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Preface

In this book the authors show the latest (approximately twenty-year) achievements in
the field of synthesis of state observers of dynamical systems described by ordinary
differential equations or by recurrence relations with finite memory. The results of
the preceding time period are reflected, sufficiently completely, in the monograph by
O’Reilly.

The main achievements concern the development of the observability theory for
multidimensional (multiply connected) systems, functional observers, and observers
under the conditions of uncertainty. In addition, an essential progress was achieved
in the synthesis of the simplest observers, i.e., minimal-order observers. This prob-
lem was investigated for standard as well as for functional observers. The main idea,
which combines all problems, is the idea of obtaining the necessary information about
a system with the use of minimal means.

One more problem touched upon in the book concerns statical and nonstatical meth-
ods of estimation under uncertainty conditions, algorithms of estimation which give an
asymptotically exact reconstruction of a function or an estimation with an error which
can be arbitrarily regulated.

The book is intended for specialists in the theory of automatic control as well as for
lecturers, students, and post-graduates of the corresponding specialities.

When we wrote the book and prepared the manuscript, we received essential sup-
port from the senior lecturer of the Moscow State University A. V. Ilyin and the post-
graduate of the State University I. S. Medvedev. We express our gratitude to them for
their help and for the possibility of using the results of the joint investigations in this
book.

The authors are also grateful to Academician Stanislav Vasilyevich Emelyanov for
his help in the process of investigations and preparation of the manuscript.

S. K. Korovin, V. V. Fomichev Moscow 2009
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Chapter 1

Notion of state observers

The problem of synthesis of state observers for dynamical systems, including auto-
matic control systems, is a classical one and has rich history.

Everywhere in the sequel, for definiteness, by a dynamical system we mean a con-
trol system. In the finite-dimensional case for continuous time an automatic control
system is described by a system of ordinary differential equations whose right-hand
side depends on the input of the system u(t) choosing which we can influence the
properties of a given system. In the general form such a system is defined by a vector
differential equation

x = f(x,u,t), t=>0, (1.1)

where x € R” is a phase vector of the system. The necessity of a state observer is con-
ditioned by the fact that when solving control problems we often have the information
not about the phase vector x but only about a certain function of x,

y = h(x), (1.2)

which is called the output of the system which, in general, makes it difficult to solve
a control problem with the necessary correctness.

By the problem of constructing a state observer we understand the synthesis of
a dynamic object which forms the estimate of the vector of states of the dynamical
system with the use of the information that we have about the system, its measurable
output and input.

A huge number of works are devoted to the solution of this problem for different
classes of systems under certain assumptions concerning the parameters of the system
and the available information.

In 1963 David Luenberger laid the foundations of the theory of observers for linear
stationary control systems. Still now works appear which generalize or extend this
theory to new classes of systems.

We shall briefly consider questions which arise in the theory of asymptotic observers
which solve the observation problem in asymptotics when time tends to infinity, in
contrast, say, to finite observers which solve a problem in finite time. In what follows
we speak only about asymptotic observers.

The first problem consists in obtaining an answer to the question whether it is pos-
sible, in principle, to reconstruct (to construct an estimate) a full-phase vector for the
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given system using the available information. This problem is known as a problem of
observability of a dynamical system.

The complete solution of this problem have been obtained for many kinds of dynam-
ical control systems, including linear stationary multiply connected control systems
which are described by equations of the form
{x = Ax 4+ Bu (13)

y =Cx,

where x € R” is an unknown phase vector of the system, u € R™, y € R! are the
known input and output of the system respectively, A, B, and C are constant matrices
of the corresponding dimensions.

The observability problem is also solved for linear nonstationary systems, i.e., for
vector systems of form

{x = A(t)x + B(t)u 14

y=C(t)x

under certain conditions imposed on the matrix coefficients A(¢), B(¢), and C(z).

More complicated is the situation with nonlinear systems of the general form (1.1),
(1.2). However, for many special cases this problem has been solved. For the systems
which admit of the reconstruction of the phase vector from the available information
(systems of this kind are said to be observable) a problem arises of obtaining an esti-
mate X(¢) of the phase vector x (¢).

For solving this problem we traditionally use auxiliary dynamical systems which
form the indicated estimate. In the general esse systems of this kind can be written as

{' =g(z,u,y) (L.5)

Precisely these systems are called observers. Here the functions g(-) and p(-) are
synthesized, and the dimension of the vector z(¢) is called the dimension of the ob-
server. If the estimate X (¢) asymptotically converges to the phase vector of the sys-
tem x(¢), then the observer is said to be asymptotic (if, in addition, the estimate
|X(t) — x(t)|| < Col|X(0) — x(0)|le~"* holds!, where the constants y > 0, Cy > 0,
then an observer of this kind is said to be exponential). For linear stationary fully
determined systems (1.3) this problem has been completely solved.
However, for linear systems with uncertainty (systems with disturbances) of the
form
{x = Ax + Bu + D¢ (1.6)

y =Cx,

Ul |l is a norm in R”.



1 Notion of state observers 3

where £ € R¥ is an unknown disturbance, the problem concerning the synthesis of
asymptotic observers has not been completely solved. Papers still appear in which
approaches are proposed to the solution of the indicated problem under different as-
sumptions concerning the parameters of system (1.6) and the unknown perturbation &.

Still more complicated is the situation with the synthesis of observers in a nonlinear
case, this problem has been solved only for certain classes of nonlinear dynamical
systems.

Rather frequently, in the theory of automatic control, in addition to the stability of
a closed-loop system, some additional requirements are presented to the properties of
the regulator. In particular, it is often required that the dimension of the observer?
(i.e., the dimension of the phase vector z(¢) of the dynamical system (1.5)) should be
minimal. As a result, a problem appeared connected with the construction of a mini-
mal observer, namely, an observer of the minimal dynamical order, i.e., of a minimal
dimension.

For linear, stationary fully determined systems (1.3) this problem of estimation of
the full-phase vector was completely solved in papers by Luenberger. At the same
time, in order to solve control problems we often don’t need know the whole phase
vector of the system but may only use information about a certain functional of this
vector, say, of the form

o = h(x) e R?, (1.7)

where £(-) is a known sufficiently smooth function. In this case, we have a problem
of constructing an estimate for this functional, or, in other words, a problem of con-
structing a functional observer. It states to reason that this problem has sense when
the dimension of this observer is lower than the dimension of the observer which re-
constructs the full-phase vector.

In the case of a linear stationary system without uncertainty and a linear functional

o= Hx

this problem was considered in the monograph by O’Reilly [87], who proposed meth-
ods for constructing functional observers and obtained an upper estimate for the di-
mensions of these observers. However, the problem about a functional observer of
minimal dimension was solved only recently.

In addition, of an individual interest is a problem concerning the synthesis of func-
tional observers for linear and nonlinear stationary and nonstationary systems with
uncertainty.

Similar problems, i.e., problems concerning observability, on the synthesis of an
observer, on the construction of an observer under the conditions of uncertainty, on
the synthesis of functional observers, on a minimal observer are also encountered in
the case of discrete regulative systems, in particular for linear discrete control systems

2 An observer is, as a rule, a part of the regulator.
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which are described by the equations

Xg+1 = Axg + Buyg
Ve =Cxr, k=0,1,2,...,

where, as before, x € R” is a phase vector, ¥ € R™ and y € R are the input and the
output of the system, respectively.

For linear stationary systems the majority of the results can be generalized from
a continuous case to a discrete one although for the latter case there exist peculiarities
and essential differences.



Chapter 2

Observability

2.1 Observability, identifiability, observability
and identifiability criteria

Consider a problem of observability, i.e., a problem of possibility, in principle, of
reconstruction of the phase vector of the system using the measurements of its output.
In the sequel, we consider a linear system of the form
v = A(¢ B(t
X (t)x + B(t)u 2.1
y = C(t)x,

where x € R” is an unknown phase vector, u € R™, y € R’ are known input and
output of the system, respectively.

We shall call the pair (¢*, x*) the state of the system (at the time moment ¢*) if
x* = x(¢t*). The solution of the system corresponding to the control u(z) and the
initial state (#o, xo) will be denoted by x (¢, fo, xo, #) and the output by y(z, to, xo, 1)
respectively, where ¢ > f.

Two problems of reconstruction of the unknown vector x (¢) are distinguished.

An observation problem is the problem of estimation of the state of the system at
the time moment #y from the known input and output of the system u(¢) and y(¢) for
t > fy, i.e., the problem of reconstruction of the initial value of the phase vector from
the future measurements of the input and output.

A problem of identifiability is the problem of estimation of the state of the system at
the time moment ¢* from the data on the input and output for ¢ < ¢*, i.e., the problem
of reconstruction of the phase vector at the time moment z* from the measurements of
the input and output at the past time.

These definitions were given in Kalman’s papers.

Remark 2.1. Many authors do not distinguish between observability and identifia-
bility combining these notions by the term observability. Sometimes an observable
system is defined as a system in which past values of the output and input can be used
in order to reconstruct the present state of the system. Somewhat above this problem
was defined as a problem of identification.
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In what follows, for simplicity, we shall denote as x (¢, g, xo, u) = x () the solution
of system (2.1) corresponding to the initial state x(fo) = xo and the input u(¢). The
corresponding output of the system will be denoted as y(z, to, xo, u) = y(¢).

We introduce the notions of an observable and identifiable system (following [1]).

Definition 2.2. The linear system (2.1) is observable at the time moment ty if
y(t; tog, x9,0) = 0 fort > ¢ if and only if x¢g = 0.

Definition 2.3. The linear system (2.1) is identifiable at the time moment ty if
y(t; tg, x9,0) = 0 fort < 1 if and only if x¢ = 0.

Note that if a system is identifiable (observable), then, at the nonzero initial state
(20, x0) (and the zero input u = 0), the output of the system is not identically zero,
i.e., the nonzero initial state generates a certain nontrivial reaction of the output.
Let us now consider linear stationary regularized systems of the form
{x = Ax + Bu 2.2)
y =Cx,

where x € R” is a phase vector, u € R™ and y € R’ are known input and output of
the system, A, B, C are constant matrices of the corresponding dimensions. Since the
observability and identifiability of system (2.2) are defined entirely by the matrices A
and C, we speak about the observability (identifiability) of the pair {C, A}.

The following statement holds for the stationary linear system (2.2).

Theorem 2.4. The stationary pair {C, A} is observable if and only if it is identifiable.

In the sequel we shall speak only about the observability of the pair {C, A}. The
simple criterion of observability of the pair {C, A} holds for linear stationary sys-
tems (2.2).

Theorem 2.5. The stationary pair {C, A} is observable if and only if the following
rank condition is fulfilled:

C
CA
rank . =n. 2.3)
CA"*‘1
a
The matrix N(C, A) = . is called a matrix of observability (Kalman’s
CA.n—l

observability matrix).
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Proof. Sufficiency. Since system (2.2) is stationary, we can set fyp = 0. If the system is
nonobservable, then there exists a vector xg # 0 such that

¥(t,0,x9,0) = CeAtxo =0

forall ¢ > 0.
Successively differentiating (n — 1) times the output y(¢) by virtue of system (2.2)
for u(¢) = 0, we obtain a system of equations

y(0) =Cxo=0
y'(0) = CAxg =0

y("_l)(O) =CA" 'xy = 0.

Since xp # O, this means that rank N(C, A) < n. Consequently, if the matrix of
observability N(C, A) is of full rank, then system (2.2) is observable.

Necessity. Suppose that system (2.2) is observable. Let us show that N(C, A4) is
a matrix of full rank.

Let rank N(C, A) < n. Then there exists a vector xg 7 0 such that

Cxp=0, CAxyg=0, ..., CA" 'xp=0. (2.4)

By virtue of the Cayley—Hamilton theorem the matrices A4 for ¢ > n are expressed
in terms of the matrices I, A,..., A" !, and therefore it follows from (2.4) that
CA%xy =0forallg > 0.

Then the relation

At CA'xg ;

_ At _ 0| _

y(t) =Ce xo—C|:E T:|XO_E |: I ti|—()
i=0 i=0

is also valid for the matrix exponent for all # > 0. Consequently, if rank N(C, A) < n,
then there exists a nonobservable state (0, x), and this contradicts the assumption that
the pair {C, A} is observable. The theorem is proved. O

The rank condition (2.3) means that among the (n/) rows of the matrix N(C, A) €
R®DX" there are n linearly independent rows. It may turn out that the condition

C

CA
rank . =rank N, (C,A) = n (2.5)

CA.v—]

holds for a certain v < n. The minimal number v for which condition (2.5) is fulfilled
is called an observability index of the pair {C, A} (of system (2.2)). Sometimes the
matrix N, (C, A) is called an observability matrix.

The following statement is valid for the stationary system (2.2).
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Lemma 2.6. Ifrank N,(C, A) = rank Np11(C, A), then

rank N, (C, A) = rank Np14(C, A)

forallg > 1.
Proof. If
C
C
CA CA
rank N, (C, A) = rank . = rank : =rank Np1(C, 4),
‘ CAP~!
p—1
CA CAP
then this means that the rows of the matrix CA? can be linearly expressed in terms
of the rows of the matrices C,CA,...,CAP~!. In that case, the rows of the ma-
trix CAPT! = CAP A can be linearly expressed in terms of the rows of the matrices

C,CA,...,CAPL, Consequently,
rank N, (C, A) = rank N, »(C, A).

Continuing the discussion by induction, we get the statement of the lemma. The lemma
is proved. O

Consequently, upon an increase of p, the rank of the matrices N, (C, A) either in-
creases at every step or does not change beginning with a certain p*. If rank N« (C, A)
= n, then the pair {C, A} is observable and p* = v. Now if rank N+ (C, A) < n, then
the pair {C, A} is nonobservable.

From Lemma 2.6 we obtain a simple corollary.

Corollary 2.7. If the rank of the matrix C is maximal, i.e., rank C = [, and the pair
{C, A} is observable, then

Cc

CA
rank N, ;4 1(C, A) = rank . =n.

CA'n—l

Proof. By the definition rank(C) = rank N1(C, A) = [. When we add rows of
CAP the rank of the matrices N,(C, A) increases at least by 1 until it reaches n.
Consequently, the addition of rows of the matrices CA,..., CA" ! increases
rank Ny, _;4+1(C, A) to n. The corollary is proved. O
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Thus, if rank C = [, then the following estimate is valid for the observability in-
dex v:
v<n-I[+1.

Let us consider the transformation of coordinates with the matrix P in the linear
stationary system (2.2)
x = Px,

where X are new coordinates.
Upon the indicated change the triple of matrices {C, A, B} passes into a triple
{C, A, B} which are connected with the initial matrices by the relations

C=cCcpP™', A=PrAP™', B=PB.
Consequently, the observability matrix of the transformed system assumes the form

cp!

