linear and continuous.

(A+B)* = A"+ B*.

(aA)* =aA*.

(AoC)* =C* o A*

If A is invertible then (A=1)* = (A*)~L.

[A*]| = |lA|| where || - || denotes the induced norms defined by the inner products.
(A ) = A

NS &
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Example (Finite dimensional adjoint) Consider U = F", V = F™ and A = [a;;] € F™*" both
with the inner product giving rise to the Euclidean norm and define a linear map A : U — V by
A(z) =Az forall z € U. Thenforallz e U,y eV

n

(y, A(x))pr =7 Az = ZE(AUC% = ZEZ%‘%‘ = Z Zﬂ'jyﬂj
i=1  j=1 =1

i=1 j=1i

—_T =T —T N
(A y)jz; = Ay v = (A y,x)pn = (A" (y), 7) Fn.
1

n

J

Therefore the adjoint of the linear map defined by the matrix A € F™*™ is the linear map defined by

the matrix A’ = [a;:] € F™*™, the complex conjugate transpose (known as the Hermitian transpose)
of A. If in addition F' = R, then the adjoint of the linear map defined by the matrix A is the linear
map defined by the matrix AT = [a;;] € F"*™, i.e. simply the transpose of A. m

As we have seen in Chapter 2, any linear map between finite dimensional vector spaces can be
represented by a matrix, by fixing bases for the domain and co-domain spaces. The above example
therefore demonstrates that when it comes to linear maps between finite dimensional spaces the
adjoint operation always involves taking the complex conjugate transpose of a matrix. Recall also
that linear maps between finite dimensional spaces are always continuous (Theorem 3.4). For infinite
dimensional spaces the situation is in general more complicated.

Example (Infinite dimensional adjoint) Let U = (L?([to, 1], F™) be the space of square inte-
grable functions w : [tg,t1] — F™ and let V = (F", F,{-,-)pn) be a finite dimensional space with
the inner product giving rise to the Euclidean norm. Consider G(-) € L?([to,t1], F™*™) (think for
example of G(t) = ®(t1,t)B(t) for t € [to,t1] for a linear system). Define a function A : U — V by

t1

Afu()) = / G(r)u(r)dr.
to

It is easy to see that A is well defined and linear. Assume also that G(t) is well behaved enough

(e.g. continuous and bounded) so that that A is also continuous. For arbitrary x € V, u(-) € U

. Ao =7 ([ Gt

to

:/tlTTG(T)u(T)dT
t T
= G(T)TJJ u(r)dr

to

= <§Tx, uys.

Therefore the adjoint A* : F™ — L?([to, t1], F™) of the linear map A is given by
——T
(A*(@))() = G() @ [to, ta] = F™

———T
where as before G(1) € F™*™ denotes the Hermitian transpose of G(1) € F"*™. m

Definition 7.7 Let (H,F,(-,-)) be a Hilbert space and A : H — H be linear and continuous. A is
called self-adjoint if and only if A* = A, in other words for all x,y € H

(z, A(y)) = (A(2),y)-
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Example (Finite dimensional self-adjoint map) Let H = F™ with the standard inner product
and A = [a;5] € F™*™. The linear map A : I — F™ defined by A(z) = Az is self adjoint if and

only if A= A, or in other words a;; = aj; for all 4, j = 1,...n. Such matrices are called Hermitian.
If in addition F' = R, A is self-adjoint if and only if a;; = aj;, i.e. AT = A. Such matrices are called
symmetric. ™

Example (Infinite dimensional self-adjoint map) Let H = L?([to,t1],R) and K(-,-) : [to, t1] x

[to, t1] — R such that
t1 t1
/ / |K(t,7)*dtdT < o0
to to

(think for example of ®(¢,7)B(7).) Define A : L?([to, 1], R) — L?([to, t1],R) by

(A(u())N) () = /t 1 K(t,7)u(r)dr for all t € [to, t1].

0

Exercise 7.7 Show that A is linear, continuous and self-adjoint.

Let (H, F) be a linear space and A : H — H a linear map. Recall that (Definition 2.14) an element
A € F is called an eigenvalue of A if and only if there exists v € H with v # 0 such that A(v) = Av;
in this case v is called an eigenvector corresponding to A.

Fact 7.6 Let (H,F,{(-,-)) be a Hilbert space and A: H — H be linear, continuous and self-adjoint.
Then

1. All the eigenvalues of A are real.

2. If \j and )\; are eigenvalues with corresponding eigenvectors vi,v; € H and A\; # \; then v; is
orthogonal to v;.

Proof: Part 1: Let A be an eigenvalue and v € H the corresponding eigenvector. Then
<U7'A(U)> = <U7)‘U> = /\<va> = )‘HUHZ

Since A = A*, however, we also have that

(v, A(v)) = (A(v),v) = (v, A(v)) = (v, Xv) = Al|v]]*.
Since v is an eigenvector we must have v # 0, hence A = X and \ is real.
Part 2. By definition
A(’Ul) = )\ivi = <’Uj,.A(’Ui)> = )\i <’Uj,’Ui>
A(vj) = Ajv; = (Avs),vi) = Aj(vj,0) = (A = A){vj,vi) = 0.
A=A = (v, Av)) = (Alv;),vi)

Therefore if A; # A; we must have (v;,v;) = 0 and v; and v; are orthogonal. ™
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7.5 Finite rank lemma

Let U,V be linear spaces and consider a linear map A : U — V. Recall that the range space,
RANGE(A), and null space, NULL(A), of A defined by

RANGE(A) ={v eV |Jue U,v= A(u)}
NuLL(A) ={ue U | A(u) =0}

are linear subspaces of V and U respectively.

Theorem 7.5 (Finite Rank Lemma) Let F =R or F' = C, let (H, F, (-,-)) be a Hilbert space and
recall that (F™, F,(-,-)pm) is a finite dimensional Hilbert space. Let A: H — F™ be a continuous
linear map and A* : F™ — H be its adjoint. Then:

1. Ac A* : F™ — F™ and A* o A: H — H are linear, continuous and self adjoint.
1L
2. H = RANGE(A*) @ NULL(A), i.e. RANGE(A*)NNULL(A) = {0}, RANGE(A*) = (NULL(A))*
1L
and H = RANGE(A) @ NULL(A). Likewise, F™ = RANGE(A) & NULL(A*).
3. The restriction of the linear map A to the range space of A*,
AlRaNGE(4+) : RANGE(A") — F™
is a bijection between RANGE(A*) and RANGE(A).
4. NUuLL(A o A*) = NULL(A*) and RANGE(A o A*) = RANGE(A).
5. The restriction of the linear map A* to the range space of A,
A" |RANGE(4)  RANGE(A) — H

is a bijection between RANGE(A) and RANGE(A*).

6. NULL(A* o A) = NULL(A) and RANGE(A* o A) = RANGE(A*).

Proof: Part 1: A* is linear and continuous and hence Ao A* and A* o A are linear, continuous and
self-adjoint by Theorem 7.4.

Part 2: Recall that RANGE(A) C F™ and therefore is finite dimensional. Moreover, DIM[RANGE(A*)] <
DIM[F™] = m, therefore RANGE(A*) is also finite dimensional. Therefore both RANGE(A) and
RANGE(A*) are closed (see Problem 3.3), hence by Theorem 7.3

H = RANGE(A") @ RANGE(A*)! and F™ = RANGE(A) @& RANGE(A) .
But
z € RANGE(A)" & (z,v)pm =0 Yv € RANGE(A)
< (2, A(y))pm =0 Vy € H
< (A" (2),y)p =0 Yye H

< A*(z) =0 (e.g. take {y;} a basis for H)
< 2 € NuLL(A4”).

L
Therefore, NULL(A*) = RANGE(A)* therefore F™ = RANGE(A) @ NULL(A*). The proof for H is
similar.
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Part 3: Consider the restriction of the linear map A to the range space of A*
AlRANGE(4+) * RANGE(A") = F™.
Clearly for all z € RANGE(A"), A[RsngE(a-) (¥) = A(z) € RANGE(A) therefore
AlRANGE(4-) : RANGE(A") = RANGE(A).

We need to show that this map is injective and surjective.
To show that it is surjective, note that for all y € RANGE(A) there exists ¢ € H such that y = A(z).

But since H = RANGE(A*) é NULL(A), © = x1 + 22 for some 21 € RANGE(A*), x2 € NULL(A).
Then
y=A(z1 + z2) = A(z1) + A(z2) = A(z1) + 0 = A(z1).

Hence, for all y € RANGE(A) there exists 1 € RANGE(A*) such that y = A(x1) and the map is
surjective.

To show that the map is injective, recall that this is the case if and only if NULL(A|R sngR(4+) =

{0}. Consider an arbitrary y € NULL(A|R AngR(4-))- Then y € RANGE(A") and there exists

x € F™ such that y = A*(z) and moreover A(y) = 0. Therefore y € NULL(A) N RANGE(A*) = {0}
1

since H = RANGE(A*) @ NULL(A) and the map is injective.

Part 4: To show that NULL(A o A*) = NULL(A*) consider first an arbitrary @ € NULL(A o A*).
Then

Ao A* () =0= (z, Ao A" (x))pm =0
= (A"(z), A" (2))r =0
S A @) =0
= A%(z) =0
=z € NUuLL(A4").
Hence NULL(A o A*) C NULL(A*). Conversely, consider an arbitrary 2 € NULL(A*). Then
Az =0= Ao A*(x) =0 =z € NULL(A o A¥)

and hence NULL(A*) C NULL(A o A*). Overall, NULL(A 0 A*) = NULL(A").
Finally, to show that RANGE(A) = RANGE(A o A*) note that

RANCE(A) ={y e F™ |3z € H,y = A(x)}
={y € F™ | 3z € RANGE(A"),y = A(z)} (by Part 3)
={yeF"|Jue F" y=A(A"(uv))}
—{ye F™|ue F™ y = (Ao A%)(u)}
= RANGE(A o A¥).

The proofs of Part 5 and Part 6 are analogous to those of Part 3 and Part 4 respectively. ]

Notice that the assumption that the co-domain of A is finite dimensional is only used to establish
that the ranges of A and A* are closed sets, to be able to invoke Theorem 7.3. In fact, Theorem 7.5
holds more generally if we replace the spaces by their closures.
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7.6 Application: Matrix pseudo-inverse

Consider the finite dimensional Hilbert spaces (R, R, (-, )gn) and (R™ R, (-, )gm) with the inner
product giving rise to the corresponding Euclidean norms. Consider a matrix A € R™*™ and the

linear map
A: R* — R™
r = A-x

Consider also the adjoint map and recall that it is represented by the transpose of A,

A*: R* — R™
y = AT .y

Let us also introduce some notation for the rows and columns of the matrix A
ail ... Qip aig
A= , Gei = , aje=|ap - aj |
Am1 e Amn Amyi

fori=1,...,nand j =1,...,m. Note that by definition

RANGE(A) = SPAN{de1,...,0e,} and RANGE(A*) = Span{al,,...,al,}.

? ' me
Given b € R™ we seek solutions x € R™ to the set of linear equations Az = b.

Exercise 7.8 Show that an x € R™ such that Az = b exists if and only if b € RANGE(A). If such
an x exists, then it is unique if and only if NULL(A) = {0}.

If m = n and the matrix A is invertible, then A is bijective (Theorem 2.3) and a unique solution
exists for all b € R™. This unique solution is given by z = A~1b.

What if m # n or A is not invertible? In this case one could have multiple solutions (if NULL(A) #
{0}), or no solutions (if b ¢ RANGE(A) # R™). Still, the Finite Rank Lemma allows us to say
something about the linear equation Az = b even in this case.

Consider first the case where RANGE(A) = R™.

Exercise 7.9 Show that if RANGE(A) = R™ then m < n, NULL(A*) = {0}, and {a],}}", are
linearly independent.

By the Finite Rank Lemma the map
AlRANGE(4+) | RANGE(A") = RANGE(A) = R™

is bijective. Therefore for a given b € R™ there exists a unique & € RANGE(A*) such that AZ = b.
Note that, even though Z is the only element of RANGE(A*) with this property, it is not necessarily
the only element in R™. If NULL(.A) # {0}, one can pick any & € NULL(A) and add it to &. The
resulting x = ¥ + 2 will satisfy

Az + ) = AZ) + A(Z) = Az 4+ 0 =b.

The resulting x, however, will have norm at least as big as Z. Since by construction & € RANGE(A*)
and 7 € NULL(A) and by the Finite Rank Lemma RANGE(A*) and NULL(A) are orthogonal to each
other,

l2]* = (@, 2) = (& + &, + &) = (2, 3) + (T,2) + (&,7) + (&,2) = [|Z]* + |2]]* > 2],
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In other words, among the (possibly infinitely many) x € R™ for which Az = b the unique & €
RANGE(A™*) is the one with the smallest magnitude.

Can we find this unique Z corresponding to a given b € R™? By the Finite Rank Lemma RANGE(Ao
A*) = RANGE(A) = R™ and NULL(A o A*) = NULL(A*) = {0}. Hence, by Theorem 2.3, Ao
A* : R™ — R™ is bijective. Since by Theorem 2.6 composition of linear maps corresponds to
multiplication of the corresponding matrices
AoA*: R™ — R™
y — AATy.

and the matrix AAT € R™*™ ig invertible. Consider then
T = AT(AAT)*lb.

It is easy to see that this is the unique & € RANGE(A) that satisfies AZ = b. We summarise the
discussion in the following theorem.

Theorem 7.6 Let A € R™*™ and consider the linear map A(x) = Ax and some b € R™. Assume
that RANGE(A) = R™ and define & = AT(AAT)~'b. Then

1. T is the unique element of RANGE(A*) that satisfies AT = b.
2. T is the orthogonal projection onto RANGE(A*) of any € R™ such that Az = b.
3. & is unique minimiser of ||x|| subject to Ax =b.

Proof: For Part 1, let y = (AAT)"'b € R™ and note that # = ATy; hence ¥ € RANGE(A).
Moreover,

Az)=A (AT(AAT)_lb) = (AATY(AAT) b =b.
Hence Az = b. Uniqueness follows since, by the Finite Rank Lemma, A|RANGE(A*) : RANGE(A*) —
RANGE(A) is bijective.

For Part 2, consider any = € R™ such that Az = b. Then

Alx —2)=Ar— Az =b—-0b=0

1
and 2 — Z € NULL(A). By the Finite Rank Lemma, R” = RANGE(A*) & NULL(A) hence by
Theorem 7.3, 7 is the orthogonal projection of z onto RANGE(A*) (take H = R™, M = RANGE(A*)
and M+ = NULL(A) in Part 2 of Theorem 7.3).

Part 3 is an immediate consequence of Part 2 and of Part 3 of Theorem 7.3. ™

The matrix AT = AT(AAT)~! is called the right pseudo-inverse of the matrix A, since AAT =
1. This calculation is indeed very similar to the computation of minimum energy controls that
we will encounter in Chapter 8. The only difference is that the finite dimensional Hilbert space
(R™, R, (-, -)gn ) will be replaced in Chapter 8 by the infinite dimensional Hilbert space L?([to, 1], R™).

Let us now consider the case where NULL(A) = {0}.

Exercise 7.10 Show that if NULL(A*) = {0} then RANGE(A*) = R™, m > n, and {ae;}}", are
linearly independent.

Since in this case it is possible that b ¢ RANGE(A) there may not exist an € R™ such that Az = b.
A weaker requirement is to find an € R™ that minimises the difference ||Az — b||; in other words,
find an & € R™ such that ||AZ — b|| < ||[Az — b|| for all z € R™. Natural questions are of course
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whether such an Z exists (i.e. whether the minimum is attained) and whether it is unique. We show
here that the answer to both is ”yes” and provide a way of computing & from A and b.

By the Finite Rank Lemma, R™ = RANGE(A) é NuLL(A*). Therefore, by Theorem 7.3, for the
given b € R™ there exist unique § € RANGE(A) and § € NULL(A*) such that b = § 4 §; moreover,
7 is the unique element of RANGE(A) that achieves the minimum inf{||b —y|| | y € RANGE(A)}. By
the Finite Rank Lemma, since RANGE(A*) = R", the linear map

A :R"™ — RANGE(A)
is bijective. Therefore, there exists a unique & € R" such that AZ = g. By the Finite Rank Lemma
RANGE(A* 0 A) = RANGE(A*) = R™ and NULL(A*oA) = NULL(A) = {0}. Hence, by Theorem 2.3,

A* o A : R" — R" is bijective. Since by Theorem 2.6 composition of linear maps corresponds to
multiplication of the corresponding matrices

A*oAd: R* — R
z — ATAz

and the matrix AT A € R™*" is invertible. We claim that
T = (ATA)_lATb
is the solution to our problem.

Theorem 7.7 Let A € R™*" and consider the linear map A(x) = Ax and some b € R™. Assume
that NULL(A) = {0} and define & = (AT A)=*ATb. Then

1.

=

is the unique element of R™ such that AZ is the orthogonal projection of b onto RANGE(A).

2.

=

is unique minimiser of {||Ax — b|| | z € R™}.

Proof: For Part 1, note that

AT(b— Az) = ATb — ATA(ATA) ' ATh = ATh — ATh = 0.

1L
Hence b — A% € NULL(A*) and, since by the Finite Rank Lemma R™ = RANGE(A) @ NULL(A*),
AZ is the orthogonal projection of b onto RANGE(A) by Theorem 2.6. The fact that & is the unique

element of R™ with this property follows by the Finite Rank Lemma (bijectivity of A4 : R™ —
RANGE(A)).

Part 2 is an immediate consequence of Part 1 and of Part 3 of Theorem 7.3. ™

The matrix A* = (AT A)~1 AT is called the left pseudo-inverse of the matrix A, since A*A = 1. This
calculation is indeed very similar to the one we will use in Chapter 8 to determine the initial state
that best matches a given zero input response, in the context of our discussion on observability.
The only difference is that the finite dimensional Hilbert space (R™, R, (-, -)gm) will be replaced in
Chapter 8 by the infinite dimensional Hilbert space L?([to, 1], RP).

Finally, we note that the two calculations, for the case when RANGE(A) = R™ and the case when
NuLL(A) = {0}, are duals of each other, in the sense that they simply involve invoking the symmetric
statements of the Finite Rank Lemma. This duality will also be observed in the case of controllability
and observability in Chapter 8 and will allow us to easily extend statements proved for one property
to corresponding statements for the other.
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Problems for chapter 7

Problem 7.1 (An Example of a Hilbert Space) Let E = Ly([to, t1],R) be the Hilbert space of
square integrable real-valued functions on [tg,t1]. Let K : [to,t1] X [to,t1] — R be such that

/tl /tl |K(t,7)]> dt dT < . (1)
to to

Define A : Lg([to,tl],R) — LQ([to,tl],R) by
(A(w))(t) = ! K(t,m)u(r)dr Vit € [to, t1].

to

Prove that A is linear and continuous. Also prove that A is self-adjoint if K is symmetric.



Chapter 8

Controllability and observability
Let us return now to time varying linear systems

We will investigate the following questions

e Can the input u be used to steer the state of the system to an arbitrary value?

e Can we infer the value of the state by observing the input and output?

We will again start by a general discussion of these questions for non-linear systems. We will then
specialize to the case of time varying linear systems and then further to the case of time invariant
linear systems.

8.1 Nonlinear systems

Consider the nonlinear system

o(t) = f(x(t),ult),t) (8.1)
y(t) = T‘(.”L‘(t), u(t), t)

wheret € Ry, z(t) € R", u(t) e R™, y(t) e RP, f: R"XR™ xRy — R"and r : R" xR xR, — RP
and assume that r is continuous, that f is Lipschitz in x and continuous in u and ¢, and that
u: Ry — R™ is piecewise continuous. Under these conditions there exist continuous solution maps
such that for (xg,t9) € R™ x Ry, t1 > to, u(-) : [to,t1] = R™ and ¢ € [tg, t1] return the solution

l'(t) = S(t7t07x07u)7 y(t) = p(t7t07x07u)

of system (8.1)—(8.2). For simplicity, assume further that r is continuous in = and piecewise contin-
uous in ¢.

Definition 8.1 Consider to,t1 € R with to < t1. The input trajectory u(-) € PC([to, 1], R™) steers
(o, t0) € R x R to (z1,11) € R™ X R if and only if s(t1,to0, xo,u) = x1. The system (8.1)—(8.2) is
controllable on [to, t1] if and only if for all xg,x1 € R™ there exists u(-) € PC([to, t1], R™) that steers
(Zo,to) to (Il, tl).

118
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Figure 8.1: State feedback.

Notice that controllability has nothing to do with the output of the system, it is purely an input
to state relationship; we will therefore talk about “controllability of the system (8.1)” ignoring
Equation (8.2) for the time being. The following fact is an immediate consequence of the definition.

Fact 8.1 The system (8.1)—(8.2) is controllable on [to,t1] if and only if for all zy € R™ the function
s(t1,to, o, -) : PC([to, t1],R™) — R™ is surjective.

It is easy to see that controllability is preserved under state and output feedback. Consider a state
feedback map Fs : R™ x R — R™ and a new input variable v(t) € R™. Let u(t) = v(t) + Fs(x(t),t)
and define the state feedback system

‘T(t) = f(.%‘(t), U(t) + FS(‘T(t)v t)? t) = fS(‘T(t)v ’U(t)v t) (8'3)
To prevent technical difficulties assume that Fs is continuous in x and piecewise continuous in ¢.

One can picture the action of the feedback map Fg as shown in Figure 8.1.

Likewise, consider a output feedback map Fp : R? x R — R™ and assume that r does not explicitly
depend on w, i.e. y(t) = r(x(t),t). Consider a new input variable w(t) € R™, let u(t) = w(t) +
Fo(y(t),t) and define the output feedback system

2(t) = f(2(t), w(t) + Fo(y(t),1),t) = f(x(t), w(t) + Fo(r(z(t),t),1),t) = fo(x(t),w(t),t) (84)

To prevent technical difficulties assume that Fp is continuous in y and piecewise continuous in t.
One can picture the action of the feedback map Fp as shown in Figure 8.2.

Theorem 8.1 Consider t,,t1 € R with tg < tg. The following statements are equivalent:

1. The system of Equation (8.1) is controllable on [to,t1].
2. The system of Equation (8.3) is controllable on [tg,t1].

3. The system of Equation (8.4) is controllable on [tg,t1].

Proof: The proof requires only careful application of the definitions. For example, to show that if
the system of Equation (8.1) is controllable on [tg, t1] then so is the system of Equation (8.3), consider
arbitrary zg,z; € R"™ and look for v(-) € PC([to, t1], R™) that steers (xq, o) to (x1,t1). Since (8.1) is
controllable on [to, t1] there exists u(-) € PC([to, t1], R™) such that the unique solution, s(t, to, o, u),
of (8.1) satisfies s(t1, to, xo,u) = x1. Define v(t) = u(t) — Fs(s(t,to, zo,u),t); clearly v(-) : [to,t1] —
R™ is piecewise continuous since u is piecewise continuous, Fyg is assumed to be continuous in its
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Figure 8.2: Output feedback.

first argument and piecewise continuous in the second, and, by definition, s(-, tg, zo, u) is continuous.
Moreover, under v(-) to system (8.3) evolves according to

#(t) = f(2(t),v(t) + Fs(x(t),1),t) = f((t), ut) = Fs(s(t, to, xo,u),t) + Fs(x(t), 1), 1)

starting at x(tg) = xo. Clearly z(t) = s(t,to,x0,u) satisfies both the initial condition and the
differential equation and therefore is also the unique solution for system (8.3) under the input v(-).
Hence, the proposed input v(-) steers (zo,%o) to (x1,t1).

The remaining parts are similar and are left as an exercise. n
Dual to the definition of controllability is that of observability.
Definition 8.2 Consider to,t1 € R with to < t1. The system (8.1)~(8.2) is observable on [to, 1]

if and only if for all xg € R™ and all u(-) € PC([to,t1],R™), given u(:) : [to,t1] — R™ and the
corresponding output y(-) = p(-, to, xo,u) : [to, t1] — RP the value of xo can be uniquely determined.

A slight rephrasing of the definition leads to the following fact.

Fact 8.2 The system (8.1)—(8.2) is observable on [to, t1] if and only if for all u(-) € PC([to,t1],R™)
the function

p(',to, ©, u) R — PC([to, tl],Rp)
xro — p(', to, Zo, u) : [to, tl] — RP
s injective.
It is easy to see that if we establish the value of zp € R™ we can in fact reconstruct the value of x(t)

for all ¢t € [to, t1]; this is because, by uniqueness, x(t) = s(t, to, 2o, u) is uniquely determined once we
know ¢, to, xo and u : [tg, t] — R™.

It is easy to see that observability is preserved under output feedback and input feed-forward.
Consider a input feed-forward map Fr : R™ X R — R? and a new output variable z(t) € RP. Let
z(t) = y(t) + Fp(u(t),t) and define the input feed-forward system with

z(t) = r(x(t),u(t), t) + Fr(u(t),t) = rp(x(t), u(t), t). (8.5)

To prevent technical difficulties assume that Fp is continuous in u and piecewise continuous in t.
One can picture the action of the feed-forward map Fr as shown in Figure 8.3.

Theorem 8.2 The following statements are equivalent:

1. The system (8.1)—(8.2) is observable.
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Figure 8.3: Input feed-forward.

2. The system (8.4)~(8.2) is observable.
3. The system (8.1)~(8.5) is observable.

Proof: Exercise. m

Notice that observability is not preserved by state feedback. If system (8.1)—(8.2) is observable,
system (8.3)—(8.2) may or may not be observable and vice versa.

Exercise 8.1 Provide a simple example of a linear system whose observability properties are altered
by state feedback.

In nonlinear control, feedback linearization provides a dramatic demonstration of the fact that
state feedback can alter observability. In feedback linearization state feedback and a coordinate
transformation is used to alter the dynamics of some of the states, so that system behaves like a
linear system. The price to pay for this is that the remaining states (the so-called zero dynamics) are
disconnected from the output, i.e. are rendered unobservable; the reader is referred to [17, 10, 14]
for more information on this topic.

8.2 Linear time varying systems: Controllability

Let us now see how the additional structure afforded by linearity can be used to derive precise
conditions for controllability and observability. For most of the discussion we will need to assume
that the input trajectories of the system take values in an appropriate Hilbert space, to be able to
apply the Finite Rank Lemma and perform projections. Since the space of piecewise continuous
input trajectories used up to now (e.g. for the existence and uniqueness arguments) is not complete
we will assume that input trajectories take values in the somewhat larger Hilbert space of square
integrable functions. More specifically, given tg,t; € R with ¢g < ¢; we will consider input trajectories
u() : [to,t1] — R™ and assume that u € (L?([to,t1],R™), (-, -)2) with the inner product defined by

t1
(u, )2 — / w(®)Ta(t)dt.
to

for u, @ € L?([to,t1],R™). Note that by considering this extended space we can no longer assume
that the input trajectories will be piecewise continuous, and hence are no longer covered by the
existence uniqueness argument of Theorem 3.6. We will alleviate this difficulty, however, by showing
that the properties of interest here (e.g. steering the system from a given initial state to a desired
final state) can indeed be achieved by piecewise continuous trajectories.