_ CP~I(PA) P!

N(C, A) = = N(C,A)P".

CP~l(pAP~hHr—!
Since the transformation matrix P is nondegenerate, we have
rank N(C, A) = rank N(C, A),

i.e., the observability property is invariant to the change of coordinates. The same is,
of course, true for N, (C, A).

For linear nonstationary systems with matrices A(¢), C(¢) in the case where A(¢)
and C(¢) are functions differentiable a sufficient number of times, we can also define
the observability matrix

01(1)

N(E) = Q2:(l)

; (2.6)
On(?)
where the matrices Q; (f) € R!*” are defined by the relations

Qi(t) =C(t), Qix1(t) = Qi(NAW) + Qi(t). i=12,....n—1

The following definition is often used in literature.

Definition 2.8. System (2.1) (pair {C(t), A(t)}) is uniformly (differentially) observ-
able if and only if the observability matrix N(r) € R®D*" from (2.6) satisfies the
rank condition

rank N(t) =n, t > 1.
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The problem of observability for linear systems is closely connected with the control
problem. We shall briefly expose the main results following [1].
Consider a linear nonstationary system

X = A(t)x + B(t)u. 2.7

Definition 2.9. The event (79, xo) connected with the linear system (2.7) is said to be
controllable relative to the point x if there exists a time moment ¢; > f( and a control
u(t) defined on the interval [fo, #;] which transforms the event (g, x() into an event

(t1, x1).

For linear systems it is ordinary to consider the control relative to the origin, i.e.,
relative to x; = 0.

Definition 2.10. A linear system is said to be controllable at the time moment ty if ev-
ery event (¢, x), where 1y is fixed and x is an arbitrary vector from R”, is controllable
(relative to x; = 0).

A linear system is controllable (uniformly with respect to fy) if it is controllable at
any time moment .

In the sequel we deal with controllability (controllability of the pair { A, B}) for the
linear stationary system (2.2), the controllability criterion holding true.

Theorem 2.11. The linear stationary system
X = Ax + Bu
is controllable (the pair { A, B} is controllable) if and only if the rank condition
rank(B, AB,..., A" 'B) =n
is fulfilled.

The matrix K(A4, B) = (B, AB, ..., A" B) € R"*(m") ig called a controllability
matrix (Kalman’s controllability matrix).

The following statement similar to the statement of Lemma 2.6 is valid both for
controllability matrices and for observability matrices.

Lemma 2.12. For matrices K,(A, B) = (B, AB, ..., AP~ B), where p=0.1,...,
the rank of the matrices K,(A, B) monotonically increases to a certain p* and for
p > p* we have

rank K, (A, B) = rank Ky« (A, B).
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If the pair {4, B} is controllable (i.e., system (2.2) is controllable), then the minimal
number u such that
rank K, (A, B) =n
is called a controllability index. If rank B = m, then rank K(4, B) = (B, AB, ...,
A""™ B) = n, and the controllability index u <n —m + 1.
Controllability and observability problems are dual [64]. Thus, for instance, if the
stationary system
X = Ax + Bu
y=Cx
is controllable (observable), then its dual, i.e., a system of the form
M=ATx T
y/ — BT ¥/
is observable (controllable).
Let us return now to an observability problem and consider a situation where the
observability criterion is not fulfilled.

If rank N(C, A) < n, then system (2.2) is said to be nonobservable (not completely
observable). Suppose that the condition

rank N(C, A) = &

is fulfilled, where 0 < & < n. For a not completely observable system there exists
a nondegenerate transformation of coordinates [3, 63, 64] which reduces the system to
the form
{ x! = A]]Xl + Bju
X = A21x1 + A22x2 + Bou (2.8)
y = Clxl,

where x! € RS, x? e R”_S, A1, Ao, Ax, By, By, and Cy are matrices with con-

stant coefficients of the corresponding dimensions. In this case, the pair {C;, A1} is
observable, x! is an observable part of the system, and x? is a nonobservable part of
the system.

We have a similar result in the case where the criterion of controllability is not
fulfilled. If rank K(B, A) < n, then system (2.2) is said to be noncontrollable (not
completely controllable). Suppose that the condition

rank K(B,A)=1n, 0<n<n,

is fulfilled. Then, for a not completely controllable system there exists a nondegenerate
transformation of coordinates [3, 64] which reduces the system to the form

{ x! = A11X1 + A12X2 + Biu
X2 = Apx? (2.9)
y = Cix! + Cpx?,
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where x! € R", x2 € R*™™ ", Ay, A2, A, By, C1, and C, are constant matrices
of the corresponding dimensions. In this case, the pair {A;;, By} is controllable, i.e.,
x! is a controllable part of the system and x is a noncontrollable one.

We say that system (2.2) is in the general position if it is controllable and observable
(the triple {C, A, B} is in the general position if the pair {C, A} is observable and the
pair {A, B} is controllable).

If a system is not completely controllable and not completely observable, then a non-
degenerate transformation of coordinates can reduce it to the form [3, 63, 64] called

Kalman’s decomposition of the system

= Apx 4+ Apx® + Aix® + Biu

X% = Apx? + Aoux* + Bou

% = Ayx 4 Ayx? (2.10)
Xt = Agx?

y = Cox? + Cax*,

where x' € R", A;;, B;, C; are constant matrices of the corresponding dimensions.
Here x! is a controllable but nonobservable part, x2 is a controllable and observable
part, x3 is a noncontrollable and nonobservable part, x* is an observable but noncon-
trollable part.
In this case, ny < min(&,n);ny +ny =nyny +ng =&, n1 +ny +nz + ng = n.
Let us consider a noncompletely observable system written in the canonical
form (2.8). The following definition is valid.

Definition 2.13. A noncompletely observable system (2.2) is reconstructible (detect-
able) if the nonobservable coordinates of the system for u = 0 and the identically zero
observable part tend to zero as t — oo (i.e., if Ay is a Hurwitz matrix' in the canonical
representation (2.8)).

Definition 2.14. The not completely controllable system (2.2) is stabilizable if the
noncontrollable coordinates tend to zero as t — oo (i.e., if Ay is a Hurwitz matrix in
the canonical representation (2.9)).

There exist a number of equivalent forms of criteria of controllability and observ-
ability. In some situations the algebraic criterion of observability of the linear station-
ary system (2.2) is convenient (in the Rosenbrock form formulated and proved in [85]).

'A Hurwitz matrix is a constant matrix whose characteristic polynomial satisfies the criterion of Hur-
witz asymptotic stability.
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Theorem 2.15 (Rosenbrock observability criterion). The pair {C, A} is observable if
and only if the rank condition

rank (’”C_ A) =n, AeC, (2.11)

is fulfilled.
Remark 2.16. Since the relation
rank(Al — A) =n

holds for all A ¢ spec{A}, condition (2.11) should be verified only for A; € spec{A4},
i=1,...,n.

Proof. Necessity. Suppose that the pair {C, A} is observable but there exists a number
A* € spec{A}, A* € R such that

rank AT — A <n
C

Then there exists a vector xo € R” such that

AT — A
( c )x():O, xo # 0.

In this case, x(1) = xpe* ! is a solution of system (2.2) for u(¢) = 0 and the output

of the system y(r) = Cxpe** = 0. If A* € C, then A* € spec{A}, xo € C" as well,

and, in addition, B
A*I — A 2 =0
C 0o=20,

and, consequently, y(¢) = C )'coe’f*’ = 0. Thus,
Cyr1xoe*™" + ya¥pe* ) =0

for all y; and y, € C, and,_ hence, there exist numbers y; and y; such that the real

function ylxoek*t + yz)EoeA*’ is nonzero and the output of the system

y(1) = C(nixoe* " + ya%oe*™) = 0.

Hence we have obtained a contradiction with the definition of observability of the
system.
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Sufficiency. Consider equations (2.2) for u = 0 in the case where the output of the

system y(t) =0
X = Ax
y =Cx.

We perform a Laplace transformation of this system under zero initial conditions. De-
noting X(s) = Lx(¢), Y(s) = Ly(t), we obtain an equation

(sI —A)X =0
CX =0.

Since the matrix (“CT 4) is nondegenerate for all A € C, it follows from the last sys-
tem that X(s) = 0. Making an inverse Laplace transformation, we find that x(t) = 0
for t > 0, and, consequently, the identically zero output is associated only with an
identically zero state vector. The theorem is proved. O

The Rosenbrock controllability criterion has a similar formulation, namely, the fol-
lowing theorem is valid.

Theorem 2.17 (Rosenbrock controllability criterion). The pair {A, B} is controllable
if and only if the rank condition

rank(Al — A,B) =n, AeC, (2.12)
is fulfilled.
Remark 2.18. It is sufficient to verify condition (2.2) for A; € spec{A},i =1,...,n.
The following statement is valid for a not completely observable system.
Theorem 2.19. The not completely observable pair {C, A} can be reconstructed if

and only if the rank condition

rank (Mc_ A) =n, A¢C_, (2.13)

is fulfilled, where C_ is the left-hand open half-plane of the complex plane C (i.e.,
A € C_ifand only ifRe A < 0).

Proof. Note that the rank of the Rosenbrock observability matrix

R(C. 4) = (MC— A)

is invariant to the nondegenerate change of variables of the system. Indeed, upon the
transition from the variables x to the variables x = P x the matrices of the system
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{C, A} pass to a pair {C', /f} = {CP_l, PAP_l}. In this case, the Rosenbrock ob-
servability matrices for the old system and for the new one are related as

= o (M—PAPTY\ (P O\ (A —-A\ -, (P O 1
= (V)5 2) (1) (f f)mear

where [; is an identity matrix of order / x /. By virtue of the nondegeneracy of the
matrices appearing in the last product on the left and on the right, it follows that

rank R(C, A) = rank R(C, A)

forall A € C, i.e., the lowering of the rank of these matrices occurs on the same values
of A and by the same number.

Therefore, in order to prove the theorem, it suffices to consider the system written
in the canonical form (2.8). In this case, the matrices C and A have a block structure

A O
A = , C = C 5 0 N
(AZI Azz) (€10

and, since the pair {Cy, A1} is observable,

Al —Au)

¢ =v, AeC,

rank R(Cy, A1) = rank(

where v is the observability index of the pair {C}, A|;}. Let us write the Rosenbrock
observability matrix for the pair {C, A} in block form

AL, — A 0
R(C,A) = Ay AMp—y — A2
C 0

Since R(Cy, A11) has a full rank, the decrease of the rank of the matrix R(C, A) occurs
only when the rank of the matrix (Al,—, — Apy) decreases. This takes place on the
eigenvalues of the matrix Ay which characterizes the dynamics of the nonobservable
part of the system.

The pair {C, A} is detectable if and only if A, is a Hurwitz matrix. Consequently,
for all A ¢ C_ the matrix (Al,—, — A»), and, consequently, R(C, A) has a full rank
if and only if the pair {C, A} is detectable. The theorem is proved. O

Remark 2.20. The output feedback of the system does not change the spectrum of
its nonobservable subsystem. Indeed, let L € R be an arbitrary constant matrix
and A1 = A — LC. Then, if the pair {C, A} is observable, then the pair {C, Ar}
is also observable. If the pair {C, A} is reconstructible, then the pair {C, Ay} is also
reconstructible, and the spectrum of the nonobservable parts is the same for both pairs.
In order to prove this fact, it suffices to note that the relation

rank (SI - (li,_ LC)) = rank (SIC_, A)

holds forall A € C.
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A similar statement is valid for a not completely observable system as well.

Theorem 2.21. The not completely controllable pair { A, B} is stabilizable if and only
if the rank condition
rank(A/l — A,B)=n, A ¢C_, (2.14)

is fulfilled.

Remark 2.22. The state feedback does not change the spectrum of its noncontrollable
subsystem. Indeed, let K € R™*™ be an arbitrary constant matrix and Ax = A — BK.
Then, if the pair {4, B} is controllable, then the pair {Ag, B} is controllable as well. If
the pair {A, B} is stabilizable, then the pair {Ag, B} is also stabilizable, the spectrum
of the noncontrollable parts of both pairs being the same.

2.2 Transfer function and canonical forms

In the control theory of a very wide use is the concept of a transfer function which
is defined as the operator W(s) of the complex variable s which connects the Laplace
transformations Y (s) and U(s) of the output and input of the system under zero initial
conditions, i.e.,

Y(s) = W(s)U(s).

For the linear stationary system

X = Ax + Bu
y=Cx
the transfer function has the form
W(s) = C(sI — A)"'B. (2.15)

If y € RY, u € R™, then W(s) € C*™ the elements of the matrix W(s) being
fractional-rational functions of the complex variable s. The representation
_ Cladj(s1 —A)B _ (Bij(5))

Wis) = det(s] —A)  a(s) (2.16)

holds for W(s). Here adj(s/ — A) is an algebraic complement of the corresponding
matrix, or(s) is a characteristic polynomial of the matrix A, (8;;(s)) is an / x m matrix
of the polynomials of s, with deg(B;;(s)) < dega(s),i =1,...,[,j =1,...,m.
In the case of a scalar system, where m = [ = 1, the transfer function W(s) is
a fractional-rational function
_ P

W(s) )’
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Let us introduce the following notation for the coefficients of the polynomials B(s)
and a(s):
a(s) = o 4+ azs + -+ s 4 5"

B(s) = B1 + Pas + -+ Bus" !

(it is taken into account here that dega(s) = n, deg B(s) < n; in general, all leading
coefficients of the polynomial B(s), up to the coefficient with the number ¢, may
be zero, ie., B = Pn—1 = -+ = Bg+1 =0, By # 0. In this case, the number
r =n+ 1 —gq is called a relative order of the scalar system or, respectively, a relative
order of the transfer function W(s)).

(2.17)

2.2.1 Canonical forms for scalar systems

We introduce the concept of the (first) observable canonical representation of the sys-
tem for a scalar system when

0 1 0 CB
A= , B= .
—0p —02 —03 —Up ca™'B
C =(1,0,...,0).

Theorem 2.23. The linear stationary system (2.2) for | = m = 1 can be reduced, by
the nondegenerate transformation of coordinates, to the canonical form (2.18) if and
only if the pair {C, A} is observable.

Proof. Necessity. If the system is reduced to form (2.18), then, in order to investigate
the observability of the pair {C, A}, it suffices to find a Kalman observability matrix
for the representation

1 0 0
N(C, A) = 01 ... 0 =1, rankN(C, A) =n.
0 0 1

Sufficiency. If the pair {C, A} is observable, then the vectors C,CA, ..., CA""!
form a basis in R”. In this basis

C =(1,0,...,0) = ey.