Since controllability is an input to state property only the matrices A(-) and B(:) come into play.
To simplify the notation we give the following definition.
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Definition 8.3 The pair (A(-), B(+)) is controllable on [to,t1] if and only if for all xg,z1 € R™ there
exists u : [to, t1] = R™ that steers (xo,to) to (x1,t1), i.e.

21 = DO(t1,t0)x0 +/ 1 O(t1, 7)B(T)u(r)dr.

to

Lemma 8.1 The following statements are equivalent:

1. (A(+), B(+)) is controllable on [to,t1].
2. For all zg € R™ there exists u : [to,t1] — R™ that steers (xo,to) to (0,t1).

3. For all z1 € R™ there exists u : [to,t1] — R™ that steers (0,to) to (z1,t1).

Proof: (Sketch). 1 = 2 and 1 = 3: Obvious.

2 = 1: For arbitrary xo,z1 € R™ let &9 = 29 — ®(¢o,t1)21 and consider the input 4 : [tg,t1] — R™
that steers (Zo,to) to (0,%1). It is easy to see that the same input steers (zg,to) to (z1,t1).

3 = 1: Exercise. [ ]

Exercise 8.2 The three statements of Lemma 8.1 are not equivalent for nonlinear systems. Where
does linearity come into play in the proof?

Lemma 8.1 states that for linear systems controllability is equivalent to controllability to zero and
to reachability from zero. In the subsequent discussion will use the last of the three equivalent state-
ments to simplify the analysis; Lemma 8.1 implies that this can be done without loss of generality.
In line with this, we introduce the following definition.

Definition 8.4 A state 1 € R™ is reachable on [to,t1] by the pair (A(-), B(+)) if and only if there
exists u(-) € L*([to, t1],R™) that steers (0,tg) to (x1,t1). The reachability map on [to,t1] of the pair
(A(-), B(*)) is the function

,CT : LQ([to, tl],Rm) — R™
u — [ ®(tr, 7)B(r)u(r)dr.

Lemma 8.2 L, is linear and continuous. The set of reachable states is the linear subspace RANGE(L,).

Proof: The fact that £, is linear is obvious from the properties of the integral. The fact that
reachable states are equal to RANGE(L,) is immediate from the definition of reachable states. To
show that £, is continuous let ||-|| denote the 2-norm in R™ and note that for all u(-) € L?([to, t1], R™)

2

12, (w)]]? = / Bty 1) B(r)u(r)dr

to

: / (7B - () P

to

Since ®(t1,-)B(+) is a piecewise continuous function on [to,¢1], there exists some M > 0 such that
|@(t1,7)B(7)|| < M for all T € [to, t1]. Hence

ty
1L ()] < M2/t [u(r)|[2dr = M?lu(-)|3

i.e. the induced norm of £, is finite and the function is continuous. ™
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Definition 8.5 The controllability gramian of the pair (A(-), B(+)) on [to,t1] is the matriz

Wi(to, t1) = /t1 ®(ty, 7)B(t)B(T)T ®(t,, ) dr € R™™,

to

The controllability gramian will be our primary vehicle for studying the controllability of time
varying linear systems. We start by establishing some of its basic properties.

Lemma 8.3 The controllability gramian, W,.(to,t1), has the following properties:

1. It is symmetric.
2. It is positive semi-definite.

3. For all t) < to, W,(th,t1) > Wi(to,t1) in the sense that xT[W,.(t),t1) — Wy(to,t1)]z > 0 for
all x € R™.

Proof: For Part 1, note that

For Part 2 note that for all x € R™

t1 tl
2TW, (to, t1)x :/ 2T (ty, 7)B(r)B(r) &ty 7) wdr :/ |B() " ®(tr, 7)) dr > 0.

to to

Finally, for Part 3, note that

to
ST (th, 1) — Wk, t2)]z = / ST, 7)B(r)B(r)T &y, 1) awdr > 0
"

(as shown in Part 2). ]

The following theorem allows us to answer controllability questions by simply checking the rank of
the controllability gramian.

Theorem 8.3 The following statements are equivalent:

1. (A(), B(-)) is controllable on [to,t1].
2. RANGE(L,) =R™.

3. RANCGE(L, o LF) =R".

4. DET[W,(to,t1)] # 0.
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Proof: 1 < 2: By Lemma 8.1, (A(-), B(+)) is controllable on [tg,t1] if and only if all states are
reachable from 0 on [to,¢1], i.e. if and only if £, is surjective, i.e. if and only if RANGE(L,) = R™.

2 < 3: By the Finite Rank Lemma.

3 & 4: Notice that £, o L7 : R® — R" is a linear map between two finite dimensional spaces.
Therefore it admits a matrix representation. We will show that W,.(tg,t1) € R™*™ is the matrix
representation of this linear map. Then £, o £ is surjective if and only if W,.(to,t1) is invertible i.e.
if and only if DET[W,(to,t1)] # 0.

Recall that
t1

Ly u— D(ty,7)B(T)u(r)dr

and (Lfz,u) = (z, Lu). We have already seen that (Section 7.4)
[L:(2)](7) = B()T®(t1,7)T 2, for all T € [to, t1],2 € R"

Therefore
[Lr o L7)(z) = [/ D(ty,7)B(T)B(T)" ®(t1,7)" dr | 2 = W, (to, 1)z

to

Therefore the matrix representation of £, o £ : R™ — R™ is the matrix W, (to,t1) € R"*™. n

Exercise 8.3 Show that (A(-), B(+)) is controllable on [tg, 1] if an only if W, (to,t1) is positive
definite (i.e. 2T W, (to,t1)z > 0 for all z € R™ with = # 0).

8.3 Linear time varying systems: Minimum energy control

We have just seen that for all zg,z; € R™ there exists u : [to, t1] — R™ that steers (zo, o) to (z1,%1)
if and only if the matrix W,.(to,t1) € R™*™ is invertible. The question now becomes can we compute
such a u? And if so, can we find a piecewise continuous one, as required for existence and uniqueness
of solutions? Or even a continuous one?

First of all we note that if such an input exists it will not be unique. To start with let us restrict
our attention to the case where 2o = 0 (reachability); we have already seen this is equivalent to the
general controllability case (z¢ # 0) to which we will return shortly. Recall that by the Finite Rank
Lemma

1
L*([to, t1], R™) = RANGE(LY) © NULL(L,.).

Recall also that L?([tg,t1],R™) is infinite dimensional while RANGE(L}) is finite dimensional (of
dimension at most n), since it is a subspace of R™ which is finite dimensional. Therefore NULL(L,.) #
{0}, in fact it will be an infinite dimensional subspace of L?([t,#1], R™).

For a given z1 € R™ consider u € L?([to,t1],R™) that steers (0,to) to (z1,t1), i.e.
L, (u) = .
Then for every @ € L?([to,t1], R™) with @ € NULL(L,.) we have
Lr(u+a)=Lr(u)+ Lr(0) =21+ 0 =21.

Therefore for any input w that steers (0,tp) to (x1,t1) any other input of the form u + 4 with
@ € NULL(L,) will do the same. So in general there will be an infinite number of inputs that get
the job done. The question now becomes can we somehow find a “canonical” one? It turns out that
this can be done by a projection onto RANGE(L).
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Figure 8.4: Linear space decomposition induced by reachability map.

Recall that by the Finite Rank Lemma
‘CrlRANGE(L*) : RANGE(L)) — RANGE(L,)

is a bijection. Therefore, for all 21 € RANGE(L,) there exists a unique & € RANGE(L}) such that
L, (@) = x1. We have seen that for any & € NULL(L,) if we let u = @+ @ then £, (u) = 1. However,

But @ € RANGE(L}), & € NULL(LY) and by the finite rank lemma RANGE(L}) is orthogonal to
NULL(L,). Therefore (@, )y = (@, @)2 = 0 and

lull3 = llall3 + lal3 > a3

since ||@/|3 > 0. Therefore, among all the u € L?([tg, t1], R™) that steer (0,to) to (z1,t1), the unique
@ € RANGE(L?) is the one with the minimum 2—norm. The relation of the different spaces involved
is depicted in Figure 8.4.

We now return to the general controllability case and formally state our findings.

Theorem 8.4 Assume (A(-), B(+)) are controllable in [to,t1]. Given xo,z1 € R™ define @ : [to, t1] —
R™ by u = ﬁ:f o (ﬁT o E:)_l [,Tl — (I)(tl,to),fo], i.e.

a(t) = Bt) ' ®(ty, t)" W (to, t1) " [x1 — ®(t1,to)zo] YVt € [to, t1].

Then

1. @ steers (xo,t0) to (1,t1).

2. a(") : [to,t1] = R™ is piecewise-continuous, with discontinuity points the same as those of
B(:) : [to, t1] = R™ ™, In particular, u(-) is continuous if and only if B(-) is continuous.

3. ||all3 = [x1 — ‘b(tlvto)xo]T Wy (to, t1) "t [z — ®(t1, to)wo].

4. If w: [to, t1] = R™ steers (xo, to) to (x1,t1) then ||ulla > ||u|2.

Proof:
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Part 1:
t1
I(tl) tl,to 0+/ (I) tl, u(t)dt

to

1
tl,to xo + / (I) tl, B(t)T(I)(tl,t)TWT(to, tl)_l [J,'l — (I)(tl,to)xo] dt
to
= (I) tl,to xo + |:/ (I) tl, B(t)T(I)(tl,t)Tdt WT(tQ,t1)71 [,Tl — (I)(tl,to),fo]

= @(tl,to)wo + W (fo, tl)W (fo,tl) [J,'l — (I)(tl,to),fo]

=x.

Part 2 is obvious from the formula, since B(t) is piecewise continuous, ®(t1,t) is continuous and
all other quantities are constant. In fact the only discontinuity points are those of B(t). Hence if
B(t) is continuous (e.g. for time invariant linear systems) then the minimum energy controls are
continuous.

Part 3:

a2 = / ) u(t)dt

to

= [y — ®(t1, to)zo]” Wi(to, t1) ™17 [/tl ®(t1,t)Bt)B(t)T ®(t1,t) T dt

to

Wr(to, tl)_l [,Tl — (I)(tl, to)xo]
= [ = (11, to)wo] " (W (to,01)") ™ Wir(to, t1) Wi (to, 01) ™ 1 — ®(t1, to)ao)
= [Il - ‘I)(tl, to)CC()]T Wr(to, t1)71 [.Il — (I)(tl, to)Io]

since W, (to, t1) is self-adjoint by the finite rank lemma.

Part 4: Notice that by its definition @ € RANGE(L}). The claim follows by the discussion leading
up to the statement of the theorem. n

The perceptive reader will have noticed that this calculation is effectively the same as the one carried
out in Section 7.6 to compute the pseudo-inverse of a matrix. The only difference is that here one
of the two spaces is infinite dimensional. Compare also Figure 8.4 with Figure ?7.

The theorem provides several interesting insights into the structure of these so-called minimum
energy controls. For one, note that even though for mathematical reasons we were forced to allow
more general control inputs u € L?([to,t1],R™) to apply the Finite Rank Lemma, the minimum
energy controls (the unique @ € RANGE(L}) that steers (zo,to) to (x1,t1)) happens to be piecewise
continuous. In other words, if there is a control in u € L?([to, 1], R™) that will “get the job done”
there is also one in PC([to,?1],R™) (in fact, at least as good a one) that will do the same. This is
good to know, since we do not have to worry about existence of solutions.

The structure of the minimum energy itself, ||@]|3, is also revealing. |@|3 is a quadratic function of
x1 — P(t1,t9)xo, a term which reflects the distance between where we want the system to be at time
t1 (namely z1) and where it would end up if we left it alone (namely ®(¢1,%0)x0). In other words, the
further we want to push the system from its natural course the more energy we need to expend. The
term in the middle, W,.(tg, ;)" !, in a sense reflects how controllable the system is. By Theorem 8.3,
if the system is uncontrollable W, (¢, 1) will be singular and, loosely speaking, W, (to,t1)~* would
be infinite, suggesting that we may not be able to push the system where we want however hard
we try. If the system is weakly controllable W,.(¢q, t1) will be positive definite but “small”, hence
W, (to,t1)~ 1 will be “large”. In other words, the less controllable a system is the more energy we
need to expend to get it where we want. The observation that W,.(to,t1) < W,.(ty, t1) for ¢ < to and
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t) > t; (Fact 8.3) also admits a natural interpretation: The more time we have to take the system
where we want the less energy we need to do so.

The proof of the theorem reveals that an even more general statement is possible. Even if the system
is not controllable, if it happens that x1 — ®(t1, tg)xo € RANGE(L,) then we can still find a minimum
energy input that steers (zo,%o) to (z1,%1). The construction will be somewhat different (in this case
W (to,t1) will not be invertible) but the general idea is the same: Consider the restricted map

ET|RANGE(L;<) : RANGE(L)) — RANGE(L,)

which is bijective even if RANGE(L,) # R™ and select the unique & € RANGE(L) for which £, (4) =
x1 — P(t1,t0)xo. Indeed, even if xy — P(t1,%0)zg ¢ RANGE(L,) we can still formulate a more
general problem where the objective is to minimize ||#; — x(¢1)| using a minimum energy input.
The construction will be even more complicated in this case, but the idea is again similar to the
pseudo-inverse calculations: Project x1 — ®(t1,t0)xo onto RANGE(L,) and among the u that map
to the projection select the unique one that belongs to RANGE(LY).

Finally, we note that Theorem 8.4 provides a simple example of an optimal control problem. The u
of the theorem is the input that drives the system from (xo, %) to (x1,t1) and minimizes

ull2 = / L u()Tu(t)dt,

to

This is the starting point for more general optimal control problems where costs of the form

ty
/ (T (OQ0)x(t) + u(®)T R(t)u(t)) dt
to

for some Q(t) € R™*™ and R(t) € R™*™ symmetric and positive definite are minimized, subject
to the constraints imposed by the dynamics of the system and the desired initial and final states.
An example are the so-called Linear Quadratic Regulator (LQR) problems. The interested reader
is referred to [4, 13] for more information on this topic.

8.4 Linear time varying systems: Observability and duality

We now turn to observability of time varying linear systems. As will soon become apparent, observ-
ability depends only on the properties of the matrices A(-) and C(-); B(-) and D(-) play no role. We
therefore start by specializing Definition 8.2 to the linear time varying context.

Definition 8.6 The pair of matrices (C(-), A(+)) is called observable on [to,t1] if and only if for
all g € R™ and all u : [to,t1] — R™, one can uniquely determine xo from the information

{(u(®),y(®)) |t € [to, ta]}-

Note that once we know ¢ and w : [tg, ] = R™ we can reconstruct z(t) for all ¢ € [to, t1] by

x(t) = ®(t, to)xo —I—/ O(t, 7)B(T)u(T)dr.

to

Moreover, since for all ¢ € [to, t1]

t
() = O to)oo + C(0) | @t Byulr)dr + D(O)ult),
to
the last two terms in the summation can be reconstructed if we know w : [tg,¢1] — R™. There-
fore the difficult part in establishing observability is to determine x( from the zero input response
C(t)®(t,to)xo with t € [to, t1]. Without loss of generality we will therefore restrict our attention to

the case u(t) = 0 for all ¢ € [to, t1].
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Definition 8.7 A state xo € R™ is called unobservable on [to,t1] if and only if C(t)®(t,to)xo = 0
for all t € [to,t1].

Clearly the state x¢p = 0 is unobservable. The question then becomes whether there are any xg # 0
that are also unobservable. This would be bad, since the zero input response from these states would
be indistinguishable from that of the 0 state.

Definition 8.8 The observability map of the pair (C(-), A(+)) is the function

;CO R — LQ([to,tl],RP)
xro C(t)q)(t,to)xo Vit € [to,tl].

The following fact is a direct consequence of the definition.

Lemma 8.4 L, is a linear, continuous function of xo. Moreover, for all xg € R™, L,(xg) €
PC([to, t1],RP). The state xy € R™ is unobservable if and only if xg € NULL(L,). The pair of
matrices (C(-), A(+)) is observable if and only if NULL(L,) = {0}.

The proof is left as an exercise. Notice that to be able to apply the Finite Rank Lemma we are forced
to consider functions y(-) : [to,t1] — RP that belong to the space La([to, 1], RP) in Definition 8.8.
Lemma 8.4, however, shows that the only functions we will encounter will live in RANGE(L,) and
will be piecewise continuous with discontinuity points the same as those of C(-) : [t, t1] — RP*™.

Definition 8.9 The observability gramian of the pair (C(-), A(+)) is the matriz

Wo(to, t1) = / 1 (1, t0)'C(1)T O(T)®(7, t9)dT € R™*",

to

The following theorem provides a complete characterization of observability of linear time varying
systems in terms of the properties of the matrix W, (to,t1).

Theorem 8.5 The following statements are equivalent:

1. The pair of matrices (C(-), A(+)) is observable on [to,t1].
2. NuLL(L,) = {0}.

3. NULL(L: o L,) = {0}.

4. DET[W,(to,t1)] # 0.

Proof: The proof is effectively the same as that of Theorem 8.3 with £, in place of L. Indeed,
Wo(to,t1) turns out to be the representation of the linear map £ o £, : R” — R in the basis used
for the representation of the matrix A(:). m

The similarity between the controllability and observability theorems is further highlighted by the
decomposition into subspaces induced by L,, as shown in Figure 8.5. Comparing Figure 8.5 to
Figure 8.4, it becomes apparent that controllability and observability are in fact dual concepts, they
are just the two faces of the Finite Rank Lemma. To formalize this statement, note that given the
system

#(t) = A(t)z(t) + B(t)u(t) (8.6)
y(t) = C(t)z(t) + D(t)u(t) (8.7)
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R L3([to, t1], R™)

RANGE(L}) L, RANGE(L,)
7N\ —_
/ \ — ~ :g ~

LEo L, [ Zo
\ 7
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L3
NuLL(L,) = {0}

NULL(L?)

Figure 8.5: Linear space decomposition induced by observability map.

with z(t) € R™, u(t) € R™, y(t) € RP, one can define the dual system

i(t) = —A(t)T@( (t T@( )

with Z(t) € R, @(t) € RP and §(t) € R™. The two systems are closely related in terms of their
controllability and observability properties.

Theorem 8.6 (Duality theorem) Let ®(t,tg), U(t,tg) € R™*™ denote the state transition matri-
ces of system (8.6)—(8.7) and system (8.8)—(8.9) respectively.
1. U(t,tg) = ®(to, )"

2. System system (8.6)—(8.7) is controllable on [to,t1] if and only if system (8.8)—(8.9) is observ-
able on [to,t1].

3. System system (8.6)—~(8.7) is observable on [to,t1] if and only if system (8.8)~(8.9) is control-
lable on [to,t1].

Proof: For Part 1, recall that by Theorem 4.2, W(to,tg) = ®(to,to)” = I and ZV(t,ty) =
—A(t)TW(t,tg). Moreover

D(to, t)P(t,t9) = D(to, to) = % [®(to, t)P(t,t0)] = % [®(to,1)] D(t,to) + D(to, )815 (t,to) =0
= % [(I)(to,t)] (I)(t,to) = —(I)(to, t)A(t)q)(t,to)
= %(I)(to,t)T = AT ®(to, t)T.

The conclusion follows by existence and uniqueness.

For Part 2, by Theorem 8.5 system (8.8)—(8.9) is observable on [tg, 1] if and only if the matrix
j;tol (1, t9)7 (B(T)T)T B(T)TW(r,tg)dr is invertible. Substituting W(t,ty) from Part 1 this matrix
is the same as

t1

/l <I>(t0,T)B(T)B(T)Tfl)(to,T)TdT = @(to,tl))/ (I)(tl,T)B(T)B(T)T(I)(tl,T)TdT(I)(to,tl)T.

t() t()



Lecture Notes on Linear System Theory, (©) J. Lygeros & F. A. Ramponi, 2015 130

R" L2([to, 1], R) | L?([to, 1], R™) R"
I
N\ /é"\ 1 /ﬂl\ 8
N - ~ 1 “ ~ VR
ﬁ; o [:0{ RANGE(LY) RANGE(L o) 1 RANGE(L}) RANGE(L ) }»Cr o L*
\ 7 1 _ /
N ~__ - I -~ N
L I Ly
NuLL(£}) : NuULL(Lp)
1
| .
Observability I Controllability
1
Figure 8.6: duality.
Since ®(tg,t1) is invertible by Theorem 4.2, the above is invertible if and only if
ty
/ ®(ty, 7)B(1)B(r)T ®(ty,7)Tdr
to
is invertible, i.e. if and only if system (8.6)—(8.7) is controllable (by Theorem 8.3).
The proof of Part 3 is similar to that of Part 2 and is left as an exercise. n

Duality is illustrated by the reflection symmetry of Figure 8.6. It allows us to immediately extend
results proved for controllability to related observability results and vice versa. For example, the
following dual statement of the minimum energy control theorem allows us to estimate the value of
the initial condition z( that gave rise to a particular zero input response trajectory y(-) : [to, t1] — RP.

Theorem 8.7 Assume that the pair of matrices (C(-), A(+)) is observable and consider an arbitrary
Yy € LQ([tQ,tl],Rp). Then

wo = (L5 0 Lo) ™' L5(y) = [Wo(to, tl)]fl/t 1 ®(7,t0) " C (1) y(r)dr

is the unique minimizer of ||y — Lo(x)|2 over x € R™. Moreover,

min [ly = Lo ()13 = [[yll3 = 25 Wo(to, t1)zo

Proof: By the Finite Rank Lemma, y uniquely decomposes into a sum y = §+¢ with § € RANGE(L,)
and § € NULL(L?) (see Figure 8.5). For all z € R™, we clearly have £,(z) € RANGE(L,) and hence
§— Lo(z) € RANGE(L,) (recall that RANGE(L,) is a subspace of L?([to,t1],RP)). Since RANGE(L,)
and NULL(L}) are orthogonal

ly = Lo(@)I3 = 15 = Lo(@)]I3 + 14113 = [17113- (8.10)
Therefore mingecgn ||y — L, (z)]]2 is achieved for all x € R™ such that £,(x) = g.

Because the system is observable NULL(L,) = {0} and the function £ o £, : R™ — R"™ is invert-
ible (after all Wy (to,t1) is the representation of this map and DET[W,(to,?1)] # 0). Moreover,
RANGE(L}) = R™) and by the Finite Rank Lemma, the function

Lo(x) : R™ — RANGE(L,)



Lecture Notes on Linear System Theory, (©) J. Lygeros & F. A. Ramponi, 2015 131

is bijective . Therefore, there exists a unique zy € R™ such that £,(xzg) = §. Note that
L0 Lo) L35+ )

LXoL,) L)) (since § € NULL(LE))
LyoLo) Ly o Lo(xo)

xXo-

(L5 0 Lo) T L(y) = (Lo
(L% o

Writing the above in the coordinates used in the representation of A(:) and recalling the infinite
dimensional adjoint calculation in Section 7.4 shows that

ty
-1
20 = [Walto, 11) / B(r, 1) C(r) y(r)dr
to

is the unique minimizer of ||y — L,(x)||2
To compute the minimum, note that §(t) = [Lo(x0)](t) = C(t)P(t,to)xo. Hence,

t1 tl

17113 :/ ﬂ(t)Tﬂ(t)dt:%T/ O(t, t0)" C ()" C(£)D(t, to)dtzo = x5 Wi (to, tr)o.

t() tO
The value of the minimum follows by substituting into (8.10). =
Notice that the theorem does not require the observed output, y(-), to lie in RANGE(L,), i.e. to
correspond exactly to the zero input response of some initial state zo € R™. In fact, the observed
y(-) does even have to be piecewise continuous, as one would expect from a zero input response. The
formula provided in the theorem generates the xy whose zero input responce most closely matches
the observed y(:) in the 2-norm sense. This is very useful, since in practice the measured system

response will be corrupted by noise and other disturbances, hence is unlikely to correspond exactly
to some initial state.

As in the case of controllability, the above calculation can also be extended to the case where the
system is not observable. The minimizer will not be unique in this case and the computation will
be more involved since Wy(to,t1) will not be invertible, but the idea is similar: Find the projection
of the measured output y onto RANGE(L,) and the minimum norm x that corresponds to this
projection.

8.5 Linear time invariant systems: Observability

Next, we restrict our attention further to the special case

#(t) = Ax(t) + Bul(t)
y(t) = Cx(t) + Du(t).

Define the observability matriz by

C
CA
0= ) € R"PX™,
CA"71

The following fact summaries some basic properties of the observability matrix.

Lemma 8.5 The observability matriz O has the following properties:

1. NULL(O) = NULL(L,) = {xo € R™ | unobservable}.
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2. NUuLL(O) is an A invariant subspace, i.e. if v € NULL(O) then Az € NULL(O).

Proof: Part 1: x is unobservable if and only if zy € NULL(L,), i.e. if and only if
CP(t,0)z0 =0 Vi € [0,t1] < Cettay =0 Yt € [0,t4]
A%?

@C(I+At+T+)LL‘QZO Vit € [O,tl]

& CA*zg =0Vk € N (t* linearly independent by Fact 2.6)

& CA* g =0Vk=0,...,n—1 (by Cayley-Hamilton theorem)
C
CA

) xg =10
CcAr1

< z9 € NULL(O).

Part 2: Consider zg € NULL(O), i.e. CA*zy =0 for all k = 0,...,n — 1. We would like to show
that = Az € NULL(O). Indeed Cx = CAxg = 0, CAx = CA%x9 = 0, ..., until

CA" o =CA"xg = —C(xnd + Xn_1A+ ...+ x1A" Nzg =0
(where we make use of the Cayley Hamilton theorem). m

We are now in a position to establish conditions that allow us to easily determine whether a linear
time invariant system is observable or not.

Theorem 8.8 For any [to,t1] the following statements are equivalent:

1. The pair of matrices (C, A) is observable on [to,t1].
2. RANK(O) =n.
3. For all A € Co

RANK[ )‘IC_,A }

Proof: Consider any [to, t1] and without loss of generality assume that to = 0.

To show 1 is equivalent to 2, note that

(C, A) observable on [tg,?1] < NULL(L,) = {0}
< NuLL(O) = {0}
< DM(NULL(O)) = NuLLITY(O) = 0
< RANK(O) = n — NUuLLITY(O) = n ( by Theorem 2.2).

We show that 1 implies 3 by contraposition. Note that since A € R"*"
C

RANK{ AL A } <n

Assume that there exists A € C such that

N — A
RANK|: C }<n
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Then the columns of the matrix are linearly dependent and there exists v € C™ with v # 0 such that
M—A M =Av | |0
c "7 Cv “lo -

Therefore, A must be an eigenvalue of A with v the corresponding eigenvector and Cv = 0. Recall
that if v € C" is an eigenvector of A then

s(t,0,v,0y) = eAte = My
(see, for example, the proof of Theorem 6.2). Therefore
Cedle = MOy = 0, Vt>0
and v # 0 is unobservable. Hence the pair of matrices (C, A) is unobservable!