Let us find the rows of the matrix A in this basis:
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etA=CA=e;
erA = (CA)A = CA? = e3

en_1A = (CA" ) A =CA" ! =¢,
end = (CA" A = CA" = C(—o ] — ar A — ay A1)
= —(1€] — 02y — -+ — Upty.
The last relation follows from the Cayley—Hamilton theorem.
Let us find the column B in the indicated basis. Note that the values of the variables

CA' B are invariant under a change of variables. Indeed, upon the transition to the new
basis with the matrix P, we have

CA'B = (CP~")(PAP ") (PB) = CA'B.

Let B = (by,... ,bn)T. Then, taking into account the explicit representation for the
matrices C and A in the new basis, we obtain

CB = b
CAB = b,
CA"'B = b,.
The theorem is proved. O

For the observable pair {C, A} we have an alternative canonical representation (in
the sequel we call it the second observable representation)

00 ... 0 —u B
10 0 —a :
A= 2. ¢c=(.....0.n, B=]|:|. (2.19)
00 ... 1 —ap Pn
where o; (i = 1,...,n) and ,Bj (j = 1,...,n) are coefficients of the polynomials
from (2.17).

Theorem 2.24. The linear stationary system (2.2) for | = m = 1 can be reduced, by
a nondegenerate transformation of coordinates, to the canonical form (2.19) if and
only if the pair {C, A} is observable.
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Proof. Necessity. If the system is reduced to form (2.19), then, in order to investigate
the observability, it suffices to investigate the pair {C, A} given in this form. By a direct
verification we find that

0 0 0 1

0 0 1 =«
N(C,A) =10 I * x|,

1 * %k

where * are possibly nonzero elements dependent on the coefficients ¢;. Since
rank N(C, A) = n, the pair {C, A} is observable.

Sufficiency. Let the pair {C, A} be observable. Then the rows C,CA,...,CA""!
form a basis in the space R”. In that case, the vectors

e, =C
en—1 =CA+ o, C

ey =CA" 2 + 0,CA" 3 + ay_1CA" ™ + ... + aC
e1 = CA" ' 4+ 0 CA" 2 4 0y CA" 3 -+ anC

also form a basis. Indeed, the matrices of the direct and the inverse transfer from the

basis C,CA,...,CA" ! to the basis ey, . . ., e, are nondegenerate and have the form
0o 0 ... 0 1 -y —a3 ... —anp 1
0 0 1 «a —03  —Qy 1
P=].....oooiiiiiiinn. P =
1 o4 o3 —ay 1 0 O
1 «ay o3 o) 1 0 0 O
In the new basis {¢;} (i = 1,...,n) the vector C obviously has the required form
C =(,...,0,1).

Let us find the representation of the matrix A in this basis. The first row of A has
the form

e1A = CA" + 0, CA" ' 4.+ ,CA
= (CA" + ,CA" ' + - + 0,CA + a;C) — , C.
According to the Cayley—Hamilton theorem
CA" + apA" ' 4 ) =0,

and therefore
1A =—a;C = —ajey,.
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Calculating the other rows A; of the matrix A, we obtain

A =CA" ' +0,CA" 2 + -+ a3CA = e — azep

en—1A4A = CA> + o, CA =e,0— 0,10,

enA =CA=¢e,_1 —agey.

Thus, the matrix A in the indicated basis also has the required form

00 0 —o
4= 10 0 —u
0 0 . 1 —op

Suppose that B = (b, ..., bn)T in this basis. Let us find the transfer function of the
system taking into account the explicit expression for A and C:
C adj(s/ — A)B

— _ —lp _
W(s) = C(sI — A)~'B = 6T =4

The matrix A is a companion matrix for the polynomial «(s) = o) + @as + -+ +
oys™ 1 + s™, and therefore

det(s] — A) = a(s).

Since C = (0,...,0, 1), it follows that, in order to find the numerator of the transfer
function, it suffices to find the last row of the matrix adj(s/ — A4) (i.e., [adj(s] — A)]»)

s 0 ... O oy
. -1 s ... 0 (0%} 2 n—1
[adj(sI — A)], = | adj =(1,s,8%...,8"7").
0 0 -1 (s+ay)

Therefore the numerator of the transfer function

b
B(s) = (1,5,8%,....s" O 1 | =by +bas+ -+ bps" .
bn

Taking into account the notation for the coefficients of the polynomial S(s) from
(2.17), we obtain

bi=Bi. B=(i.....0:)" .

The theorem is proved. O
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Similar canonical forms are valid for a controllable system as well. A controllable
canonical representation is the representation of system (2.2), where

0 1 o ... 0 0
0 0 1 0
A= , B= , C=(B1,...,0n). (2.20)
0 0 0 1 0
—0p —0p —03 ... —0Op 1

The following statement holds true.

Theorem 2.25. The linear stationary system (2.2) for | = m = 1 can be reduced, by
a nondegenerate transformation of coordinates, to form (2.20) if and only if the pair
{A, B} is controllable.

We omit the proof of the theorem since it is similar to the proof of Theorem 2.24.

2.2.2 Canonical forms for vector systems

We shall describe now canonical forms for vector systems, i.e., for the case [ > 1
(m >1). Suppose that, as before, the pair {C, A} is observable. Then rank N(C, A)=n
and, among the rows of the observability matrix N(C, A), we can choose n basis rows.

We denote the rows of the matrix C as C;, i = 1,...,[, and then we shall choose
the basis rows among the rows

{Cl,....C;;C1A, ..., CiA;...;CLA" ..., A"

Here are two techniques of constructing a canonical basis.

Technique 1. We shall sort out the rows Cy, Ci 4, ..., C{ A”'~! until the row C; A"
will be expressed by the preceding rows. If v; = n, then the system is observable in
terms of the output y; = Cyx (i.e., the pair {C;; A} is observable) and the problem
reduces to the construction of a canonical form for a system with a scalar output.

If vi < n, then we successively add the rows Cp, (1A, .. ., Cy A7 until the
row Cp,AY? will be expressed in terms of the rows {Cy,CiA4,..., CiAV Y G, ..,
Czsz_l}.

If v; + v, < n, then we successively add the rows C3, C34, ..., C3A”~!, and so
on.

As a result we obtain a system of n linearly independent vector-rows
{C1,C1A,....CiA" Gy, G A C, L AV, (2.21)

withvy + vy +---4+ v =n,1 <k <. If k <, then this means that the system is
observable in terms of the output y = (y1,..., yx) (i.e., the pair {C; A} is observable,
- C
where C = ( fl) € Rkxn)y,
Ck
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We take a set of vectors (2.21) as a new basis. Note that the relation e; 4 = e,
holds for the basis vectors e; in the case where j # vi, vi + va, vi + v + V3, ...,
Vi +---+ v =n.

Nowif j = vi, vi +v2,...,v1 + -+ vx = n, thene;A = C; A", and, con-
sequently, e; A is expressed in terms of the preceding basis vectors. Thus, in the new
basis the matrices A and C have the structure

G 0 0 0
0 C, 0 0
C=\ o o 2.22)
0 0 0 ... G
~1 =p) =3 ~k
Cerr Cevr G Cet
Here C; = (1,0,...,0) € R*Vi, C_‘Iéﬂ € RU=K)Xvi are some matrices;
A 0o ... 0
Ay Axp ... 0
A= . . A (2.23)
Ap1 Ag2 Akk
01 0 0
0 0 1 0 00 0
A” e Evaxvl, Al] = s ER‘)]XV! ,] > 1,
0 0 O 1 2 2 2
* %k % *

where * are possibly nonzero elements of the matrices 4;; and A4;;.

Since in the indicated basis the matrix A has a block-triangular form, its characteris-
tic polynomial is equal to the product of the characteristic polynomials of the diagonal
matrices A;; which, in turn, have the form of the companion matrices for some poly-
nomials.

Also note that each one of the pairs {C_'i, Aj;i} has the first canonical form of ob-
servability. In addition, the system is observable as concerns the first & outputs, and
therefore, without loss of observability, the last (/ — k) rows of the matrix C can be
deleted.

The canonical form (2.22), (2.23) is called the first canonical form of observability
for vector systems. Note that this form is not uniquely defined since we can begin the
process of sorting out the vectors not from the vector C; but from any C;. In this case,
the number of cells and their size may depend on the order of this sorting out.

Here is the technique of constructing an alternative canonical basis for system (2.2).

Technique 2. We begin with choosing the rows {Ci,...,C;} from the rows of
the observability matrix. If the matrix C is of full rank (and this is precisely sup-
posed), then these rows are linearly independent. We successively add the rows C; A,
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(1A, ..., C1 A to this set so that the set will consist of linearly independent vectors. If
C; A is expressed in terms of the preceding vectors, then we do not include this vec-
tor into the set and pass to C;+1A. Then we sort out the vectors C; A2, then C; A3,
and so on, up to C; A¥~!, where v is the observability index of the pair {C, A}. Note
that if C; A/ is expressed via the preceding vectors, then, for ¢ > j, C; A is also ex-
pressed via these vectors. Therefore, as a result of the indicated procedure (after the
renumbering) we obtain a set of basis vectors

(C1,CiA,...,Ci A" Cy CoA, .., G A G CrA, ..., C AV,

wherev; > 1,i =1,...,l;vi + v, +--- 4+ v; = n, and also max v; = v.
Indeed, if max v; < v, then the basis set of vectors can be found among the rows of
the matrix

C
CA

. = {Vmaxv; (C, A)-
CA(ma;x vi)—1

However, this means that rank Npmax v, (C, A) = n and v is not a minimal value for
which the rank condition
rank N, (C, A) = n

is fulfilled, and this contradicts the definition of the observability index.
In the indicated basis the matrix C has a block-diagonal structure

i 0 ... 0
c=[" @ Ol Goqo0ern @
0 0 G

Let us find the matrix A in this basis, for which purpose we note that
e A =ejy

ifi v, vi+vy,...,vi+---+v; =n. Nowifi =v,vi+vy,...,vi+---+v; =n,
then the vector e; A is expressed via all basis vectors. Thus, the matrix A has the form

A A ... Ay
A — A2] A22 PP Azl ’ (2.25)
Apn Ap Aq

where the diagonal elements have the form of the companion matrix for a certain
polynomial

0 1 0
001 ...0

A,'l' = , Al',' e RVi*Vi, (2.26)
0 0 1
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Here * are possibly nonzero elements. The off-diagonal matrices have the form

00 ... 0
0 0 0
Al'j =1 i , A,‘j e RVi*Yi, (2.27)
0 o0 0
*x % *

Note that the size of the maximal diagonal block is equal to the observability index
of the pair {C, A}. We call the canonical form (2.24)—(2.27) the second canonical form
of observability for vector systems.

Now we shall describe one more convenient canonical form of observability follow-
ing Luenberger’s work [78]. For this purpose, from the observability matrix we again
choose rows as was proposed in Technique 2 and compose a matrix

G
CiA

ClA'vl_l

V= 0}

CQA'VZ_l

ClA'vl_l

We find the matrix V ~! and denote by g; € R” the column of the matrix V' ~! with the
number o; = vy +---+v; (i = 1,...,1). The matrix of transition to the Luenberger
canonical basis has the form

M= (g1.4g1..... A" g1 g ... A" gy AV g
In the new basis X = M ~!x the matrices A = M~'AM and C = CM have the form

Ay A ... Ay
Ap Ap App
where the diagonal matrices have the form of a companion matrix
0 0 0 =
1 0 ... 0 =
Aii =101 ... 0 x|, Al',' € Rv,—xv,-’ (2.29)
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and the off-diagonal blocks have the form

0 ... 0 =
All — 0 o O * , AU c RV[XUJ' . (230)
0 0 =

In the new basis the matrix C has the form

G000

e a0 o

C=1Cs51 C3p Cz3 ... 01, (2.31)
Cn Cn Cp3 G

where
Ci eR™i, G =(0,...,0,1), Cj; eR™Ii  Cj=(0,...,0,%).

Since_the rows C i (J=i+1,... ,1) can be linearly expressed in terms of C_‘,-, the
matrix C can be reduced to the form

G 0 0
-0 & 0 (2.32)
0 0 C

by a nondegenerate change of the output.

In the indicated basis the system is decomposed into / subsystems of order v; with
phase vectors x; € RY. In this case, the components of the output y; (after the
transformation of the matrix C to a block-diagonal form (2.32)) correspond to the
last coordinates of the vectors x;. It follows from the explicit representation of the
off-diagonal matrices

0 0 =
AZJZ 0 0 * 2(0,,0,61_1]), a_l] GRvin,
0 0 =

that
Aijxj = aijy;j-.

Thus, in the Luenberger canonical basis the system can be written as

l
Xi = Ajixi + Z aijy; + Biu, i=1,...,1

= (2.33)

yi = Cixj,
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i.e., the system decomposes into / subsystems of order v; each, the connection between
which is realized via the components y; of the output vector. The dimension of the
maximal subsystem is exactly equal to the observability index of the pair {C, A}. Each
of the pairs {C;, A;;} is observable, moreover, it is defined in the second canonical
form of observability for scalar systems.

Note that in contrast to the first two observable canonical forms the transition to
the Luenberger form is realized not only by the change of coordinates but also by the
transformation of the outputs. Similar canonical forms can be indicated for control-
lable systems. We omit the details.

2.3 Canonical representation with the isolation of zero
dynamics

Let us consider one more canonical representation of the system of general posi-
tion (2.2) in which the zero dynamics of the system is isolated.

We assume, as before, that the system is in the general position, i.e., the pair {4, B}
is controllable and the pair {C, A} is observable. In addition, we shall consider square
systems, i.e., systems in which the dimensions of the input m and output / coincide
(i.e,u,y € Rl).

2.3.1 Zero dynamics of scalar systems

We begin with considering the case of a scalar system, i.e., where / = 1. The scalar
system (2.2) of the general position can be reduced, by means of a nondegenerate
transformation of coordinates, to the canonical form of controllability:

)'Cl = X2
Xp = —01X] — - —pXp + U

y=pBixi+ -+ Bnxn.

By tradition, we understand the zero dynamics of system (2.34) as a motion in the sys-
tem belonging entirely to the manifold y = Cx = 0. For linear stationary systems the
zero dynamics is also described by a system of linear stationary equations. Therefore
we can define the characteristic polynomial of this system which we call in the sequel
as a characteristic polynomial of zero dynamics.