Finally, we show that 3 implies 1 also by contraposition. Assume that C, A is unobservable. Then
NuLL(O) # {0} and DIM(NULL(O)) = r > 0 for some 0 < r < n. Choose a basis for NULL(O),
say {v1,...,v.}. Choose also a basis for NULL(O)*, say {w1,...,w,_,}. Since NULL(O) is finite
dimensional (hence closed) by Theorem 7.3,

1
R" = NuLL(O) @ NuLL(O)*

and {wy,...,Wy—r,v1,...,0,} form a basis for R”. The representation of x € R™ with respect to
this basis decomposes into two parts, © = (z1,22), with 1 € R*™" (“observable”) and x5 € R”
(“unobservable”). For the rest of this proof we assume that all vectors are represented with respect
to this basis.

Recall that, from Part 2, NULL(O) is an A—invariant subspace, i.e. for all x € NULL(O), Ax €
NULL(O). Note that

:EENULL(O):>,T=|: 0 ]

€2

A — Ay A 0 | _ | Az
A1 Agg T2 Agoxo
Therefore, since Az € NULL(O) we must have that Ajsxo = 0 for all 25 € R”, which implies that

Ay = 0 € R(n=r)xr (think of using the elements of the canonical basis of R" as z2 one after the
other). Notice further that if 2 € NULL(O) then in particular x € NULL(C) and

Moreover,

0

C:Z?:[Cl CQ]|:x2:|—CQI2—OV$2€RT.

Hence Cy = 0 € RP*",

In summary, in the new coordinates the system representation is

.Il(t) = Auxl(t) —I—Blu(t)
To (t) = Agx (t) +Agoxo (t) —l—Bg’u,(t)
yt) = Cin(?) +Du(t).

Take A € C an eigenvalue of Ags € R"™*" and let v € C" with v # 0 be the corresponding eigenvector.
Then

A — Ay 0 0 0
[M(;AHO]_ Ao M — A [0]_ M= Asg)o | = | 0
v C 0 v 0 0

1This argument is fine as long as \ is real. If X is complex, strictly speaking, we have not constructed a real vector
zo € R™ which is unobservable. This can be done, however, by taking linear combinations of the complex eigenvectors,
as in the proof of Theorem 6.2. The construction is left as an exercise.
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(We note in passing that the above shows that A will also be an eigenvalue of A € R"*" with
eigenvector (0,v)). Hence the columns of the matrix are linearly dependent and

RANK{ )‘IC_A } <n.

The theorem provides two easy ways of checking the observability of a time invariant linear system,
by checking the rank of matrices. Notice that the conditions of the theorem are independent of
[to, t1]. Therefore, (C, A) is observable on some [to,?1] with ¢y < t; if and only if it is observable
on all [to,t1]. To put it another way, observations {(u(t),y(t) | t € [0,€]} over an arbitrary small
interval are sufficient to reconstruct the initial condition zy and hence all future states of the system
(at least in theory).

The most commonly used test for observability involves testing the rank of the matrix O. Though
easy to implement for small systems, this test may lead to numerical conditioning problems for larger
systems, since it requires the computation of powers of A up to A”~!. Testing the rank of

M- A
c
tends to be more robust numerically on the other hand. Notice that even though the theorem

suggests that this condition needs to be tested for all A € C (clearly an impossible task) the proof
indicates that the condition need only be checked for A € SPEC[A].

The decomposition of the state developed in the proof of Part 4 also shows that for any (C, A),
the state of the system decomposes into an observable and and unobservable part. An immediate
corollary of the proof of the theorem is that the observable part is indeed observable.

Corollary 8.1 For any matrices C € RP*™ and A € R™*"™ there exists a change of basis T € R™*™
with DET[T] # 0, such that in the new coordinates the representation of the matrices decomposes
mnto

All 0

A=TAT ' =
[ A1 Az

} and C=CT'=[Cy 0]
and the pair of matrices (Cy, A11) is observable.
Proof: The decomposition was already established in the proof of Theorem 8.8. To show that

(C1, Aq1) are observable assume, for the sake of contradiction, that they are not. Then there exists
z1 € RO=7X7 with 21 # 0 such that

Ch
C1An
. T = 0.
Ci A
The structure of the matrices implies that
Ch 0
0 21 _ ClAll 0 21 0
0 : : 0 '
CLAT ™1 0

Hence (z1,0) € NULL(O). By the choice of basis, however, (x1,0) € SPAN{w1,...,wp_r} =
NULL(O)*. Since (z1,0) # 0 this is a contradiction (by Fact 7.4). =
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Note also that because

/\Il_All 0

DET
— Aoy Ay — Agp

= DET [/\Il — All] DET [AIQ — AQQ]

(where I; and I are identity matrices of appropriate dimensions) the spectrum of A decomposes
into

SPEC[A] = SPEC[A11] U SPEC[A22]

where the former set contains eigenvalues whose eigenvectors are observable (known as observable
modes) while the latter contains eigenvalues whose eigenvectors are unobservable (known as unob-
servable modes). An immediate danger with unobservable systems is that the state may be diverging
to infinity without any indication of this at the output. Indeed, if the system is unobservable and one
of the eigenvalues of the matrix Ass above has positive real part the state xo(t) may go to infinity
as t increases. Since, however, (0, z3) is in the nullspace of O, the output y(¢) will be unaffected by
this (either directly or through the state x1) and may remain bounded. For unobservable systems
one would at least hope that the unobservable modes (the eigenvalues of the matrix Asz) are stable.
In this case, if the output of the system is bounded one can be sure that the state is also bounded.
This requirement, which is weaker than observability, is known as detectability.

8.6 Linear time invariant systems: Controllability

As expected, the picture for controllability of time invariant linear systems is dual to that of observ-
ability. One can define the controllability matriz by

P=[B AB ... A" 'B] e R

and use it to test whether the systems is controllable. The main facts in this direction are summarized
in the following theorem.

Theorem 8.9 For any [to, t1] the following hold:

1. RANGE(P) = RANGE(L,) = {z € R" | reachable}.
2. The pair of matrices (A, B) is controllable on [to,t1] if and only if RANK(P) = n.
3. RANGE(P) is an A invariant subspace.

4. The pair of matrices (A, B) is controllable on [to,t1] if and only if for all X € C

RANK[A] — A B] =n.

The proof is effectively the same as that of Theorem 8.8 by duality. As before, the condition of
Part 4 need only be tested for A € SPEC[A]. Moreover, for all (A, B) the state decomposes into a
controllable and an uncontrollable part. For an appropriate choice of basis the system representation
becomes:

€1 (t) = Anx (f) + A2 (t) —l—Blu(t)
To (t) = +Agoxo (t)
y(t) == Cl T (t) CQ.IQ (t) +Du(t)

where the pair of matrices (A11, By) is controllable. Likewise, the spectrum of A decomposes into
SPEC[A] = SPEC[A11] U SPEC[A22]

where the former set contains eigenvalues whose eigenvectors are reachable (controllable modes) while
the latter contains eigenvalues whose eigenvectors are unreachable (uncontrollable modes).
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Dually to observability, an immediate danger with uncontrollable systems is that the state may be
diverging to infinity without the input being able to prevent it. If the system is uncontrollable and
one of the eigenvalues of the matrix Ass above has positive real part the state zo(t) may go to
infinity as ¢t increases. Since the evolution of this state is not affected by the input (neither directly
nor through the state 1) there is nothing the input can do to prevent this. For uncontrollable
systems one would at least hope that the uncontrollable modes (the eigenvalues of the matrix Agz)
are stable. This requirement, which is weaker than controllability, is known as stabilizability.

8.7 Kalman decomposition

Applying the two theorems one after the other leads to the Kalman decomposition theorem.

Theorem 8.10 (Kalman decomposition) For an appropriate change of basis for R™ the state
vector is partitioned into

1 controllable, observable
oo | %2 controllable, unobservable

T3 uncontrollable, observable

Ty uncontrollable, unobservable

In these coordinates the system matrices get partitioned into

A 0 Az O By

| A Az Az Agy | B2
A= 0 0 Ass 0 b= 0
0 0 Ays Au 0

c=[Ci 0 G 0] D

([ ﬁi A(lz } ’ [ g; }) controllable and ([ C1 Cs ], [ AOH ﬁ;g ]) observable.

The theorem shows that the spectrum of A gets partitioned into

with

SPEC[A] = SPEC[A11] U SPEC[A22] U SPEC[A33] U SPEC[A44]

where the first set contains controllable and observable modes, the second set controllable and unob-
servable modes, the third set uncontrollable and observable modes and the fourth set uncontrollable
and unobservable modes.

Pictotially the interdependencies of the sub-systems revealed by the Kalman decomposition are
shown in Figure 8.7. Note that this figure is not a block diagram, the arrows represent dependencies
between subsystems rather than signals. The labels next to the arrows indicate which of the matrices
in Theorem 8.10 is responsible for the corresponding dependence.

Problems for chapter 8

Problem 8.1 (Controllability Gramian) Let

W, (t1,t0) = 1 gb(tl,T)B(T)B(T)T(b(tl,T)TdT

to

denote the controllability Gramian of the linear time varying system

#(t) = A(t)a(t) + B(t)u(t)
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Figure 8.7: Kalman decomposition.

1. Show that W,.(-,¢g) is the unique solution of the matrix differential equation
X(t) = A(WX (1) + X()AT(t) + BB (1 )
with X (o) = 0 € R™¥™.
2. Show that W,.(¢1,tp) > 0 and that
W, (t1,t0) — Wy(t1,ty) >0 Vi, > to. (%)
[Here P > 0 means that P € R™*™ is positive semi-definite.]

Problem 8.2 (Controllability) Consider a harmonic oscillator with control input u, satisfying

the equation
[x'g(t)} - [_1 of lea()|  [1]%®)
Suppose we want to drive the system from the state [1,0]" to the state [0,0]T in 27 units of time.

1. Does there exist a control v which makes this transfer?
2. Now suppose u is to be a piecewise constant function of time of the form
up 0<t<2n/3,
u(t) =< us 2m/3 <t <4m/3,
us Ar/3 <t <27

Do there exist constants w1, us2, uz such that we can make the transfer from [1,0]" at ¢ = 0 to
[0,0]T at time ¢t = 277

Problem 8.3 (Controllability) Let A be an n x n matrix and B be an n X m matrix, both with
real entries. Assume that the pair (A, B) is controllable. Prove or disprove the following statements
(a counterexample suffices to disprove a statement):

1. The pair (A2, B) is controllable.
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2. Given that the system
x(t) = Ax(t) + Bul(t)

has the initial condition z(0) = z¢ # 0, it is possible to find a piecewise continuous control
w: [0,400) = R™ such that the system is brought to rest at t =1 (i.e., z(t) =0 for all t > 1).

3. Suppose that the system is initially at rest, i.e. x(0)=0, and for £ € R™ we wish to find a
piecewise continuous control u : [0, +00) — R™ such that 2:(t) = Z for all ¢ > 1. Such a control
can be found for all z € R™.

Problem 8.4 (Observability) For some matrices A € R**" B € R**! (' € R'*" and D € R,
consider a single-input, single-output time-invariant system

&(t) = Ax(t) + Bu(t),
y(t) = Cx(t) + Du(t).

Assume that (A, C) is observable.

1. For a generic ¢t > 0, provide an expression for x(t) in terms of the derivatives {y(i) (t);i =
0,1,....,n— 1} and {u(i)(t);i =0,1,...,n— 1}. [Hint: Consider the output equation y(t) =
Cz(t) + Du(t) and differentiate repeatedly.]

2. Discuss why for time-invariant systems the observation of y and u over an arbitrarily small
interval ¢t € [0, €], with € > 0, suffices to reconstruct z(0).

Problem 8.5 (Duality) Let ¢(t,7) denote the state-transition matrix of

#(t) = A(D)a(t) + B(t)u(t)

Show that (¢, 7) = ¢(,t)*.



Chapter 9

State Feedback and Observer
Design

Knowing whether a system is controllable or observable is usually not an end in itself. One wants
to subsequently exploit this knowledge to design controllers that will make the system behave in
some desired way: Ensure stability, force the output to track some desired trajectory, force the state
to converge to an equilibrium at some desired rate, etc. We have already seen how for controllable
systems one can generate input trajectories to steer the system from its initial state to some desired
final state (Theorem 8.4). In practice, however, this may not be sufficient. Due to small deviations
in the initial state or in the matrices involved in the dynamics, these so-called open loop input
trajectories will invariably fail to steer the system as expected. Indeed, if the system is unstable the
deviation may get arbitrarily large as time goes to infinity. A much more robust way of steering
the system is to measure its state as we go along and if we find that it deviates from the desired
trajectory adapt the open loop inputs to correct the deviation. The simplest case of such a feedback
control involves stabilization, where the desired trajectory is simply an equilibrium solution and
the objective is to design a controller to make the system asymptotically stable. Similar (dual)
comments can also be made for the merits of “closed loop” state reconstruction by incorporating
output measurements on-line, as opposed to the “batch processing” approach of Theorem 8.7.

In this chapter we investigate how such controllers and state estimators can be designed. We first
consider the so-called state feedback controllers, where one assumes that the entire state of the
system can be measured and used when making decisions. We then extend the approach to output
feedback, where one assumes that only the outputs of the system are available for measurement.
In particular, we consider the case of observer based output feedback, where an observer is used to
reconstruct the value of the state from the output measurements; a state feedback controller then
uses the reconstructed state to steer the system.

The discussion is restricted to linear time invariant systems. In this case, one makes use of the
controllability and observability matrices derived in Chapter 8 to transform the system into special
forms for which controllers and observers can easily be designed. The transformations involve changes
of basis using invertible matrices derived from the controllability and observability matrices. For
clarity of exposition we first recall some facts about basis changes.