For square systems the characteristic polynomial of zero dynamics is the determi-
nant of the Rosenbrock matrix [86]

sI—A|-B ) (2.35)

B(s) = detR(s) = det( C 0
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The most simple is the definition of the characteristic polynomial of zero dynamics
for scalar systems. In this case, the transfer function

W(s)=C(sI —A)"'B = pls) (2.36)

a(s)’

is defined, where «(s) and B(s) are polynomials of s, dega(s) = n, deg B(s) < n.
The polynomial «(s) is a characteristic polynomial of the matrix A and the polynomial
B(s) is a characteristic polynomial of zero dynamics. For scalar systems of the general
position the relative order of the system is a number r such that the conditions

CB=0, CAB=0, ..., CA™2B=0, CA"'B#0

are fulfilled, with deg B8(s) = n — r. It follows from the definition of the relative order
that the first (r — 1) time derivatives of the output y () do not depend explicitly on the
input u(¢) but y(’ )(1) depends explicitly on u(¢), to be more precise,

y™ = CA"x + CA""' Bu.

It should also be noted that in the canonical form (2.34) «; and ; are coefficients of
the polynomials «(s) and B(s) respectively, i.e., the representations

a(s) =s" +ons" T+ oy

B(s) = Bus" ' + Buois" 2+ + B

are valid, where the leading coefficients 8; may be zero.

Let the relative order of the system be equal to r. Without loss of generality we can
assume that CA”~! B = 1 (this can always be achieved by the normalization of the
output y(¢)). Then

ﬂ(S) — Sn—r + ,Bn—rsn_r_l 4. +/317

where B,—,+1 = CA”"'B = 1. In this case, in order to reduce system (2.34) to
a canonical representation with the isolation of zero dynamics, we must pass to coor-
dinates

yi=y=0Cx

X1 .
vy =y = CAx

Xn—r,

Ve =y = cariy,



28 2 Observability

The matrix of transition from the coordinates x to coordinates (;i ) has the form

1 0 ... 0 0 0O ... 0
0 O 1 0 0O ... 0
P=| B B ... Bur | 1 . 0], deep=1.
0 ,Bl cee ﬂn—r—l ﬂn—r 1 ... 0
0o 0 ... B |

In the new coordinates the equations of the system assume the form

)'Cl = X2
Xn—r—1 = Xn—r
Xn—r = —P1x1— Poxa — - = Pu—rXn—r + ¥
1=y
. (2.37)
Vr—1 = Yr
n—r r
Jr=—Y mixi—y vy tu
i=1 j=1
Yy =
We can also write system (2.37) in compact form
x'=Anx' + Ay
i =2
: (2.37)
Vr—1 = Yr
.)'}" = _ﬁxl _7.)}/ +u,

where the matrix A;; has the form of a companion matrix of the polynomial B(s),
ﬁ: (771’-~~v77n—r),7: (Vlw--,yr)sAlZ = (05"'1011)1—'

The convenience of representation of the system in form (2.37’) is in the simplicity
of obtaining an equation of zero dynamics of the system in the form

)'C/ = A]]X/,

which is defined by the first (n — r)-dimensional part of the system whereas the other
coordinates are derivatives of the output.
The following theorem is valid for the coefficients 7; and y;.
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Theorem 2.26. Suppose that we are given a system of general position (2.2) with
scalar input and output, the transfer function of the system W(s) = C(sI — A)™'B =
g 8 where a(s) and B(s) are relatively prime polynomials deg o(s) = n, deg f(s) =
m, the leading coefficients of the polynomials are equal to 1, the polynomials ¢(s)
and  (s) are defined, the quotient and the remainder of the division of a(s) by B(s)
als) ¥ (s)
— ()+— degop(s) =n—m=r, degy(s)<m=mn-—r.
Bls) B(s)’
Then n; and y; from the canonical representation (2.37) are coefficients of the polyno-
mials W (s) and @(s) respectively, i.e.,

o(s)=s"+yes" T H
o (2.38)
Y(s) =s Nn—r + o+ N1

Proof. Let the polynomials ¢(s) and v (s) have structure (2.38), where n; and y; are
coefficients from the canonical form (2.37). Let us show that they are the quotient and
the remainder of the division of the polynomial «(s) by B(s), respectively. We carry
out the Laplace transformation under zero initial conditions for system (2.37’). Then,
preserving the same notation for the Laplace transformations of coordinates as for the
preimages, we obtain relations

(S] — A]l)x, = A12y =x' = (SI — All)_lAlzy.

It follows from the last row of (2.37) that

,
= = Yy
j=1

Hence
"+ s )y + T =)y + (T — An) Ay = u.
Taking into account the explicit representation for A1} and A, we obtain

¥ (s)
B(s)’

(sl — An) ' Ap =

and then we have

¥y (s) )
p(s)y + o
B(s )
Since y = & (s)u it follows that u = 2&) Zi v~ Consequently, ¢(s) is the quotient of the

division of a(s) by B(s) and ¥ (s) is the remalnder The theorem is proved. O
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2.3.2 Zero dynamics of vector systems

We shall indicate now the algorithm of reduction of a vector system to a canonical
form similar to form (2.37’). We shall assume that system (2.2) is in the general po-
sition, the dimensions of the input and output coincide (i.e., the system is square). In
addition, suppose that the definition of the relative order of the vector system given by
Isidori [60] is valid for system (2.2).

Definition 2.27 (by Isidori). The vector r = (r1,...,r;) is a relative order vector of
system (2.2) if the conditions

(1) C;A/B=0,j=1,....ri =2, C;A"i"'B £ 0foralli =1,....1,

C A"'7'B
2) detH(ry,..., = det 0,
@ det(rnooom) = e (47 ) 2

where C; are rows of the matrix C, are fulfilled.

Condition (1) of the definition means that the output derivatives y; = C;x up to the
order (r; — 1) inclusive do not depend explicitly on the input u and the r;th derivative
depends explicitly on u.

Condition (2) means that the matrix H(ry,...,r;) = H(r) in the control u(t) € R/
in the equations for the r;th output derivatives is nondegenerate, i.e.,

yl(rl) C A"
(r2) Cr AT
2
yz' = ) x + H(r)u.
" A

It is important to emphasize here that the conditions of the Isidori definition may
be mutually incompatible for a square linear stationary system of the general posi-
tion [17]. The following example illustrates the last statement.

Example 2.28. Consider a system of general position

X1 =x2+u;
sz=X3

X3 = uy,
Y1 =2Xx1, Y2=Xx1+x2
In this case [ = 2. We find r; and r, from condition (1) of the definition:

CiB=1,00=r =1
CGB=1,0)=r=1.
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However, for the vector r = (1, 1) the matrix H(r) has the form

H(l,l):G 8), det H(1,1) = 0,

i.e., conditions (1) and (2) from Definition 2.27 are incompatible. Consequently, for
the system in question the relative order in the sense of Isidori is not defined.

Let us show that in the case where the definition in the sense of Isidori is fulfilled,
system (2.2) can be reduced to a special canonical form with the isolation of zero
dynamics, namely, the system decomposes into two parts, the first of which describes
the zero dynamics of the system, its input being the output of the system y(¢), and the
second part consists of the derivatives of different orders of the outputs y;. We divide
the transformation into several stages. We shall begin with the proof of an auxiliary
lemma.

Lemma 2.29. Suppose that system (2.2) is observable, rank C = [, rank B = [, and
the Isidori conditions are fulfilled. Then the rows Ci, CiA, ..., C A" Gy, ChA,
e, CLA™TY Cs, L., C1 AT are linearly independent.

Proof. Let us show that the set of vectors Cy, Ci 4, ..., C;A" =1 ig linearly indepen-
dent. Suppose the contrary, i.e., that these vectors are linearly dependent. Then there
exist numbers yll, ylz, el )/1”, yzl, el ylrl, which are not all zero, such that

l r
YN ylcalT =o. (2.39)

i=1j=1

We postmultiply this identity by the matrix B. Taking into account condition (1) of
the definition of the relative order, we obtain

VI'CLA" ' B + y2 AT B+ + 9 CATTIB = 0.

It follows from condition (2) of the definition that the rows C; A" "' B are linearly
independent, and therefore yiri =O0foralli = 1,...,[. In this way (2.39) assumes

the form
I ri—1

S yiaaT =o.

i=1j=1

Now we postmultiply this identity by A B. Taking into account conditions (1) and (2),
we find that yl.rf_l =O0foralli = 1,...,/. (In this case, if rj = 1 for some j, then
it may turn out that not all terms enter into the linear combination from C; A™ i=1B)
Continuing a similar reasoning, we find that all )/l.j = 0. The lemma is proved. O
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It follows from Lemma 2.29 that we can take the variables

yl1 = Cx, yl2 = Cyx, ey y{ = Cyx,
y21 = CAx, y% = (CrAx, R yé = CjAx,

(2.40)
yrl1 =C A" 1y, yfz =C A 'x, ..., Y£, =C A" Iy

as a part of new coordinates. We denote by |r| = r| + --- + r; the length of the

vector r. Then (2.40) yields |r| coordinates. The other n — |r| coordinates we choose

arbitrarily in the way that the transformation of coordinates becomes nondegenerate.
Let us introduce the following notation:

1 I
Y1 N1
1 I
y ry y ry
and denote the auxiliary coordinates as X’ € R”~I"l. In the new coordinates the system
assumes the form

1
X' = Anx + Zz‘ﬁzii + Bju,

i=1

y11 =J’21
Yo =DV3
- 1 1
yrl—l Zyrl’
it =3
: 2.41)
2 2
yrz—l :yrz’
=
0
yrl—l =yr1’
):;r;‘ I
yr2

= AnX' + ) Ay + H(r,..oru,

i=1
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where A1, Ay, /ﬁz, /Iéz are constant matrices of the corresponding dimensions which
are uniquely defined by the transformation of coordinates and by the parameters of the
system.

Note that the matrix H(r) = H(ry,...,r;) is nondegenerate, and therefore we can
use the nondegenerate transformation of the first (n — |r|) coordinates

1
Yri
~/ =/ -1
X' =x"—BH (r)
I
yrl
to achieve, at the 2nd step, the situation where the first (n — |r|) coordinates will not

explicitly depend on u(¢). In the new coordinates the first (n — |r|) equations of the
system assume the form

1
X =Anx 4+ A, (2.42)
i=1
where the matrices Zl 1 and lez are uniquely defined by the indicated change of coor-
dinates.
In representation (2.42) the coordinates %’ explicitly depend not only on the out-
puts y; but also on their derivatives (i.e., on full vectors y;). Let us show that we can

get rid of these derivatives.
For this purpose we shall show that in representation (2.42) we can remove y,l1 =

yl(r1 =Y which is the leading (r; — 1)th derivative of the first output. Let us write (2.42)
in greater detail:

) r

° ~ - ~7 _ ~]

F=And Y Agi + :(Alz)j vl (2.43)
i=2 j=1

~1 ! o .
where (A12)j are columns of the matrix A ,. Taking into account the fact that yrll_1 =

yrll, we make a change
N - ~1
M=F— (Alz)r v (2.44)
1

and then

~1

A 2/ .1
X =X —(Ap RECES
1

l r
~ ~ ~ ~1 ~7 _ ~1 ~
i=2 j=1

ri—1

l .
—An+Y (Z’lz) Vit Y (/I{z) v (2.45)
i=2 j=1
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Equation (2.45) differs from (2.43) by the fact that y,%l does not appear in it, with the
columns changing for y J] (j = 1,...,r; — 1). Thus the change of coordinates allows
us to get rid of y}l in the first (n — |r|)-dimensional part of the system.

At the next step, we can get rid, by analogy, of yrll_1 (taking into account that
yrl]_z = yrll_l), then of yrl,—z’ and so on, until the vector y; will contain only the
coordinate yll = y1, i.e., the first output of the system.

Then, using the same scheme, we can remove successively the derivatives of the
other outputs of the system. At the indicated changes of coordinates in the remaining

part of the system the equations for y} @=1,...,01,j =1,...,rp—1) will not
change, only the equations for the leading derivatives y; will change, i.e., for coordi-
nates y,. .

We have thus proved the following theorem.

Theorem 2.30. Suppose that the linear stationary square system (2.2) is in the general
position and the vector r = (ry,...,r]) of the relative order in the sense of Isidori is
defined. Then, by means of nondegenerate transformation the system can be reduced
to the form

X' =Anux" + Any

1 __ .1 F_
Vi = Vit i=1,...,r1—1

2 2 .
yi :yi—H’ l=1,...,7’2—1

(2.46)

yi=y£+1, i=1,...,r—1

s o
=A21x’+ZA’22)7,~ + H(r)u

ol i=1

Yr

which is the canonical representation of the system with the isolation of zero dynamics.

Corollary 2.31. The zero dynamics of the system corresponds to the (n — |r|)-dimen-
sional first part of the system and is described by the equation

)'C/ = A11x’.

Corollary 2.32. It is easy to verify that the definition of the vector relative order in
the sense of Isidori for the vector r = (ry,...,r;) holds for (2.46). Consequently,
the reduction of the system of general order (2.2) to form (2.46) is a necessary and
sufficient condition for the fulfillment of the conditions of the definition of relative
order.
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2.4 Nonstationary linear systems

We shall describe now the canonical representation for a linear nonstationary sys-
tem [87].
In what follows we shall consider a homogeneous system of the form

x(t) = A(t)x(¢
{ (1) = A()x(1) 2.47)
y =C(t)x(2).
Let us consider a transformation of coordinates with a matrix L ()
x(t) = L(t)x(t). (2.48)

Let L(r) € R™" be invertible for all ¢, |det L(r)] > const > 0, L(r), L(r), and
L~!(¢) are continuous and bounded matrices (which realize the Lyapunov transforma-
tion).

The following statement holds true [87].

Lemma 2.33. Suppose that system (2.47) is uniformly differentially observable (in the
sense of Definition 2.10. Then there exists a nondegenerate (Lyapunov’s) transforma-
tion (2.48) which reduces system (2.47) to the form

{ia)=1@n{a> (2.49)
y(t) = C(0)x(1),
where
Ap(@) Aor ... Ay
A@) = L Y AQ@)LG) — L™ (¢)L@) = @) A Au | (2.50)
P

C(t) = C()L(r) = (C1(1);0), Ci(¢) € RIX, Ci(t) > 0 (is positive definite).
The matrices A;j for j > 1 from the block representation of the matrix A(t) do not
depend on t and have the form

01 0 . 0
001 ...0
/Iii =1 ... , /L'l' € R(vi_l)x(w_l), i=1,...,1,
00 0 1
00 0 0

Aoi = [ei:0], e € R isthe ith basis vector, A € RP>*0i=D,

Ay =0, Ay e ROTDXOIED g i =1
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I-{ere, as before, v; are observability indéces, Vi + vy + -+ + vy = n. The matrices
Ajo(t) € RO=DX i — 1 ... 1 and Ay(t) € R include all components of the
matrix A dependent on time.

Remark 2.34. If the ind_icated transformation is realized for system (2.1), then the
matrix B(t) passes into B(t) = L™!(¢)B(¢).

Remark 2.35. In the new basis system (2.47) can be written as a collection (/ + 1) of
subsystems, i.e., in the form

I
X = z‘Ioo(l‘)XO + Z I‘IOi Xi
i=1
X = Ajixi + Aio(Dx0, i=1,...,1
y = C1(1)xo.

The indicated canonical representation is similar to the observable Luenberger rep-
resentation and generalizes the observable Tuel representation for linear time-depen-
dent systems [106, 117].

The procedure of construction of the Lyapunov transformation of L(¢) for reducing
the system to the described canonical form can be realized according to the algorithm
described in [87].

(a) For any time moment ¢ > 0 the observability matrix of full rank (2.6)

01(1) '
N@) = s Qi) =C0), Qi+1() = Qi()A[) + Qi(1)
On(?)

can be uniquely defined. From the rows of this matrix we choose basis rows in ac-
cordance with the procedure described in detail for stationary systems (Technique 2).
Moreover, we assume that the set of rows satisfying this procedure for ¢ = 0 satisfies
it for all # > 0 as well (and is a basis one for ¢ > 0).

We denote by ¢;; () the jth row of the matrix Q;(¢). The observability indices
Vi, k = 1,...,1, mean the maximal value for the first index of the row ¢;;(¢), i.e.,
1 <i < vj. In this case, the index j corresponds to the jth output of the system. In
particular, g1 (#) = C;(¢) are rows of the initial matrix C(¢).

Let us compose a nondegenerate matrix M (1) € R"™" from the chosen basis rows

ordering them as follows:
. M, (t
M) = Al( ) ’
M>(1)
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where
qv;,1
~ qv,,2
Mo =|"""1.
qv;,1
and Mz(t) contains the remaining rows ¢;;(¢), j = 1,.... ;i =1,...,v; — 1.
(b)Let h;(¢),i = 1,...,I be the ith columns of the matrix M ~'(z).
(c) Let us define the vectors /;; eR™ i=1,....1,j=1,...,v:

1) =hi(t), i=1,...,1
Lii(t) = A j—1(t) =L j—1 (1), i=1,....0; j=2,...,0.

(d) Let us construct now matrices

Lo(t) = (liw i loys -0 l1yy)
Li(t) = Uiv—1:livy—2, ..., li,1), i=1...1L

(e) Finally, the matrix L(z) € R™*" which realizes the required Lyapunov transfor-
mation assumes the form

L(t) = (Lo(2). L1(1)..... L;i(2)).

Conclusion

In Chapter 2 we consider the concepts of observability and identifiability for linear
dynamical systems (Definitions 2.2-2.3. The observability criteria of Kalman (Theo-
rem 2.5) and Rosenbrock (Theorem 2.11) are given for linear stationary systems.

The following canonical forms are given for linear stationary systems: the Kalman
decomposition, observability canonical forms (for scalar and vector outputs), the
Luenberger canonical form, the canonical form with isolation of zero dynamics. The
Luenberger canonical form is given for linear nonstationary systems.



Chapter 3

Observers of full-phase vector for fully determined
linear systems

In this chapter we consider fully determined linear stationary systems

X = Ax + Bu
{ + (3.1
y =Cx,
where x € R” is an unknown phase vector, u(t) € R™, y(¢) € R’ are known input and
output of the system, A, B, and C are known constant matrices of the corresponding
dimensions, C and B being matrices of full rank.

3.1 Full-dimensional observers

Let us consider a problem on the construction of an asymptotic observer which forms
an estimate of the unknown phase vector x (¢). We shall begin with the description of
the most simple methods of constructing observers whose dimension coincides with
that of system (3.1) (the so-called full-dimensional observers).

Let us prove the following fundamental statement which is very important in the
observation theory. The following theorem is valid.

Theorem 3.1. Let the pair {C, A} be observable. Then, for any polynomial ¢, (s) =
Y1+ y2s + -+ + yus" 1 4 5™ with real coefficients y;, s € C, there exists a matrix
L € R™ such that ¢, (s) is a characteristic polynomial of the matrix A;, = A— LC,

ie,
det(s] — AL) = @u(s).

Remark 3.2. Actually, Theorem 3.1 states that for the observable pair {C, A}, by the
choice of the matrix L the spectrum of the matrix A;, may be defined arbitrarily (with

the natural restriction that the spectrum must be symmetric relative to the real axis
in C).

Proof. We can prove the statement in any specially chosen, say, canonical basis. In-
deed, let the transformation of coordinates with the matrix P, i.e., X = Px, transfer
the pair {C, A} into a pair {C, A}, where C = CP~', A = PAP~'. Then the char-
acteristic polynomials of the matrices A7 = A — LC and A7 = A — LC, where
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L = PL, coincide, and, consequently, by choosing the matrix L we find the matrix
L=P7'L.

We begin with considering the case [ — 1. If the pair {C, A} is observable, then, with
the use of a nondegenerate transformation, we can transfer it to the second observable
canonical representation (2.19)

00 0 —a
a=|1 0 0 e c=0..0
00 ... 1 —ay

Let L = (I;,...,l,)". Then
00 ... 0 —(a1+1)
1 0 ... 0 —(a+10)
AL =A-LC=10 1 ... 0 —(a3+1)
00 ... 1 —(an+1)

and det(s] — Az) = s" + (on + Iy)s" ' 4+ --- + (a; + [}). Choosing I; = y; — o,
we obtain

det(s] — AL) = ¢n(s).

In this way we have proved the statement for / = 1.
Let us now consider the general case [ > 1. We begin with proving an auxiliary
statement.

Lemma 3.3. Suppose that the pair {C, A} is observable and C; are rows of the ma-
trix C. Then, for any row C; #0,i = 1,...,1, there exists a matrix L; € R such
that the pair {C;, A — L;C} is also observable.

Proof. Without loss of generality, we consider i = 1. Since the pair {C, A} is observ-
able, rank N(C, A) = n and therefore among the rows of the matrix N(C, A) there
are n linearly independent rows. We choose them using Technique 1 (see Chapter 2).
They are the vectors

{Cl....Ci A" G CoA T L G G AT

(3.2)
vi+--+ve=n, k<L

Let us determine the matrix P € R™*” whose rows are these vectors in the indicated
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order. Let us determine the matrix S € R"*/

Ol)]—l }
Vi
0y,—
It
S == . 3 N , Op € Rle,

0y, —

ve—1~1 }Vkl

—€k—1

ka }vk

e; being the ith row of the identity / x / matrix. We shall show that the matrix L; =
P~1S satisfies the conditions of Lemma 3.3.
We write the matrix S = PL; in the form

Ci

CiA 1

S = ! Li=| o
CkA‘vk_l

—€k—1
0

0

This matrix relation corresponds to the following set of vector relations

C\L, =0, ClAL, =0, ..., CiA" 'L = —ey
CoL; =0, C,AL, =0, ..., CoAV 'L = —e3

: (3.3)
Cro1L1 =0, Cyr_1AL, =0, ..., Cr_ 1AL =—¢
CyL, =0, CrAL, =0, ..., Cr A 'L = 0.

In order to prove that the pair {C;, A — L1C} is observable, we have to prove that
the rows

Cy, Ci(A—LiC), Ci(A—L,C)%, ..., Ci(A—L,C)*!

are linearly independent. Using relations (3.3), we find that
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C,=C
Cil(A—L,C)=CA
Ci(A—L,C)*> = A?

Ci(A—L,C)" ' =A™

Cil(A—LIC)"" =CA" 1 (A—L1C)=CA" +e;C =CA" +C,  (34)
Ci(A—LiC)"" T = CA" + Co(A—LiC) = CoA + [...]
Cil(A— L C)"T?2 = CA> +...]

Cl(A— L C)"" ' = Cp A+ [...].

In this system the brackets [...] are used to denote the linear combinations of the
preceding vectors.

Since (3.2) is a set of linearly independent vectors, vectors (3.4) are also linearly
independent. The lemma is proved. O

Let us now pass to the proof of the theorem itself. Let the pair {C, A} be observable.
Then we consider a matrix L such that the pair {C;, A — L{C} is observable. Since
for the case / = 1 the statement of the theorem has been proved, there exists a matrix
L’ € R™! such that the matrix

AL =(A—L,C)—-L'C,
has a defined spectrum. Let us consider a matrix
L' =(L0...0) e R™,
Then the matrix A7, from condition (3.4) can be written as
AL =(A—- (L +LNC)=4-LC,
where L = L + L’. The theorem is proved. O

Remark 3.4. [to Lemma 3.3] The observability of the pair {C, A} does not, generally
speaking, implies the observability of the pair {C;, A} foranyi = 1,...,[/. Moreover,
the matrix 4 may not be observable with respect to any vector C’ € R!*"!

Let us consider an example.
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Example 3.5. Suppose that we are given a system with matrices
010

=000 c-(2 09
000

Then the observability matrix for the pair {C, A} has the form

1 00
N(C,A) = g (1) (1) , rank N(C, A) =3,
0 00

i.e., the pair {C, A} is observable.
However, for any vector C’ = (cy, ¢z, ¢3) the observability matrix

c1 Cr (3
N(C',A)=|0 ¢ 0
0 0 O

has a rank not higher than the second. Thus, the pair {C’, A} is not observable with
respect to any vector C’ including the vectors C; and C, which are the rows of the
matrix C.

Let us consider now the problem of constructing an asymptotic full-dimensional
observer for the linear stationary system (3.1). We can easily do it proceeding from
Theorem 3.1.

Suppose that we are given a linear stationary system (3.1)

X = Ax + Bu
y =Cx.
We construct a full-dimensional observer for this system as
X =A%+ Bu—L(Ci—y), XeR" (3.5)

where we choose the feedback matrix L from the condition that Ay = A — LC is
a Hurwitz matrix. This can always be done when the pair {C, A} is observable. The
observation error e = x — X in this case satisfies the differential equation

6=%—X%=Ax+ Bu— A¥ — Bu—L(CX¥—Cx) = Apre,

and e(t) — O as ¢t — 0 since Ay, is a Hurwitz matrix. Moreover, since the estimation
error e satisfies the linear stationary equation indicated above, it follows that e() — 0
exponentially, the rate of convergence can be chosen arbitrarily with the use of the
matrix L.



3.1 Full-dimensional observers 43

3.1.1 Algorithms of the synthesis of observers with the use of different
canonical forms

We shall now indicate some explicit algorithms for the synthesis of feedback matrix L.
In the case where [ = 1, it is easy to find the coefficients of the matrix L if system
(3.1) is given in the second observable canonical form. The method of synthesis of L
for this case is given in the proof of Theorem 3.1.
Let us consider the case where [ = 1 and the system is given in the first observable
canonical form (2.18)

0 1 0 0

0 0 1 0
A= , C =(1,0,...,0)

0 0 0 1

-] —0y —03 —ay,

Since the indicated pair is observable, the existence of the vector L follows from what
was proved above. However, we can also indicate an explicit method for finding L.
Let L = (I,,.. .,ll)T. Then

—~ln 1 0 0 0
—ln_1 0 1 0 0
A —I 0 0 1 0
-1 0 0 0 1
—(h+oa) —ar —o3 —0p—1 —Qp

(s+5,) -1 0 0 0
ln—1 s -1 0 0
det(s] — Ar) = det i 0 s . 0
I 0 o ... ) —1
(h+oa) ar a3 ... ap—1 (s+ay)
- - - s -1
= (/ [ I3 det
(1 + 1) + b(an +5) + [3de (Oln—l (an—i—s))
) s -1 0 ) ° _sl 8
+iydet| O S -1 4 oo 4 Ip—q det

Qn—2 Qp—1 (an +5)
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s -1 0
+(In + 5) det s 0
a o3 ... (ay+59)

=+ 1) + hpa(s) + p3(s) 4 -+ + Dnm1 puei (8) + (U + 5) pu(s).

Every polynomial p;(s) = s'~! + ..., and therefore the representation

n
vi=hi+ Y el
J=i+l

holds for the coefficients of the characteristic polynomial det(s/ — Ay) = s" +
Yns" "+ Yn18" T e+

Setting ¥; equal to the given coefficients y;, we obtain a linear system relative to
the unknown coefficients /;. In this case, the matrix of this system will be triangular
with identities on the leading diagonal

¥1,2 Pin—2  Pln-1 P1,n -
...................................... L Y1
o o0 ... 1 On—2n—1 Pn-2n =1
0o 0 ... 0 1 On—1n in Vn
0 0 1

In this way we can find the required feedback vector for the case where the pair
{C, A} is given in the first canonical representation.

3.1.2 Synthesis of observers with the use of the first canonical
representation of vector systems

Proceeding from the scalar case, we can propose a method of synthesis of the ma-
trix L for the vector case [ > 1. Suppose that the system is given in the first canonical
representation for vector systems (2.22), (2.23), i.e.,

An 0 ... 0 8 (1) (1) 8
Ay Axn ... O
A4=1. S s A= € RVi*Vi,
. : . : 0 0 |
Akl Akz Akk % % x .
él 9 0
0 G 0
¢ = : ; " : ,
0 0 ... Ck
-1 - -
Ck—H Ck+1 Ck+1
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Ci:(l,o,...,O)ERlxvi, C_‘Ii_’_lER(l_k)xvi, V1+"‘+Uk =n.

Since every pair {C;, A;;} is given in the first canonical form for the scalar system, it
follows that, using the algorithm described above, we can find for each pair a matrix
L; € RYi*! guch that the matrix Al-Li = A;j; — L;C; has a given spectrum. The general
matrix L € R”*! can be chosen in the form

Li 0 0 0
|0 L 0 0
0 0 Ly 0
In this case
AE 0 0
Ay AL 00
AL =A-LC=| . oo N
Ai Ay ... AL

and, consequently, the characteristic polynomial ¢ (s) of the matrix Ay, is the prod-
uct of the characteristic polynomials of the matrices AiLl. and can be made a Hurwitz
polynomial (with any preassigned index of stability).

Note that the indicated method of synthesis imposes constraints on the choice of the
spectrum of A7 because the real characteristic polynomials of AiLi may not admit of
some combinations of complex-conjugate roots for the spectrum of Ay,. For instance,
if n = 2 and the matrix A consists of two blocks (i.e., k = 2), then the characteristic
polynomial

a(s) = det(s] — AL) = ai(s)az(s),

where «; (s) = det(s] — Al.Ll.) are first-order polynomials, and, consequently, for the
indicated technique of synthesis of the matrix L the spectrum of the matrix Ay will
necessarily be real.

In order to be able to obtain an arbitrary spectrum of the matrix Ay, it is necessary
to construct the matrix L in a more general form.