139
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9.1 Revision: Change of basis

Consider a linear, time invariant system
&(t) = Ax(t) + Bu(t), (9.1)
y(t) = Cx(t) + Du(t), (9.2)
where as usual, t € Ry, x(t) € R, u(t) € R™, y(t) € RP, A € R"*" B € R**™ (C € RP*™ and
D € RP*™_ Consider also a change of basis Z(t) = Tx(t) where Z(t) € R™ and T € R"*™ is an

invertible matrix. Recall that in the new coordinates the evolution of system is also described by
linear equations

i(t) = AZ(t) + Bu(t) (9.3)
y(t) = Cx(t) + Du(t), (9.4)
with A € R™" B € R™™ (C € R?*" and D € RP*™. Throughout these notes several facts

regarding the relation between these two descriptions of the system have been established. We
summarize the most important ones in the following theorem.

Theorem 9.1 Consider the linear time invariant systems (9.1)—(9.2) and (9.3)—(9.4) related through
the change of coordinates T(t) = Tx(t) for all t € Ry, where T € R™*™ is an invertible matriz. The
following hold:

1. The matrices in (9.3)(9.4) are given by A=TAT', B=TB,C=CT~', D=D.

2. The matrices A and A have the same eigenvalues, i.e. SPEC[A] = SPEC|A].

3. The two systems have the same transfer function, i.e.
G(s)=C(sI—A)'B+D=C(sI — A)7'B+ D = G(s).
4. The two systems have the same impulse response matriz, i.e.
H(t) = Ce™ B + Déo(t) = Ce™ B + Déo(t).

5. (A, B) is controllable if and only if (A, B) is controllable.
6. (C,A) is observable if and only if (C, A) is observable.

The proof is left as an exercise.

The theorem shows that changes of coordinates do not affect the fundamental properties of the
system. This is to be expected, since a change of coordinates does not change the system itself,
just the representation of the system. So the only things affected by the change of coordinates are
those having to do with the representation of the matrices and not fundamental properties such as
stability, controllability, or observability.

Exercise 9.1 Are the state transition and impulse state transition matrices of the two systems the
same?

In this chapter we will repeatedly use the properties of coordinate transformations to bring the
system equations into special forms that make it easier to design controllers and observers. We will
then exploit the properties listed in Theorem 9.1 to transfer the design to the original coordinates.
The two forms we will especially be interested in are the so-called “controllable canonical form” and
“observable canonical form”. Both of these will first be presented for the easier case of single input,
single output systems and then generalized.
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9.2 Linear state feedback for single input systems

Consider first a linear time invariant system with only one input
x(t) = Az(t) + Bu(t), (9.5)

where u(t) € R and B € R" is a vector. The output equations will play no role in this section and
will be omitted for simplicity, we will return to them in Section 9.3.

Recall that the system (9.5) is controllable if and only if the matrix
P=[B AB ... A"!'B |eR™" (9.6)

has full rank, or, equivalently (since the matrix is square), if and only if it is invertible, or, equiva-
lently, if and only if its columns are linearly independent. We will use the last fact to construct an
invertible matrix 7" € R™*" to use as a change of coordinates. We will start by defining a matrix

S € R™ ™ that will be invertible whenever the system is controllable and will eventually become
T

Let the characteristic polynomial of the matrix A € R™*"™ be
DETA — Al = X" 4+ xa A" 4 4 Xt A + X
Consider a family of n vectors, s; € R™ for i = 1,...,n, defined last-to-first as follows:
s, =B
Sp—1=As, + x1B=AB+ x1B
Sp—o = ASp_1+ x2B = A’B + x1AB + x2B

S1 = ASQ + anlB == AnilB + XlAn72B + ...+ anlB.

Lemma 9.1 As; + x,B = 0. The matriz S = [s1 ... sp] € R™*" is invertible if and only if the
system (9.5) is controllable.

Proof: By definition

As; +xnB=A"B+ A" 'B+ ...+ xn_1AB + x,B
=(A"+x1 A"+ xnc1 A+ xl) B=0

by the Cayley-Hamilton theorem (Theorem 5.7).

Recall that S is invertible if and only if its columns are linearly independent. Notice that s; is
the sum of A" *B plus a linear combination of A" *"'B, ..., B. The A" "B terms are linearly
independent of each other if and only if the system is controllable, hence the claim follows. Or, more
formally, note that

Xn—1 Xn-2 x1 1
Xn—2 Xn-3 1 O

S=[BAB ...A"'B]-| : ;
X1 1 0 0

[
o
e}
s}
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Figure 9.1: Linear state feedback.

Therefore, recalling the definition of the matrix P in (9.6),

Xn—-1 Xn-2 --- X1
Xn—-2 Xn-3 .- 1 0
DET[S] = DeT[P]- DET | ! ST K
1 0 0 0

which is not equal to zero if and only if the system is controllable; notice that the determinant of
the matrix on the right is equal to +1. ]

The lemma shows that whenever system (9.5) is controllable we can use S to define a change of
coordinates. It turns out that in the new coordinates the system matrices take a particularly useful
form.

Theorem 9.2 The system (9.5) is controllable if and only if there exists a change of coordinates
Z(t) = Tx(t) with T € R™™™ invertible, such that the matrices A = TAT~* and B = T'B satisfy:

0 1 0 0 0
0 0 1 0 0
A=| : : .. |, B=|": (9.7)
0 0 0 1 0
—Xn —Xn-1 —Xn-2 --- —X1 1

Proof: (=): Assume that the system is controllable. Define S € R™*™ as above and let T = S—1.
Note that
0 0

B=S-| | =B=TB=5"'B=
0
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Consider next the matrix AS = A[s; ... s,]. Reading the columns from the right we have
0 0
Asp =81 —x1B=S O , Asp_1=8p_92—x2B=S8 1 , etc. until
1 0
—X1 —X2
0
Asy = —xnB=S5 0 (by Lemma 9.1).
0
~Xn |
Hence,
[0 1 0 0
0 0 1 0
AS =S5 :
0 0 0 1
L —Xn —Xn—1 —Xn—2 —X1
which implies that
0 1 0 0
0 0 1 0
: : : 1 | =8TMAS=TAT T = A
0 0 0 e 1
—Xn —Xn-1 —Xn-2 --- —X1

(«<): Assume that there exists a change of coordinates bringing the systems in the form (9.7). Note
that in the new coordinates

0 O 0 1
0 0 1 x
P=[B.. A'Bl=|:
0 1 * %
I —xa * ok
where * stands for some number which depends on x1, ..., x». Hence DET {P} =1 and the system

in the new coordinates is controllable. Theorem 9.1 then implies that the system in the original
coordinates is also controllable. n

The system representation of equation (9.7) is known as the controllable canonical form. The term
“canonical” refers to the fact that any controllable system can be brought to this form through a
change of coordinates, as Theorem 9.2 shows. The controllable canonical form is useful for designing
state feedback controllers to modify the behavior of system (9.5). A state feedback controller is a
method for selecting the inputs of the system as a function of the state to force the system to exhibit
some desired behavior. Here we will restrict our attention to linear time invariant state feedback
controllers of the form
u(t) = Ka(t) +

r(
where K € R™*" is known as the gain matriz, and r(t) € R is an external input vector; in the
single input case considered in this section K = [k ... k,] € RM" is just a row vector.

t), (9.8)
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The system obtained by connecting a state feedback controller of the form (9.8) with a system of
the form (9.5) is known as the closed loop system (Figure 9.1). Its dynamics are described by the
linear state equations

#(t) = (A+ BK)z(t) + Br(t). (9.9)

We would like to select the gain matrix K such that the closed loop systems exhibits some desired
behavior, for example is asymptotically stable and its state tends to zero sufficiently fast. To ensure
properties like these one typically needs to select K so that the eigenvalues of the closed loop system
matrix A+ BK coincide with some desired set {\1,...,\,} C C. Clearly for this to be possible the
set must contain the complex conjugates of all its members, i.e. {A1,...,A\n} = {A1,...,\n}; we
call such a set of complex numbers a complex conjugate set.

Theorem 9.3 System (9.5) is controllable if and only if for all complex conjugate sets {\1,..., \n} C
C there exists K € R™*™ such that SPEC[A + BK| = {A1,..., A\n}.

Proof: (=). Assume that (9.5) is controllable. Given a desired complex conjugate set {A1,..., A, } C
C we would like to select feedback gains K such that the closed loop matrix A + BK has this set as
eigenvalues. In other words, we would like
DET[M — (A+BK)|=(A=X)A=X2)...(A=A\p)
=N+ N b dy N+ dy, (9.10)
where dy, ..., d, are real numbers uniquely determined by A1, ..., \,.

By Theorem 9.2 there exists a change of coordinates Z(t) = T'z(t) to bring the system into control-
lable canonical form

0 1 0 0 0
0 0 1 0 0
Bty = : SRR (5 I R7(5) (9.11)
0 0 0 1 0
—Xn —Xn-—1 —Xn—2 cee —X1 1

In the new coordinates, the feedback function can be written as

u(t) = Kz(t) +r(t) = KT 'Tx(t) + r(t) = K&(t) +r(t)

where K = [ kn ... ki ] € R'™" is the representation of the gain matrix in the new coordinates.
Substituting into (9.11) we obtain

i(t) = (A + BK)a(t) + Br(t)

0 1 0 0 0
0 0 1 0 0

= : : : - : )+ | | r@)
0 0 0 1 0
kn—Xn kn-1—Xn-1 kn-2—Xn—2 ... ki—x1 1

Notice that the system is still in controllable canonical form. Therefore the terms in the last row
are the coefficients of the characteristic polynomial

DET[M — (A4 BE)] = A" — (k1 — x)N" = = (kno1 — Xn1)A — (kn — xn)-

If we set

151:X1_d17 sy kn:Xn_dn

this becomes identical to the desired characteristic polynomial (9.10). Hence with this selection for
the matrix K we have made the eigenvalues of A+ BK equal to the desired set {\1,..., A\, }. Finally,
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since eigenvalues are not affected by coordinate transformations (Theorem 9.1) setting K = KT
ensures that with the state feedback w(t) = KTxz(t) + r(t) the eigenvalues of the matrix A + BK of
the closed loop system are also equal to the desired list.

(«<). By contraposition. Assume that the system is not controllable. Then, by Theorem 8.9, there
exists a change of coordinates Z(t) = T'z(t) such that

A1) = { A ﬁm ]:E(t) + { by ]u@)

and the pair of matrices (A1, B1) is controllable. In these coordinates a feedback function wu(t) =
Kx(t) 4+ r(t) can be written as

u(t)= KT "Tx(t)+r(t)=[ K1 Ko |Z(t)+r(t).
The closed loop system then becomes

-+ . All + E1K1 Alg + Blkg -
z(t) = 0 Ao } z(t) + [ 0 } r(t)

and its characteristic polynomial

My — (A + BiKy)  — (A + B;1f~(2)

D
BT 0 Ay — Ay

] = DET|A} — (Ay; + B1K1)|DET[A, — Ay,

where I; and I» denote identity matrices of appropriate dimensions. Hence
SPEC[A + BR] = SPEC[All + Blkl] U SPEC(AQQ).

Notice that part of the spectrum (the eigenvalues of Azz) is not affected by the feedback gains K.
Therefore given a list of desired eigenvalues {1, ..., A, } C C it is impossible, in general, to select K
such that SPEC[A + BK] = {\1,..., A\, }; since the pair of matrices (A1, By) is controllable this is
possible if and only if SPEC[A2] € {A1,..., An}. Setting K = KT and noting that SPEC[A+ BK] =
SPEC[A 4+ BK] (Theorem 9.1) completes the proof. =

Theorem 9.3 provides a method for moving the eigenvalues of a controllable linear system to arbitrary,
complex conjugate values by selecting a feedback gain matrix K and applying linear state feedback
u(t) = Kz(t) + r(t). This method is known as pole placement, eigenvalue placement, or eigenvalue
assignment. Even though for the proof of the theorem we first have to bring the system into
controllable canonical form, in practice this is not necessary. Given matrices A € R"*" and B €
R™™ we can directly compute the characteristic polynomial DET[A] — (A + BK)], treating the
entries in the matrix K as variables. The coefficients of the characteristic polynomial will turn out
to be functions of the entries of the gain matrix K € R™*". Equating these coefficients with those
of the desired characteristic polynomial (9.10) leads to a system of equations where the entries of
K play the role of the unknowns. Theorem 9.3 then ensures that this system will have a solution
which, if used in the feedback function u(t) = Kx(t) + r(t), will lead to a closed loop system with
the desired eigenvalues. As we will see below, this procedure works more generally, even if m > 1.
The difference is that for single input systems (m = 1) the system of equations has the same number
of equations as unknowns (both n). Thus (assuming controllability) there is a unique solution to
this system of equations and hence a unique feedback gain matrix K € R'*" that will do the job.
For multi-input systems (m > 1), on the other hand, there are more unknowns (nm) than equations
(n). Therefore there will be multiple choices of K that will lead to the same eigenvalues for the
close loop system. Unless other considerations are present (minimizing some cost criterion, etc.) one
can eliminate the redundant degrees of freedom by setting some of the elements of K equal to zero.
This leads to a sparser feedback gain matrix, which both simplifies the calculations and makes the
feedback function easier to implement in practice.
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Figure 9.2: Output feedback.