3.1.3 Synthesis with the use of the Luenberger form

One more technique of synthesizing an observer is connected with the canonical Lu-
enberger form for systems with vector output (2.33) when the system decomposes into
[ subsystems

l
X;i = Ajixi + Z aijjyj +Biu, i=1,....1; x; € RV,
J=1,j#i



46 3 Observers of full-phase vector for fully determined linear systems

Since each pair {C;, 4;;} is in the second canonical representation, in accordance
with the algorithm given in the proof of Theorem 3.1 we find a vector L; € RVi*!
such that Al.Li = A;; — L; C; is a Hurwitz matrix (and has a defined degree of stability).

We construct an observer in the form

I
):éi = A;ix; + Z d,’jyj + Biu _I:i(éiii —-y), i=1,...,L 3.6)
J=1,j#i

The observation errors ¢; = x; — X; for each subsystem satisfy the equations
; L
e = A”el ,
and, consequently, ¢; (#) — 0 exponentially as t — oco.

Remark 3.6. As in the preceding case, we impose small constraints on the spectrum
of the matrix of the system in the deviations in the large, the constraints being con-
nected with the impossibility of defining certain spectra containing complex-conjugate
values.

3.1.4 Synthesis of observers with the reconstructible pair {C, A}

Let us now consider the case where the pair {C, A} is not fully observable. The fol-
lowing statement is valid for the pair {C, A} being reconstructed.

Theorem 3.7. Suppose that the pair {C, A} is reconstructible. Then there exists a ma-
trix L € R™ such that A;, = A — LC is a Hurwitz matrix.

Proof. Note, first of all, that it suffices to carry out the proof for a system written in an
arbitrary canonical basis. Indeed, if, by means of the transformation of coordinates the
pair {C, A} is transferred into a pair {C, A}, where C = CP~!, A = PAP~', and for
the pair {C, A} there exists a matrix L such that A7 = A — LC is a Hurwitz matrix,
then the matrix A; = A — LC where L = P~!L has the same spectrum. In order to
prove the statement, it suffices to note that

Ap = PAP™' —(PL)Y(CP™) = PAL P,

i.e., the matrices A, and Az, are similar.



3.1 Full-dimensional observers 47

Therefore, without loss of generality of reasoning, we can assume that the pair
{C, A} is given in the form of Kalman decomposition for the not fully observable
system (2.8)

A1l 0
A= , C =(C1;0), 3.7
(AZ1 AD) (€1:0) 3.7)

where Ay € REE, Ay € RODXE 45, € RO=Dx0=8) ¢ ¢ RI*E. Ay cor-
responds to the observable subsystem of dimension § = rank N(C, A), i.e., the pair
{C, A1} is observable.

By virtue of Theorem 2.17, for the reconstructible pair {C, A} the spectrum of the
nonobservable part, i.e., the matrix Ajp, lies in C_ (the left-hand open half-plane
of C).

Since the pair {C{, A} is observable, there exists for it a matrix L| € RE*! guch
that AIL1 = Ay — L1 C) possesses the defined spectrum, in particular, this matrix can
be made a Hurwitz matrix by a requisite choice of the matrix L. Consider a matrix

L = (Iz)l) c Rnxl

For such a feedback matrix we have
(AH—L1C1 0 ) (A]L1 0)
Ay A Axyy Ax

Since the diagonal matrices AILl (for a corresponding choice of L) and A, are
Hurwitz matrices Ay, is also a Hurwitz matrix. The theorem is proved. O

Remark 3.8. Suppose that the pair {C, A} is not fully observable, A,...,A,_¢ € C
are the values on which the rank of the Rosenbrock observability matrix is degenerate

REC.A) — (MC— A)

(and if the rank of the matrix R(C, A) diminishes by k on a certain A, then this number
enters the set k times, i.e., has multiplicity k). Then the characteristic polynomial of
the matrix A7, has the form

n—§
det(s] — Ap) = a(s) = n(s —Ai) |ag(s) = a;_g(s)ag(s),

i=1

a:_g (s) is an invariable polynomial whose roots are defined by the properties of C
and A, the roots of the polynomial a (s) of degree £ may be defined arbitrarily by the
requisite choice of the matrix L.
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Proof. As was pointed out in the proof of the theorem, the investigation of the spec-
trum of the matrix Ay can be carried out in any basis. Let us return to the pair {C, A}
defined in the form (3.7). Suppose that the matrix L is written in the block form

I = (él) . Ly eR¥ [, e RO
2

Then
An—LC; 0
A = A—LC = .
L (AZI — L,Cy Azz)

Thus, the spectrum of the matrix Aj, consists of two parts: the spectrum of A, and
that of (A;; — L1 Cy). Since the pair {C, A} is not fully observable, we have a relation
spec{An} = {A1,..., Ap_g).

The pair {C}, A1} is observable, and therefore the spectrum of (A;; — L,Cy) is
defined arbitrarily by the requisite choice of L; (and, consequently, of the matrix L).
The statement is proved. O

Thus, in the case where the pair {C, A} is reconstructible, for system (3.1) we can
also use an asymptotic observer of type (3.5), where the feedback matrix L is chosen in
accordance with the condition that A;, = A — LC is a Hurwitz matrix. The difference
from the case of full observability is that now a part of the spectrum of A7 does not
change (and is stable) and the other part is arbitrary. The rate of convergence of the
error e(t) = x(¢t) — X(¢) cannot now be arbitrary, it is defined by the unchangeable
part of the spectrum of Ay, (i.e., by the spectrum of the nonobservable subsystem).

Similar results can be formulated and proved for a control problem. We shall only
formulate the main results [1].

Theorem 3.9. Let the pair { A, B} be controllable. Then, for any polynomial ¢y (s) =
S 4+ yps" Lo yy with real coefficients y;, s € C, there exists a matrix K € R™*"
such that ¢, (s) is a characteristic polynomial of the matrix Ak = A — BK, i.e.,
det(s] — Ag) = @n(s).

The proof of Theorem 3.9 is similar to that of Theorem 3.1. In this case, for stabi-
lization of system (3.1) with respect to the full-phase vector (i.e., if the whole vector
x () is known), we can use a linear feedback of the form

u) = —Kx(t) (3.8)

with constant feedback matrix K. System (3.1) closed by a feedback of this kind
satisfies the equation
X = Ax — BKx = Agx,

and, if the matrix K is chosen from the condition that Ag is a Hurwitz matrix, then
the transition process x () — 0 as t — oo. Moreover, x — 0 exponentially and the
rate of convergence on the whole is defined by the choice of the matrix K.

Now if the pair {A, B} is only stabilizable, then we have the following statement.
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Theorem 3.10. Let the pair {A, B} is stabilizable. Then there exists a matrix K €
R™*" such that Ax = A — BK is a Hurwitz matrix.

Remark 3.11. The spectrum of the matrix Ag consists of two parts. The part A, ...,
An—y € C of the spectrum does not depend on the choice of the matrix K and corre-
sponds to the uncontrollable part of the system, i.e., forms the spectrum of the matrix
A2, from the Kalman decomposition (2.9) for noncompletely controllable systems.
This part of the spectrum is stable since the pair {A, B} is stable. The remaining part
of the spectrum of Ag is defined arbitrarily by the choice of the matrix K. In this case,
as before, the feedback (3.8) stabilizes system (3.1) asymptotically (exponentially),
but now the rate of convergence is defined by the unchangeable part of the spectrum
of the matrix Ax and cannot be defined arbitrarily.

Consider system (3.1). The use of the full-dimensional observer (3.5) and the linear
feedback (3.8) allows us to solve the problem of stabilization of system (3.1) with
respect to the output (i.e., under the constraint u = u(y(¢))).

The principle of separability of problems of observation and stabilization is valid
for the linear stationary system (3.1).

Theorem 3.12. Suppose that the pair {C, A} is observable and observer (3.5) gives
an asymptotic estimate X(t) to the unknown phase vector x(t). Let the pair {A, B}
be controllable and the feedback with respect to the full-phase vector (3.8) stabilizes
system (3.1) at zero exponentially. Then the feedback with respect to the estimate X (t)

u=—Kx(t) (3.9)
stabilizes system (3.1) at zero exponentially.

Proof. 1t suffices to consider jointly the equations of system (3.1) closed by feedback
(3.9) and equations (3.6) for the observation error e(t) = x(¢) — X(¢z). Control (3.9)
can be represented as u = —K(x(¢) — e(z)). Then we have a system of equations

{x:Ax—BK(x—e)=AKx+BKe (3.10)

e = Are.
The matrix of system (3.10) has a block-diagonal form
- (Ax BK
=T %)

with Hurwitz matrices Ax and Az, on the diagonal. Consequently, A is also a Hurwitz
matrix and x(¢), e(t) — 0 as t — oo exponentially. The theorem is proved. O
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Remark 3.13. In the case of observability of the pair {C, A} and controllability of
the pair {A4, B} the spectrum of the matrices A7 and Ak is defined arbitrarily and,
consequently, the degree of stability of the matrix A can also be defined arbitrarily.
Thus, if system (3.1) is in the general position, then the rate of convergence to zero
of the phase vector of system (3.1) which is closed by feedback (3.9) can be defined
arbitrarily.

Now if the pair {C, A} is only reconstructible (or the pair {A, B} is only stabiliz-
able), then the statement of the theorem remains valid but the rate of convergence
of the phase vector of the system for u(¢) from (3.9) is defined by the spectrum of
nonobservable (or uncontrollable) part.

3.2 Lowered order Luenberger observers

In the automatic control theory a requirement is often advanced to the dimension of
the observer which must be lowered to the minimal one. We have described above
the scheme of construction of full-dimensional observers for linear stationary systems
without uncertainty (i.e., observers whose dimension coincides with the dimension of
the system itself). However, observers of lowered order can be constructed for systems
of this kind. For the first time, methods of construction of observers of this kind were
proposed in works of Luenberger (see [87]).

In what follows we again consider system (3.1) and assume that the pair {C, A} is
observable.

The latter assumption does not lead to the loss of generality of the arguments. If the
pair {C, A} is only reconstructible, then system (3.1) can be reduced to the Kalman
decomposition (2.8)

x'=Aux'+ B
{ %2 = Ayx' + Apx? + Byu

y =C1x1,

where the pair {C;, A1} is observable. If an observer which gives estimate %! is
constructed for the first subsystem, then the observer for the second subsystem has the
form

X = An ¥ + AnF* + Bou. 3.11)

2

The observation error e, = x> — X satisfies the equation

é* = Ape® + Ayje!,

1 1

whence, since e! = x! — %! — 0 and A, is a Hurwitz matrix, it follows that 2 — 0.
The observation order of (3.11) is equal to (n — &) and cannot be changed. Thus, the
order of the observer for the system as a whole depends on the order of the observer
for the first full-observable subsystem.
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We begin with considering the case of a scalar full-observable system, i.e.,/ = 1. In
this case the system can be written in one of the canonical forms, the output y(¢) being
one of the coordinates of the phase vector, i.e., (n — 1) coordinates are unknown. We
shall show that under these conditions we can construct an observer of order (n — 1).

We shall describe one of the methods of constructing such an observer following [1].
Let the pair {C, A} be given in the second canonical form

00 ... 0 —ay
10 ...0 -
A=]0 1 0 —a3|, C=(0....,0,1).

In this basis x, = y is a known coordinate. Let us consider the equations for the first
coordinates of system (3.1)

x'=Ax"+dy+ Bu, (3.12)
where X' = (x1,...,xp_1), A’ € R®=D*"=1 s the principal minor of order (n — 1)
of the matrix A, @’ € R®~D*1 g the last column of the matrix 4 without a,,, B’ €

R®=D*m s a matrix consisting of the first (n — 1) rows of the matrix B. We shall
construct an observer for x’ in the form

¥ =A% +dy+ Bu. (3.13)
Then the observation error ¢’ = x’ — X’ satisfies the equation
e =4,

and e/ — 0 exponentially if A’ is a Hurwitz matrix.
For the matrix A given in the canonical basis we have

00 ..0
10 ...0
=01 ..o
00 ...1

a(s) = det(s] — A) = s" not being a Hurwitz polynomial.

However, we can indicate a transformation of the first (n — 1) coordinates after
which the matrix A’ will have any preassigned spectrum. In this case, the indicated
transformation does not change the vector C, and, consequently, in the new basis
observer (3.13) solves the problem exponentially.
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We shall show this transformation in explicit form. Suppose that we are given
a polynomial of order (n — 1) with real coefficients

Pn—1(5) = 8" d yp1s" Ty

Consider a transformation matrix of the form

10 0 —Y1 1 0 Y1
0 1 0 —V2 0 1 0 Y2
P=|.i , PTh=)
00 I —yna 00 L yn—
0 0 0 1 0 0 0 1

Obviously, this transformation does not change x,, = y and, consequently, the vector
C=(,...,0,1).
Upon the indicated transformation the matrix A assumes the form

0 0 -»n | {(@n—yn—1)y1—o1}
10 0 —»n | {(an—yn-1)2—2+ 11}
APl o o
0 0 I =vn—1 | {(0n—=¥Yn—1)Vn—1—0Qn—1+Yn-2}
e
0 0 0 1 | {an +yn}
A’ | a
= -—— | —-— 1.

0...01 | (an+vyn)
and the characteristic polynomial of the matrix A" assumes the form
det(s] — A') = @u—1(s).

If we choose ¢, —1 (s) to be a Hurwitz polynomial, then observer (3.13) of order (n—1)
reconstructs the unknown coordinates of the phase vector.
For the phase vector written in the original canonical basis the following relation

gives an estimate
Y

Note that if the pair {C, A} is reconstructible, then, for its observable part, we can
construct an observer of order (§ — 1). Together with observer (3.11) of order (n — §)
they form an observer of a full-phase vector of order (n — &)+ (§ — 1) =n — 1, i.e., of
the same order as the Luenberger observer for the observable pair {C, A}. The differ-
ence consists in the fact that the rate of convergence in the case of the reconstructible
pair {C, A} depends on the spectrum of the nonobservable part of the system.
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The proposed method of constructing observers of a lowered order can be general-
ized to the case / > 1. Let us consider a system written in the canonical Luenberger

form
!

Xi=Aixi+ Y @y +Bu, i=1...1

[y (3.15)
yi = Cix;.
We denote by
U
b
uip = | yi—1
Yi+1
i

the new known input. Then we can write the subsystems from (3.15) in the form

{xi:Aiixi'Féiﬁi, i=1,...,1 (3.16)

vi = Cix;,

where B; is the known matrix defined by B; and @;;, j = 1,...,1, j #i.

Each of the subsystems (3.16) can be regarded as an independent system of order v;
with the known input u#; and the known scalar output y;. We can construct for it an
observer of order v; — 1. A set of observers of this kind forms an observer of a full-
phase vector. The order of such an observer is equal to

l l
Z(ui—l): Zvi —l=n-1

i=1 i=1

Just as in the scalar case, we can also construct an observer of order (n — /) for
[ > 1 for the reconstructible pair.
Thus we have the following statement [1, 87].

Theorem 3.14. Let the pair {C, A} be observable (reconstructible). Then we can con-
struct for system (3.1) an observer of order (n — 1) with a defined rate of convergence
(the rate of convergence is defined by the nonobservable part of the system).

The following approach proposed by Luenberger is often used for constructing an
observer of a defined order p (in particular, of a minimal order p = n — ).
As before, we consider a linear stationary system (3.1)

X = Ax + Bu
y =Cx.
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We choose a matrix F € RP*" such that

rank (g) =n. 3.17)

In this case, obviously, p > n —[.

We denote z = F x, and then
z\ _(F X
v) \cJ™

and, consequently, since the rank of the matrix (g) is full, for reconstructing the
vector x it suffices to construct an estimate for z(z). In what follows, we assume, for
simplicity, that p = n — [. In this case we have

‘= F\' [z
= )
In order to estimate z () we can use a Luenberger observer of the form

Z=D:+ Ey + Gu, (3.18)

where Z € R""l, D, E, and G are constant matrices, parameters of the observer which
must be defined.
Let us consider the observation error ¢ = Z — z. This error satisfies the equation

é =De+ (DF + EC — FA)x + (G — FB)u. (3.19)
The parameters of the observer are chosen from the conditions

G =FB
EC = FA—- DF (3.20)

D is a Hurwitz matrix.
If conditions (3.20) are fulfilled, the estimation error e(¢) satisfies the equation
é = De,

and, since D is a Hurwitz matrix, e(t) — 0 as ¢ — oco. The relation

0=(c) ()

gives an estimate for the unknown phase vector x (t).
If system (3.1) is fully observable, then the system of matrix equations (3.17), (3.20)
is solvable [76, 87] (i.e., the matrices D, E, G, and F can be determined from it),
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and the matrix D can have any preassigned symmetric (i.e., complex-conjugate) spec-
trum. If the pair {C, A} is only reconstructible, then the spectrum of D contains an
unchangeable part which corresponds to the nonobservable part of system (3.1).

The synthesis of an observer can be carried out, for instance, with the use of the
following arguments. Suppose that P is a matrix of the left eigenvectors of the matrix
A, = A — LC, the spectrum of A7, being a Hurwitz spectrum, real, and different.
Then the matrix P satisfies the equation

P(A—LC) = AP,

where A = diag(A{,...,Ay,). It is obvious that rank P = n, and among its rows we
can choose (n —[) as F so that

F(A—LC)=AFF,
and rank(g) = n. Comparing this relation with (3.20), we find that D = AF,
E = FL.
Conclusion

In Chapter 3 we considered a problem of synthesizing the observers of a phase vector
for linear stationary fully determined systems. We have described the algorithms of
synthesis of full-dimensional observers for scalar (! = 1) and vector (/ > 1) systems.
We have also described Luenberger observers of a lowered order (n — /).



Chapter 4

Functional observers
for fully determined linear systems

4.1 Problem statement. Luenberger type functional
observers

We shall again consider an n-dimensional linear stationary fully determined observable
systems with an /-dimensional output
X = Ax 4+ Bu
{ + 4.1)
y =Cx.
We assume everywhere in the sequel that the matrix C is of full rank, i.e., rank C = [.
In this chapter we solve the problem of constructing functional observers, i.e., the
problem of reconstructing a linear functional from the unknown phase vector

o= Fx, 4.2)

where F € R?*" is a known matrix. Such a problem arises, for instance, when we
solve the problem of stabilization of system (4.1) at zero. To solve such a problem we
can use, for instance, a feedback of the form v = — K x. If we know the estimate of the
full-phase vector X(¢), then the relation ¥ = — KX solves the stabilization problem.
However, in this case it is not obligatory to reconstruct the whole n-dimensional vector
X(t), it is only sufficient to construct an estimate of the functional o(¢) = —Kx,
o(t) € R™, the dimension of the functional observer (i.e., the observer that forms the
estimate & (7)) must turn out to be smaller than that of the Luenberger observer.

The problem of constructing a functional observer for system (4.1), (4.2) was con-
sidered in detail in the works by O’Reilly [87], who described an observer similar in
structure to the Luenberger observer (3.18). The following procedure was proposed
for constructing an observer of order k.

Suppose that a decomposition

F=PT+VC,
holds for the matrix F, where P € RP*k T ¢ R¥*" v ¢ RP*! Then

0 =Fx=PTx+VCx=Pz+Vy,
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where z(t) € R¥ is an unknown vector to be estimated. For its reconstruction we use
an observer of the Luenberger type

Z=D:+Ey+Gu. (4.3)
Then the estimate for the required functional o (¢) is given by
o(t)=PZ+Vy. 4.4)

For the estimate & (¢) to converge to o (¢) it suffices that (Z(¢) — z(t)) — O as t — oo.
Consider an equation for the error e = Z — z:

é=%—2=D%+4 Ey+ Gu—T(Ax + Bu)
=D(e+Tx)+ ECx + Gu—TAx —TBu
= De+ (DT + EC —TA)x + (G — TB)u. (4.5)

It [87] the following theorem was proved.

Theorem 4.1. Observer (4.3), (4.4) of order k reconstructs the functional o from (4.2)
for system (4.1) if and only if the conditions

F=PT+VC,
G =T8B,

(4.6)
TA—- DT = EC,

D is a Hurwitz matrix,
are fulfilled.
Under these conditions the estimation error e(¢) obviously satisfies the equation
é(t) = De(1),
and, since D is a Hurwitz matrix,
exp
e(t) > 0ast — oo.

The general scheme of the synthesis of the observer can be represented, for instance,
as follows. Let ® be a matrix of the left eigenvectors of the matrix A;, = A — LC
corresponding to different real stable eigenvalues which form a diagonal matrix A, i.e.,

®A; = AG.

Suppose that T is a collection of k rows from ® such that rank ( g ) = k + [, and then
the matrices P and V' can be found from the equation

F=(PV)(€).
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Postmultiplying this equation by the matrix (X )T, we obtain

.
F (g) = (P V)N,

where Ny € R&+Dx&+D) The minimal number k for which the matrix Ny is invert-
ible gives the solution of the problem since

.
F (g) N = (PV).

In this case, D = Ar is a part of the diagonal matrix A, i.e., TAp = A7T and
E=TL.

Note that det Ny = det(CCT — CTT(TTT)"'TCT) and the determination of
the minimal k is connected with the sorting out of the collections of k rows of the
matrix ® which are linearly independent of the rows of the matrix C. It is obvious that
the matrix N,_; is invertible fork = n — /.

Since no clear algorithm was proposed in the general case, the following questions
arise.

(1) How, for a given k, can we find the matrices P, T, V, G, E, and D satisfying
conditions (4.6)?

(2) What is the minimal value of k for which we can construct a functional observer?

In the general case, where y(t) and o (¢) are vectors (i.e., [ > 1, p > 1), these ques-
tions are difficult for answering. The author of [87] gives results for the cases where
y(t) or o(t) are scalar variables. In particular, the following statement exists for the
order of the observer.

Theorem 4.2 (Roman and Bullock [93]). An observer of order k with any preassig-
ned (symmetric) spectrum

(i) reconstructs the functional 0 = Fx, 0 € R2, for a system with a scalar output
(ie., forl = 1)ifand only ifk > n —1,

(1) reconstructs the scalar functional 0 = Fx = Zf: | Fix;i (where x; € RYi
are parts of the phase vector x in the canonical Luenberger representation (2.11),
F; € R™i) ifand only if k > d — 1, where d is the length of the maximal nonzero
part among the vectors F; (d —1 < v — 1, v is the observability index of the pair
{C, A}, v = max v;).

For p = 1 the author of [87] showed the technique of constructing an observer of
order (v — 1). It follows from Theorem 4.2 for / = 1, p > 1 that the minimal order
of an observer with a completely defined spectrum is equal ton —1 = v —1 and
coincides with the dimension of the Luenberger observer for a full-phase vector.

However, in some cases, if we refuse the condition of a completely defined spec-
trum, we can lower the order of the observer. In recent years this problem was actively
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investigated. In particular, the author of [122] obtained conditions for the existence of
observers of order p which coincides with the dimension of the functional. The authors
of [25-29] obtained necessary and sufficient conditions for the synthesis of observers
of a defined order. Somewhat later similar conditions were given in paper [123].

The technique of determining the minimal dimension of a functional observer is
given in papers [27, 28]. We shall describe it following the indicated papers.

4.2 Reconstruction of scalar functionals

We shall begin with considering the case of a scalar output and a scalar functional,
i.e., p =1 = 1. In this case, as Theorem 4.2 indicates, we can construct a functional
observer of order (n — 1). The dimension of this observer (and, consequently, the tech-
nique of its construction) coincides with that of the Luenberger observer. Of interest is
the possibility of constructing an observer of order k < n — 1. Let us investigate this
possibility.

Without loss of generality, we assume that the pair {C, A} is given in the canonical
form

0 0 0 —a
A=t 0 0 e g0, 0, 4.7
0 0 1 —ay

where «; are coefficients of the characteristic polynomial of the matrix 4, i.e.,
a(s) = det(s] —A) = 5" + ops" ' - Fay.

Suppose that the pair { F, A} is observable and the vector F, in the indicated basis, has
the form

F:(flﬂ“'vfn)'

In what follows, without loss of generality, we assume that the vectors C and F are
not collinear. In order to solve the problem, we shall use the method of pseudoinputs,
namely, consider the system

{szx+Bu+Lv “s)

y=Cx

with an additional input v € R (“pseudoinput”). The form of the vector L € R**!
will be defined below.

In the case where the pseudoinput v = 0 this system coincides with system (4.1).
For system (4.8) the transfer functions from the new input v to the output y(¢) and to
the functional o (¢) are defined:

Wi(s) = C(sI — A" 'L, y =W,
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Wa(s) = F(sI —A)7'L, o =W

(in the last expressions, for simplicity, we preserved the same notation for the Laplace
transformations for y(¢) and o(¢) as for the preimages). The functions Wj(s) and
W, (s) are fractional-rational, i.e., are the relation of polynomials

Bi(s) _ Bas)
as) als)
where B1(s) and B, (s) are polynomials of degree not higher than (n — 1). The poly-

nomials B (s) and B, (s) are defined by the choice of the vector L = (I1, 1>, ...,1,) .
Moreover, since the matrices A and C are given in the canonical form, it follows that

Wi(s) =

Wa(s)

Bi(s) ="y + 5" Plyoy -+ 11

Suppose that the vector L is chosen such that the polynomials 81 (s), B2(s), and «(s)
do not have common roots, i.e., the triples {C, A, L} and {F, A, L} are in the general
position. Then the transfer function from the measurable output of the system y(¢) to
the unknown functional o (¢) is defined:

5 = P20

p1(s)

_ For constructing an asymptotic observer, it is sufficient that the transfer function
W (s) should be physically realizable, i.e., the condition

deg Bo(s) < deg B1(s) (4.10)

should be fulfilled and the denominator W (s), i.e., the polynomial B;(s), should be
a Hurwitz polynomial. Moreover, if deg 81(s) = k, then the functional observer which
reconstructs o () will have an order k. Thus, the problem of constructing a functional
observer of order k reduces to the search for a vector L such that condition (4.10) is
fulfilled and B (s) satisfies the conditions

deg Bi1(s) = k.

Bi1(s) is a Hurwitz polynomial.

y=W(s)y. (4.9)

@.11)

When conditions (4.10), (4.11) are fulfilled, we can easily indicate an algorithm for
constructing an observer of order k. If deg 81(s) = k, then, without loss of generality,
we have

Bi(s) = s + Les* 4 41,
ie, L = (I1,...,1;,1,0,...,0). Since the polynomials 8;(s) and «(s) are uncan-
cellable, we can use a nondegenerate transformation of coordinates in order to reduce
system (4.8) to the canonical form of controllability

x=Ax+ Bu+ Lv
y=C’x (4.12)
o= Fx,
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where
0o 1 0 0 0
i— 0 1 0 0 Q= ,
—0] —0y —03 —Op—1 —Un 1

C=(....13,1,0,...,0)

(we denote the phase vector x, the inputs u and v, and the outputs y and o as before).
Since the relative order of system (4.12) with respect to the output o is not lower than
with respect to the output y (by virtue of condition (4.10)), it follows that

F:(ﬂ,...,ﬁ(,ﬁ(+1,0,...,0).

In this case, some of the first (k + 1) components ﬂ of the vector F may be zero. Since
y = lLix;+-- -+ xg +Xg 11, in the indicated coordinates the unknown functional o (¢)
has the form

k+1

k
o= fixi=) fixi+ feq1(y —hixi == Lexp)

i=1 i=1
k ~ ~ ~

=Y (fi = feril)xi + fery.
i=1

Thus, in order to reconstruct o (¢), it suffices to construct estimates of the first £ coor-
dinates of the phase vector x. Let us consider the first k equations of system (4.12):

X1 =x3 +biu

X2 = x3 + byu

X = Xg41 + bru.

Taking into account that xz | = y — Zf-;] li x;, we can write these equations as
X = Xxp + Elu
X2 = Xx3 + b~2M
(4.13)
)E?k_l = X + bk_lu

Xk :_llxl_"‘_lkxk+5ku+y-
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Since the input u(¢) of the system and its output y(¢) are known, in order to reconstruct
x’ = (x1,...,xg) " we can use the observer

X1 =Xy +biu

. i (4.14)
)h(‘fk_l = )Z'k + bk_lu
Sk ==\ F1 — - — e Xg + bru + y.
The observation error ¢’ = ¥’ — x’ satisfies the system
6"1 =€
(4.15)
k-1 = ek
e = —liey — - —lreg,

and, since B1(s) is a Hurwitz polynomial (the characteristic polynomial of system
(4.15)), it follows that ¢’ — 0 as ¢ — oo. The relation

k
51) =Y (fi = fiml)Ei + fesry
i=1
gives an estimate for o (¢). Thus, for constructing a functional observer of order k, it
is sufficient that there should exist a vector

L=(,....,0x.1,0,...,0) (4.16)

such that conditions (4.10), (4.11) should be fulfilled. Let us find out in what cases
such a vector exists.