Theorem 9.3 also shows that the procedure outlined above for designing feedback gain matrices will
in general fail if the system is not controllable. The same steps can again be executed, but in this
case the system of equations in the entries of K will not have any solution in general. The reason is
the presence of the uncontrollable modes (the elements of SPEC[Ag] in the proof of Theorem 9.3)
which are not affected by our choice of K. If SPEC[A22] contains some eigenvalues with positive real
part, whatever gain matrix K we select, it will not be possible to obtain a stable closed loop system.
If stability is what we are after, then drastic system re-design is needed. We may, for example, try
to add, or modify one of the system actuators to augment the matrix B and make the offending
modes controllable. If, on the other hand, SPEC[AQQ] lies entirely on the left half of the complex
plane (i.e. the system is stabilizable) it is still possible to stabilize the system. We just have to resign
ourselves to the fact that the eigenvalues in SPEC[A22] will stay the same whatever we do and select
K to move the remaining eigenvalues (the controllable modes in SPEC[AH]) to desired locations.
To do this, we first we have to determine the uncontrollable modes (e.g. using the rank test in
Theorem 8.9, condition 4), then construct a list of desired eigenvalues containing the uncontrollable
modes, compute the characteristic polynomial DET[A] — (A + BK)], and equate its coefficients with
those of the desired characteristic polynomial. The proof of Theorem 9.3 together with the fact that
the uncontrollable modes are included in the list of desired eigenvalues will ensure that the resulting
system of equations will have a solution for the entries of K. The solution will not be unique,
however, even for single input systems: Some of the degrees of freedom (those corresponding to K
in the proof of Theorem 9.3) will be redundant. Unless other considerations are present, one can
again set these redundant degrees of freedom to zero to make the matrix K as sparse as possible.

9.3 Linear state observers for single output systems

The method of pole placement described above is powerful and theoretically elegant. One can argue,
however, it is not entirely practical. In real systems it is often the case that not all states are available
for measurement. The set up of Figure 9.1 is therefore optimistic, because in reality one only has
access to information about the output of the system (measured through appropriate sensors) when
trying to make decisions about what inputs to apply. A more realistic feedback arrangement should
therefore look more like Figure 9.2. The problem now is how to design a feedback function that uses
the measurements of the outputs (past and present) to decide what input to apply to the system.

Since we already have a powerful method for designing state feedback controllers, one idea that
presents itself is to augment this by an algorithm that generates an estimate of the state using
past and present inputs and outputs. Then, instead of the true value of the state (which is not
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available) we can use the estimate of the state and our state feedback controller to compute a value
for the input to apply. An algorithm that generates an estimate of the state using the past and
present inputs and outputs is known as a state estimator or a state observer. The resulting feedback
arrangement will look like Figure 9.3.

It turns out that for linear systems it suffices to consider linear state observers. Analogously to
the case of state feedback design we will start by describing the design of such observers for single
output systems (p = 1) and return to the general case of multi-output systems (p > 1) toward the
end of this chapter. We will consider the usual linear system equations

z(t) = Ax(t) + Bu(t) (9.12)
y(t) = Cx(t) + Du(t) (9.13)

where C' € RY™ and D € RY™ are just row vectors.

A linear state observer generates an estimate of the state, Z(t), at time ¢t € Ry using the values
of the input and output for all times up to ¢, {(u(7),y(7)) | 7 € [0,¢]}. The observer can itself be
thought of as a linear system, with n states (2(t) € R™), m + p inputs ((u(t),y(t)) € R™*?), and
n outputs (the state estimate itself Z(¢) € R™). The equations of the observer try to mimic those
of the linear system (9.12)—(9.13), with a correction term to account for any mismatch between the
measured output, y(t), at time ¢ and the output predicted by the observer (denoted by 7(t)) based
on its own state estimate, &(t). More precisely,

(t) = A&(t) + Bu(t) + L(y(t) — §(t)) (9.14)
§(t) = C(t) + Du(t). (9.15)

B

Notice that at time ¢ the observer only makes use of its own estimate of the state, (t), the input
u(t) and the output y(t) to update its estimate of the state; in particular the unknown value of the
state, z(t), is not used anywhere. The linear correction term, L(y(t) — §(t)), introduces an indirect
estimate of the difference between the estimated and the true value of the state which, as we will
see below, can be used to make the two converge to each other. The matrix L € R™*? is known
as the observer gain matriz. Note also that only the present values of y(t) and u(t) are used in
Equations (9.14)—(9.15). The state estimate Z(¢) at time ¢, however, will depend on all of the past
values of the inputs and outputs, {(u(7),y(7)) | 7 € [0,t]}, as well as the initial condition &y that
we select. In a sense, #(t) encapsulates all the relevant state information contained in the input and
output trajectories up to time .

Under what conditions will Z(¢) be a good estimate of 2(¢)? To study this question we can look at the
estimation error, e(t) = x(t) — &(¢t) € R™. If this error (or more precisely its norm) is small then the
state estimate generated by the observer is accurate. Clearly, since initially we know nothing about
the true value of x(0) our initial estimate, £(0), and hence the initial error, e(0), can be arbitrarily
bad. The question is whether the estimate will get better as time goes on and more information is
collected through u(t) and y(t). To answer this question we can look at how the error, e(t), evolves
over time:

A
\/

+B ( ) = Az(t) — Bu(t) — L(y(t) — §(t))
Cz(t) + Du(t) — Cx(t) — Du(t))

Notice that the evolution of the estimation error is also governed by a linear system without any
inputs. The estimation error will therefore converge to zero if and only if the eigenvalues of the
matrix A — LC have negative real part. Otherwise, as time goes on our estimate of the state will
remain as bad as our initial guess, or get even worse, despite the fact that we have collected more
information through the output of the system.
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Figure 9.3: Linear feedback with state estimation. &(t) denotes the estimate of the state

The question now becomes can we select the observer gain matrix L so that the eigenvalues of A— LC
have negative real parts? It is easy to see that this question is the dual of the question addressed
in Section 9.2. If the system is observable, one can in fact mimic the pole placement method step
by step to develop a method for placing the eigenvalues of the estimation error dynamics in some
desired, complex conjugate values. First, one can write the system in observable canonical form
using a change of coordinates.

Theorem 9.4 The system (9.12)—(9.13) is observable if and only if there exists a change of coor-
dinates T(t) = Tx(t) with T € R™ ™ invertible, such that the matrices A =TAT ! and C = BT !
satisfy:

00 ... 0 —xn
~ 10 0 —Xn-—1
A= , :
00 ... 1 —xi
C=[00 ... 0 1].

The proof is the dual to that of Theorem 9.2: One uses the rows of the observability matrix

C

CA
O — ) E Rnxn

caAnt

which under the observability assumption are linearly independent to generate a change of coordi-
nates and bring the system to the desired form. One can then use the observable canonical form to
show the following.

Theorem 9.5 System (9.12)—(9.13) is observable if and only if for all complex conjugate sets
{M,..., An} CC there exists L € R™*™ such that SPEC[A — LC) = {A1,..., \n}-

The procedure for selecting the observer gain matrix is also similar to the one for selecting the con-
troller gain matrix. One uses the desired eigenvalues {1, ..., A, } to generate a desired characteristic
polynomial. Then one computes the polynomial DET[A] — (A — LC')] and equates its coefficients
to those of the desired polynomial, giving rise to a system of n equations in np unknowns (the
entries of the observer gain matrix L € R™*P). If the system (9.12)—(9.13) is observable, then the
system of equations has a unique solution (if p = 1) or multiple solutions (if p > 1), for which the
eigenvalues of A— LC are equal to the desired ones. If the system (9.12)—(9.13) is not observable, on
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the other hand, the system of equations will in general have no solution. If the system is not even
detectable (i.e. some of the unobservable modes have non-negative real parts) then there is no hope
of designing a stable observer that will generate a correct estimate of the state, even asymptotically.
If the system is detectable one can still design a stable observer by computing the unobservable
modes, including them in the list of desired eigenvalues, and placing the remaining eigenvalues in
some desired locations as above.

9.4 Output feedback and the separation principle

We have seen how, assuming that the value of the state is known, one can design a linear feedback
controller so that the eigenvalues of the closed loop system will be at some desired position. We
have also seen how, in cases where the value of the state is not fully measured, one can design an
observer that will asymptotically reconstruct the state. Presumably when one puts the two designs
(controller and observer) together as in Figure 9.3 the closed loop system will work as planned: In
the long run the state estimation error will converge to zero, the observer will provide the feedback
controller with the right value of the state, the controller will apply an appropriate input for this
value of the state, and everything will work. Or will it? Could something go catastrophically wrong
in the transients? Could the initial state estimation error cause the controller to make the wrong
decisions and destabilize the system, leading to greater estimation error, greater mistakes in the
control inputs, etc. so that eventually the whole thing breaks down?

To answer this question we now turn our attention to the dynamics of the closed loop system of
Figure 9.3. Collecting all the relations from Sections 9.2 and 9.3 we have:

z(t) = Ax(t) + Bu(t)

y(t) = Cx(t) + Du(t)

u(t) = Ki(t) + r(t)

$(t) = A#() + Bu(t) + L(y(t) — (0)
9(t) = C&(t) + Du(t).

Substituting one into the other leads to
&(t) = Az(t) + BK&(t) + Br(t)
Z(t) = LCx(t) + (A + BK — LC)&(t) + Br(t)
y(t) = Cx(t) + DK&(t) + Dr(t).

The closed loop system is therefore itself a linear time invariant system, with 2n states (z(t), &(t)) €
R?"), m inputs (r(t) € R™) and p outputs (y(t) € RP) and state equations

[i% } _[L% A+£§I§—LC][;E§§]+[g]T(U

y(t)=[ C DK ] [ ;8 ] + Dr(t).

To determine whether this system is stable it is easier to start with a coordinate transformation,
making the state estimation error one of the states. Note that

0 )= Lo [ =17 5 56 =7 560

where I stands for the n x n identity matrix.

1

Exercise 9.2 Show that T = [ I

_OI ] is invertible and that 71 = T.



Lecture Notes on Linear System Theory, (©) J. Lygeros & F. A. Ramponi, 2015 150

In the new coordinates

Note that

DT { M — (A+ BK) BK

0 M= (A—LC) } = DET[A] — (A + BK)]DET[A] — (A — LC)].

hence
A+ BK —-BK

SPEC[ 0 A_LC

} = SPEC[A + BK| U SPEC[A — LC].

In summary, the 2n eigenvalues of the closed loop system coincide with the n eigenvalues of the
system with perfect state feedback and the n eigenvalues of the state estimation error dynamics. This
fact greatly simplifies the design of output feedback controllers for linear systems. One can design
the observer and the state feedback gain matrix separately, put them together, and the resulting
closed loop system will work as planned. This separation of the controller from the observer design,
known as the principle of separation, is a fundamental property of linear systems. Unfortunately,
even though related principles have been established for other classes of systems, this nice property
does not always hold.

From the above discussion it appears that, assuming that the system is controllable and observable,
the eigenvalues of the closed loop system can be arbitrarily placed. Therefore in principle one can
make the closed loop system respond arbitrarily fast, by making the real part of all its eigenvalues
sufficiently negative. There are several good practical reasons, however, why this temptation should
be resisted. The most important is modelling inaccuracies. Any model of a system used for design
or analysis is an approximate mathematical abstraction of a physical process; in fact a linear model
is usually a rather crude approximation of reality, valid only for certain values of the state and
input. The real physical process is bound to exhibit nonlinearities, additional dynamics, noise in the
sensors and actuators, delays, and other phenomena not adequately captured by the model. Faster
response, small eigenvalues and high gains tend to make the closed loop system more sensitive to all
these unmodeled factors.

In the end, the choice of the eigenvalues of the closed loop system (and hence the gains of the
controller and observer) usually comes down to a trade-off between several such considerations.
For linear systems, methods that in some cases allow one to establish optimal trade-offs have been
developed, in areas such as optimal filtering, linear quadratic Gaussian control, robust control, etc.
Very often, however, insight, intuition, and trial-and-error play a central role.

9.5 The multi-input, multi-output case

Finally, we turn our attention to systems with multiple inputs (m > 1) and/or multiple outputs
(p > 1). The situation is very similar in this case. Careful consideration of the development in
the previous sections indeed reveals that the only place where the single input (respectively single
output) assumption is used is in the development of the controllable canonical form in Theorem 9.2
(respectively observable canonical form in Theorem 9.4). This in turn is used in the “only if” part
of Theorem 9.3, to establish that if the system is controllable then its eigenvalues can be moved
to arbitrary locations by state feedback) (respectively Theorem 9.5). The rest of the argument
(including the entire discussion in Section 9.4) remains unaffected, even if m > 1, or p > 1. In this
section we will discuss how the missing parts of Theorem 9.2 and Theorem 9.3 can be filled in for
multi-input systems; the discussion of observer design for multi-output systems is dual and will be
omitted.
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Consider again system (9.5) with A € R™*"™ and B € R"*™, possibly with m > 1. Consider the
columns of B = [ by ... by } and assume that they are linearly independent. This assumption
can be made without loss of generality. Indeed, if the columns of B are linearly dependent there
exists a change of coordinates in R™ a(t) = Tul(t ) with 7' € R"™*" invertible such that for B = BT~
and an appropriate partition of @(t):

Bu(t) = Ba=[ B 0].[?}1@)]

(%) (t)

and the columns of B, are linearly independent; 0 denotes a matrix of appropriate dimensions all
of whose elements are equal to zero. Hence in the new coordinates the inputs s () are redundant
and we can work with just the reduced system

i(t) = Az(t) + Biia(t)

where the columns of By are linearly independent.

Assuming that the system is controllable, the matrix
= [ B AB ... A"'B } € R

has rank equal to n. As for the single input case, the idea is to use this matrix to generate a change of
coordinates, i (t) = Tx(t) for some T € R™*" invertible, so that the resulting matrices A = TAT !
and B = TB are such that one can easily design feedback controllers for them. Since the matrix
has rank n, out of its nm columns,

(b1, b, Aby, .. Ay, A" Wy, A )

we can select n linearly independent ones. The way we do the selection is not particularly important.
Different choices will lead to somewhat different structures in the matrices A and E, hence the
resulting form we obtain in the end will be somewhat less “canonical” than the controllable canonical
form is for single input systems. The most common choice is to start selecting the columns from
the left, skipping any columns that are linearly dependent on the previously selected ones, until
n linearly independent columns have been selected. Since we have assumed that the columns of
B are linearly independent, by, ..., b, will be among the selected columns. In addition, for each
j =1,...,m there is a maximal integer k; = 1,...,n such that Aki’lbj will be among the selected
columns. Or, equivalently, a minimal integer such that A*i bj can be written as a linear combination
of the previously selected columns.

Exercise 9.3 Show that if A% ~1b; is among the selected columns for some k; then so is A% ~b;

foralli =1,...,k;. Or, equlvalently, that if Aks bj can be written as a l1near combination of the
previously selected columns then so can A'b; for all 1> kj.

In summary, the selected columns will come in chains of the form

ARy,
., ARz~ 1y,

APy
The integers ki, ..., k,, are known as the controllability indices of the system.

Exercise 9.4 Show that the sum of the controllability indices is k1 + ... + k,, = n.
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We will assume that the controllability indices come in increasing order k1 < ko < ... < kyy,; if not,
reorder the columns of B and P below so that this is the case.

Arrange the selected columns in a new matrix

P=[b ... A"y by ... AR"lby by ... APeTlp, ] e R

Note that 1? is invertible since, by construction, its columns are linearly independent. Compute the
inverse of P and consider its rows

p1

N D2

Pl=|"" | eRY™™ pi, ... ,pn€R>X"
Dn

Among these rows select the ones corresponding to the controllability indices pr,, Dky+kss ---»
Dky+...+k,, = Pn and form the matrix

Pk,
P, A

pk;lAkl_l
T = c R(kl-l-...-i-km)xn _ ]Rnxn'

Pn
P

[ pn APt

Lemma 9.2 pklAkl_lbl = pk1+k2Ak2_lb2 = ... = p, AP=1b,, = 1. Moreover, i, Alby = 0 for
i=0,...,k —2 and pg, A'b; =0 for j=2,....,m and i =0,...,k; — 1. Likewise, px, 1, A'bs = 0
fori=0,...,ks —2 and pg, 4k, A'b; =0 for j =1,3,...,m and i = 0,...,k;, etc. The matrizT is
invertible.

Proof: By definition

PP = pgl b oo AR L by, L AR, ]
:I;ibl oo pr AR p ARl T
e Y
_pn:bl pnAk:l_lbl pnAk;L_lbm i

Therefore, the elements on the diagonal are all equal to 1; in particular,
pklAkl_lbl = pk1+k2Ak2_1b2 =...= pnAkm_lbm =1.
Likewise, the off-diagonal elements are all equal to 0; in particular

pklbl = ... ZpklAk1_2bl Zpklbg = ... ZpklAkz_lbg = ... Zpklbm =... ZpklAkm_lbm =0

prbr=...= pnAkl_lbl =ppbo=...= pnAkz_lbg =...=ppbp=...= pnAkm_2bm =0.
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To see that the matrix 7" is invertible, consider

Py
pklAklfl
TP = : b o AR by L ARl
Pn
pr At
i Pk, by L. Pky Ak1—1b1 - Pky Akm_lbm ]
Pk Abl e DPkq Akl b1 s Pk Akm bm
pklAk.lilbl L. pk1A2(}€172)b1 . pklAlir.kmfzbm P P
) ) ) B P21 . Pgm
Prb1 . prAF1=1p, .. ppAFm—1p, p P:
PnAby .. P ARy . prAFmb,, ml mim
L pnAk;"flbl . pnAlir'km’Q)bl e pnAQ(k;"’l)bm

In the last row we have decomposed the n x n matrix into blocks P;; € RF:xki By the first part of
the lemma, every block of the form Pj;, for i = 1,...,m has 1 on its anti-diagonal (elements (1, k;),
(2,ki—1), ..., (k;, 1)) and 0 everywhere else. Every block of the form P;; for i # j, on the other hand
has all its elements equal to zero. Therefore the last matrix is invertible (indeed, its determinant is
equal to either +1 or to —1). Since DET[T'P] = DET[T|DET[P] and P is invertible by construction
(recall that its columns were selected to be linearly independent), we must have that DET[T] # 0.
Hence the matrix T is invertible. ™

Consider now the coordinate transformation Z(t) = Tz(t). It is easier to think of the matrices
A=TAT~ ! and B = T'B as decomposed into blocks
All R P By
A=1| - and B=| @ |,

Av1 oo Apm B,

with Aij € RF*ki and BZ S Rkixm, ,j=1,...,m.

Let us first turn our attention to the matrix B = T B:

[ pkl i I pk1b1 s pklbm
Pky Ak1—1 Pk, Ak1—1b1 e PRy Akl_lbm
B = : L : - :
L pnAkm_l i L pnAkm_lbl e plmAkl_lbm |

Scanning the elements of B and comparing to Lemma 9.2 it becomes apparent that all of them are
equal to 0, except one element in each column, which is equal to 1, namely

Dryt = O(hy k)2 = -+ - = b = 1.
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For the matrix A, the fact that AT = TA implies that

A

Aml

Since the matrix T is invertible its rows (which can be thought of as the vectors p{l, ..

Pk,

| pklAkl—l

i Pk,

pklAklfl

Pn

+o A,

4ot A

pnAkm_l i

P,y
pklAklfl

Pn

Pn
pnAlm =t
Pn

pnAtn 1

L pnAkm_l i

D, A
P, A1

PnA

L pnAkm i

154

o (PR AR,

ooy (pn AP =1 are linearly independent. Reading the rows of the matrix one by one and equating
their coeflicients on the left and on the right shows that:

e The first row of A;; will have its second entry equal to 1 (the coefficient of py, A), and all other
entries equal to 0 (the coefficients of py,, pr, A% etc.).

e The second row of A;; will have its third entry equal to 1 (the coefficient of py, A%) and all
other entries equal to 0, etc. until,

e row k1 — 1 of A7, which will have its last entry equal to 1 and all other entries equal to 0.

Likewise,

e the first row of A5 will have all its entries equal to 0 (coefficients of pi, 4k, - -

etc. until,

e Row k1 — 1 of /Ilm, which will have all its entries equal to 0.

o Phytky AF2TL),

Row ky is equal to pg, A¥* and (since the rows of T" are linearly independent and span R'*™) can be
written as a linear combination

for some ag,1, - -

P AR = ag 1k, + @y ope A+ Agnpa AP

.y Qkyn € R; we will not bother too much with the exact form of these coeflicients.

Repeating the process for the remaining blocks shows that in the new coordinates the system matrices
A and B become respectively

0 1 0
0 0 1
a’kl 1 a’kl 2 E'l’kl kl
0 0 0
0 0 0
L dnl dn2 dnkl

0

0

Ak (n—km+1)  Qky (n—kpm+2)

0

0
dn(nfkarl)

1

0

dn(nfkm+2)

ann

S e
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This special form is known as the Brunowski normal form and it the analogue of the controllable
canonical form for multi-input systems. We note, however, that, unlike the controllable canonical
form, the Brunowski normal form is not unique, since it depends on the choice of columns of the
matrix P, the way these columns are rearranged, etc.

How does the Brunowski normal form help us to design controllers for the system? Assume that we
are given a complex conjugate set of desired eigenvalues {A1,...,A\,}. As in the single input case
we would like to select a linear state feedback gain matrix K € R™*" so that under the feedback

u(t) = Kz(t) + r(t)

the closed loop matrix A+ BK has the desired eigenvalues. To see that this is possible first bring the
system in Brunowski normal form through a coordinate transformation Z(t) = T'z(t) and determine
the controllability indices ki, ..., k. Write also the state feedback in the new coordinates

u(t) = KT 'Ta(t) +r(t) = Ki(t) + r(t)

and consider the rows of K

ffl 1211 - l?:ln
- : _ . :
K U .
Split the set of desired eigenvalues into m subsets {A1,..., A, by <oy { Mk 4+15-- 5 An}. For sim-

plicity assume that this can be done so that each of the subsets is itself complex conjugate. Form
the m characteristic polynomials

A= A1) (A= Agy) = A dp A L dyy,

A= Mryi1) - A=) = Mo o dp Mol d

The idea is to use each row fQ of the feedback matrix to ensure that the subsystem flii has the
corresponding characteristic polynomial. To do this select

ki1 = — (kg1 + diky)s- - - ik, = — (ke + di1), .- -,/~€1(k1+1) = =0k, (ky41)s - - S kin = —akn

km1 = —an1, ..., km(n—km) = _&n(n—km)v ooy kmn = _(dkln + dml)

The elements of the off-diagonal blocks /L-j for ¢ # j are then eliminated and the resulting closed
loop system matrix becomes

0 1 .0 00 ... 0
0 0 U 00 0
—dig, —dig1y ... —dn 00 0
A+ BK = : . :
00 ... 0 0 1 .0
00 ... 0 0 0 1
I 00 0 it A1) o —dm1

Notice that the matrix is block-diagonal and that each of the diagonal blocks is in controllable
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canonical form. Therefore DET[A — (A + BK)] decomposes into

1 -1 ... 0 1 -1 e 0

DET : : I <...-DET : : o
0 0 oo =1 0 0 oo =1
dik,  diggy—1) .- dn dmkp  Dp(kp—1) -+ dm1

=\ pdp NPT L dgy) O da NPT L+ d,)
=A== A=) A=A t1) (A=A

which is the desired characteristic polynomial. Setting K = KT completes the design (recall that
coordinate transformations do not affect the eigenvalues by Theorem 9.1).

As one can imagine from the above discussion, bringing a system into Brunowski normal form can be
rather tedious. Fortunately this is not necessary if the end goal is to design feedback controllers for
the system. As for single input systems, to do this it suffices to form the characteristic polynomial
of the matrix (A + BK), treating the elements of the feedback gain matrix K € R™*" as unknowns.
Equating the coefficients of this polynomial to those of the desired characteristic polynomial (A —
A1) ... (A= Ay) leads to a system of n equations with the nm elements of K as unknowns. The
Brunowski normal form construction guarantees that if the system is controllable this system of
equations will have a solution; for multi-input systems it will in fact have an infinite number of
solutions, since the number of equations is smaller than the number of unknowns. If the system
is not controllable but merely stabilizable then one has to make sure that the uncontrollable (but
stable) modes are included in the set of desired eigenvalues and repeat the process.

In a similar way one can also construct observers and implement output feedback controllers for the
system. The construction is just dual to that of the Brunowski normal form and will not be given
in detail.

Problems for chapter 9

Problem 9.1 (Pole placement) Consider the system

0 0 2 3
z(t)=1{1 0 0] x(t)+ |0] u(t) = Az(t) + Bu(t),
0 2 1 0
y(t)=1[0 0 2]z(t) = Cx(t). (O)

1. Is the system observable? Is it controllable? Justify your answer in each case.
2. Design a state feedback © = Kz such that the closed loop system has three poles at s = —2.

3. Recall that a state-observer provides an estimate & (t) of the state z(t) of (J) by means of the
differential equation

(t) = A2(t) + Bu(t) + L(5(t) — y(t)),
§(t) = Ca(t).

Compute the observer gain L such that the dynamics of the error e := x — & have three poles
at s = 3.

Problem 9.2 (Controllable canonical form) Use the procedure of Section 9.5 to re-derive the
controllable canonical form for single input systems. Explain how the coefficients in the last row of
matrix A arise.
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Problem 9.3 (Controllability, observability and state feedback) Counsider the linear state
feedback arrangement of Figure 9.1.

1. Show that the closed loop system is controllable if and only if the open loop system is control-
lable.

2. Assume now that the open loop system is observable. Is it true that the closed loop system
will always be observable? Provide a proof, or a counter-example.

Problem 9.4 (Controllability, observability and observer feedback) Consider the observer
feedback arrangement of Figure 9.3. Assume that the open loop system is observable and control-
lable. Will the closed loop system always be observable? Will it be controllable? In both cases
provide either a proof, or a counter-example.



Appendix A

Notation

A.1 Shorthands

e Def. = Definition

e Thm. = Theorem

e Ex./ = Example or exercise

e iff = if and only if

e wrt = with respect to

e wlog = without loss of generality

e ftsoc = for the sake of contradiction
° = therefore

e — < = contradiction

e : — such that

O = Q.E.D. (quod erat demonstrandum)

A.2 Sets

.€7€7g7g7m7u7®

e For A, B C X, A° stands for the complement of a set and \ for set difference, i.e. A°= X\ A
and A\ B=An B°.

e R real numbers, Ry non-negative real numbers, [a,b], [a,b), (a,b], (a,bd) intervals

@Q rational numbers

Z integers, N non negative integers (natural numbers)

C complex numbers, C, complex numbers with non-negative real part

Sets usually defined through their properties as in: For a < b real

[a,b) ={z € R" |a <z <D}, or [a,b) ={z € R" | a < x < b}, etc.

158
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e Cartesian products of sets: X, Y two set, X x Y is the set of ordered pairs (z,y) such that

reXandyeY.

Example (R”) R" =R xR x ... x R (n times).

xeR" == (r1,22,...,Tpn) =

A.3 Logic

o = & & V.

e 1! = exists unique.

e A = and
e \V =or
e — = not

Exercise A.1 Is the statement =(3! z € R : 22 =

BzeR : 22=-1)?

Ty
T2
, with z1,...,2, € R

Tn

1) true or false? What about the statement



Appendix B

Basic linear algebra
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Basic calculus
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