Suppose that the vector L has form (4.16), B1(s) = sk 4+ lxs¥ ' +--- +1; is a Hur-
witz polynomial of order k. In what follows we shall call the vector L' = (I1,...,[;),
or its extended version L,l— = (L', 1) which define the Hurwitz polynomial 8 (s), also
Hurwitz vectors. By virtue of condition (4.10), deg B>(s) < k. This means that the
relative order of the transfer function W,(s) from the pseudoinput v to the unknown
output o (¢) is not lower than (n — k), i.e., the conditions

FL =0, FAL=0, ..., FA" %721 =0 (4.17)

are fulfilled. Since F = (f1,..., fx), we can take into account the explicit form of
the matrix A from (4.7) and the vector L from (4.16) and write conditions (4.17) as

filh + oo+ -+ filk + feq1 =0
Lh+ fsla+-+ figvile + fr42 =0

fn—k—lll + fn—kIZ + -+ fn—21k + fn—l =0.
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The latter system can be written as a linear system with respect to the unknown vector
L'=(,....00)7,

fl f2 fk ll fk+1
12 S S [ | 2 Ser2 | 4.18)
Jnk—1 Jfo—k -+ Ju—2) \Ik Jn—1

The matrix of this system has a size (n — k — 1) x k, the column of the constant
terms has a dimension 1 x (n — k — 1), the matrix and the column are fully defined by
the parameters of the vector F which defines the functional ¢ = Fx in the canonical
basis.

Thus, if system (4.1) is observable, has a scalar output (i.e., / = 1), and is given in
the canonical form (4.7), then the scalar functional 0 = Fx can be reconstructed by
an observer of order k if there exists a Hurwitz vector L’ = (I;,...,[)" satisfying
equations (4.18).

Let us now show the necessity of the conditions indicated above. If there exists an
observer of order k, then it is described by a system of differential equations

> =D E G
{z z+ Ly + Gu 4.19)

6=Pz+vyy,

where z € R¥ , D, E, G, P, and y are constant matrices of the corresponding sizes.
In this case, for (4.19) the transfer function from y to o is defined,

Ba(s)
Bi(s)’

where B1(s) = det(s/ — D) is a Hurwitz polynomial of order k and B,(s) is a poly-
nomial of a degree not higher than k. Then

W(s)=y+ P(sI —D)'E =

Suppose that, as before, c(s) is a characteristic polynomial of system (4.1). We
denote by v the signal satisfying the condition

a(s)
B1(s)
Then
OB O
a(s) als)
These relations imply that there exists a pseudoinput v and a vector L = (Iy, ..., I,
1,0,...,0) such that the subvector L’ = (Iy,...,1) is a Hurwitz subvector which

satisfies system (4.18). Thus we have the following theorem.
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Theorem 4.3. Suppose that in system (4.1) | = 1, the pairs {C, A} and {F, A} are
observable, and rank ( g ) = 2. The scalar functional 0 = Fx can be reconstructed
by an observer of order k if and only if there exists a Hurwitz vector L' = (11, ..., 1),
satisfying (4.18), where f; are coefficients of the vector F in a canonical basis.

Remark 4.4. System (4.18) has a solution if the rank condition

A S o Sk Ji S Jren
rank f2 N rank f2 S S (4.20)
fn—k—l fn—k s fn—2 fn—k—l fn—k e fn—l

is fulfilled, and therefore condition (4.20), which can be easily verified, is necessary
for the existence of such an observer.

Let us consider a scalar system with one output (! = 1). The condition for existence
of an observer of order k for the functional & = F x in this case has form (4.18), where
L is a Hurwitz column.

Letk = 1,n > 2. Then (4.18) turns into a system

S b
Elay=-] ™|,
fn—2 fn—l

where /1 > 0.
This system of linear equations is equivalent to the equations

e :
h=-22 fi=—lfic, i=3..n—1
S
Thus, taking into account that /; > 0, we find that the solvability of the system is
equivalent to the conditions

5

i
2 .
Ji = %fi—l, i=3,...,.n—1.
Corollary 4.5. Conditions (4.18') are necessary and sufficient for the existence of
a first order observer.

<0,
(4.18")

Suppose now that k = 2, n > 5. Conditions (4.18) assume the form

Nl S Sz
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where /; > 0 and [, > 0. Itis easy to see thatif fi f3 — f5* # 0, then

(=2 ) ()
fofa— [ _hfi— fahi

-1 AL

Thus, the solvability of (4.18) is equivalent to

fofa— 1} >0 L= fafi

or

I =

>0, fii—fL#0,

11— 24 3 1— w, =5,..., —1.
U R "

We have the following corollary.

Corollary 4.6. Conditions (4.18") are necessary and sufficient for the existence of
a second-order observer.

Using Theorem 4.3, we can give an algorithm for constructing a functional observer
of a minimal order.

1. Find a minimal value k = k* for which condition (4.20) is fulfilled. For any
k > k* system (4.18) is solvable.

2. By means of search by exhaustion of values of k (k* < k < n — 1) find the
minimal value k = k** for which there is a Hurwitz column L’ among the solutions
of system (4.18).

3. For the found k** and L’ construct an observer of the minimal order k**.

Let us consider some examples of realization of this algorithm.

Example 4.7. Consider a third-order system (n = 3)
X = Ax
y =Cx,

00 —2
A=|10 1], Cc=(,01).
01 5

where

It is easy to see that the pair {C, A} is observable and is given in a canonical form.
Suppose that we have to reconstruct a functional

o(t) = x; —2xp + 6x3.
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In this case F = (1 —2 6). We begin with finding the minimal k* for which condi-
tion (4.20) is fulfilled.
For k = 1 this condition assumes the form

rank(1) = rank(1 —2),

and, consequently, k* = 1. Let us verify whether there is a Hurwitz column among
the solutions of system (4.18) for k = 1. For k = 1, system (4.18) has the form

(Dl = (2).

The solution of this equation L’ = ({1) = (2) corresponds to the Hurwitz polynomial
B(s) = s + 2,1i.e., L' is a Hurwitz column. Consequently, we can construct for o (¢)
a first-order observer. The observer

gives an estimate for o (¢).

Example 4.8. Consider a system of order 4, where

000 1

100 —I
a=[y | o 3| €=0000.
001 2

The pair {C, A} is again observable and given in a canonical form.
Let us consider a problem of reconstruction of the functional

o(t) = x1 + 2x3 + 3x3 + 4x4.

Let us find k™, which is the minimal k for which condition (4.20) is fulfilled.

For k = 1 we have
1 1 =2
rank (2) Z rank (2 _3) ,

i.e., condition (4.20) is not fulfilled.
Fork =2
rank(l 2) = rank(l 2 —-3),

i.e., condition (4.20) is fulfilled, k* = 2.
Let us verify whether there is a Hurwitz column for & = 2 among the solutions of
system (4.18). For k = 2, system (4.18) has the form

a 2(}) = .
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The general solution of this equation is
11 =—212—3, ZQGR.

This solution is associated with the polynomial s 4 /15 + (—2/; — 3) which is a Hur-
witz polynomial if and only if

ll>0 ll>0
= 3
—2[1—3>0 l] <—§.

This system of inequalities has no solutions and, consequently, the minimal dimen-
sion of the observer which reconstructs the given functional o (¢) is equal to k = 3 =
(n — 1), i.e., coincides with the dimension of the Luenberger observer which recon-
structs the full-phase vector of the system.

Note that in the given example all coefficients of the vector f; > 0. For this case,
proceeding from Theorem 4.3, we can obtain a simple corollary.

Corollary 4.9. Suppose that the conditions of Theorem 4.3 are fulfilled for system
(4.1) and functional 0 = F x. Suppose, moreover, that f; > Oforalli = 1,...,n—1.
Then the functional o(t) = Fx cannot be reconstructed by an observer of an order
lower than (n — 1) (i.e., its reconstruction is possible only by an observer of the max-
imal order).

Proof. Consider equation (4.8) under the indicated conditions imposed on the func-
tional. Since f; > 0, all coefficients of the matrix

S Lo S
H, S N S

fn—k—l fn—k fn—Z

as well as coefficients of the column

Sre+1
hk — fk+2
fn—l
are strictly positive for any k < n — 1. Consequently, any solution L) = (I, ...,/ Al
of the equation
Hi L), = —hy

must contain negative elements /;. Therefore the column L’ cannot be a Hurwitz
column for any k < n — 1. The statement is proved. O
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Let us consider one more example.

Example 4.10. Suppose that a system of order four is given in a canonical form, and
the matrices 4 and C have the form

000 —2
100 -3

A=y 1 o 5| €¢=w©000.
001 -1

Suppose that we have to reconstruct the functional o (t) = Fx, where
F=(,1,-5,3).

Let us find the minimal value of k using the algorithm proposed above.
If kK = 1, then condition (4.20) is not fulfilled since

rank G) = rank G _15) .

rank(1 1) =rank(1 1 -5),

For k = 2 we have

and therefore k* = 2. Let us consider equations (4.18) for k = 2:

a1 (Z) — ).

The general solution of this system is [ = 5 — /;. Among these solutions there are
Hurwitz columns (/1, lz)T when /; > 0, [; > 0. In particular, this condition is satisfied
by the column L’ = (%) corresponding to the Hurwitz polynomial S(s) = s*+3s + 2
with roots Ay = —1, A, = —2.

The observer for o (¢) can be constructed as

2y =—z1+3y

Zy = =2z + 4y
o0(t) =3z —2zp —13y.

In this case k** = k* = 2.

We can see from these examples that for the scalar case (! = p = 1) different situ-
ations can be realized, in particular, certain functionals can be reconstructed by scalar
observers and some of them only by Luenberger observers for a full-phase vector, and
some other by observers of order k, where | <k <n — 1.



4.3 Reconstruction of vector functionals 69

4.3 Reconstruction of vector functionals

The proposed approach to the construction of functional observers can be generalized
to the case of the vector functional o(¢) = Fx, where F € R?*", p > 1. Suppose
that the rows of the matrix F' have the form

Fl=(fl fi,. . fh, i=1..p (4.21)

Each row is associated with the scalar functional o; = F ix, i =1,...,p. Inorder to
solve the problem we again use the method of pseudoinputs. Consider system (4.8).
For the given vector L € R™*! the transfer functions from the pseudoinput v to the
output y will be defined as well as to every scalar functional o; (¢):

*
y = W*(s)v, W*(s)=C(sI —A)~'L = P (S);
a(s)
oi = Wi(s)v, Wi(s) = Fi(sI —A)~'L = bils)
a(s)
Consequently, the transfer functions from the output y to the functionals o; are defined:
Bi(s)

o W,(s)y, I/V,(S) ﬂ*(S)
In order to construct an observer of order k for all o7 (i.e., for o (t) € R?)itis sufficient
that the polynomial 8*(s) should have an order k, should be a Hurwitz polynomial, and
the degrees of the polynomials 8; (s) should not exceed k. In this case, the algorithm
of constructing an observer is similar to the algorithm for the scalar case.

By analogy with the scalar case we have the following theorem.

Theorem 4.11. Suppose that system (4.1) is observable, | = 1, the pairs {C, A} and
{F, A} are observable, the functional o = F x, where F € RP*", rank ( g) =p+1,
has form (4.21) in the canonical basis. This functional can be reconstructed by an

observer of order k if and only if there exists a Hurwitz column L' = (I1,...,Ix)"
among the solutions of the linear system
1
fli le flkl fkl—{—l
2 f3 s fk+1 fk+2
= ]§ ...... : k ......... : 2 l :
n—k—1 n— to n— 1 _
2 2 n—1
f12 2 J;k b S
5 5 Fia =— : (4.22)
......................... } ;5
fnz—lg—l fn2—3k R n2€2 k fn3—l
/i 5 fE k+1
SPRRREEES PR 5 :

n—k—1 n—-k n—2 n—1
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Remark 4.12. We denote by Hy and Ay the matrix and the column of constant terms
of system (4.22) for a given k, i.e.,

Hi L' = —hg.

Then the rank condition
rank(Hy) = rank(Hy, hy) (4.23)

will be a necessary condition for the existence of an observer of order k. The minimal
value k* for which it is fulfilled gives a lower bound for the minimal dimension of the
functional observer.

In order to define the minimal dimension of the observer in the case of a vector
functional, we can use the procedure, described above, for defining the minimal di-
mension of the functional observer for a scalar case with a natural replacement of
conditions (4.18), (4.20) by conditions (4.22) and (4.23), respectively. In addition,
the analog of Corollary 4.9 is also valid in this case, where the positiveness of all fl.i
(j=1,...,n—1,i =1,..., p) must be required.

4.4 Method of scalar observers

In order to solve the problem of constructing a minimal functional observer, we can
also use another approach based on scalar observers. This method gives the same result
as the method of pseudoinputs but it can be more easily generalized to the case where
I >1.

Let us begin with the simplest case where the output of system (4.1) y(¢) and the
unknown functional o (¢) from (4.2) are scalar variables (i.e., / = 1, p = 1). For this
case, we shall find out when the functional o (¢) can be reconstructed by a scalar ob-
server.

We shall construct this observer in the form

&= A6+ hu+ gy,

where the constants A, &, and g must be further defined. The observation error ¢ =
6 — o satisfies the equation

§=6—06=A6+hu+gy— FAx — FBu.
Taking into account that 6 = 0 + ¢ = Fx + ¢ and y = Cx, we obtain
E=(—FA+gC + AF)x + Ae+ (h— FB)u,

and if the conditions
h = FB,

(4.24)
F(AI —A)=—gC, <0,
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are fulfilled, then
& = \e,

and, consequently, () — 0 as ¢t — oo exponentially.

The first condition from (4.24) can be fulfilled by means of a choice of 4 for any
defined F' and B (therefore, in what follows, we assume for simplicity that u = 0
since the influence of the known control can always be compensated). However, not
for every F there exists A < 0 satisfying (4.24). Let us find out what, for the defined
A and g, is the structure of the vector F satisfying the second equation from (4.24).

We assume, furthermore, that the pair {C, A} is given in the canonical form (4.7).
Suppose that F = (f1,..., f») in the indicated basis. Then the second equation
from (4.24) will assume the form

fa=Arh
fr=4h
(4.25)
fn = /\fn—l
(ar fi+-+anfn) +Afn = —g.

Let fi = ¢, and then it follows from the first (n — 1) equations of system (4.25) that
fr=2Aq, f5=2A%q, ..., fu = A*"!q and from the last equation we obtain a relation

—q(ay + Aoy + -+ A" oy, + A = g.

Taking into account that o) are coefficients of the characteristic polynomial a(s) of
the matrix A, we can write the last relation as

—qa(l) = g. (4.26)

If A € spec{A}, then g = 0 and ¢ can be arbitrary. Now if A ¢ spec{A}, then, for
any g, there exists a unique ¢ = —g/a (1) # 0 corresponding to equation (4.26).
In this case, the vector F has the form

F=q(,A,.... A" .

Thus, if the pair {C, A} is given in the canonical form, then we can use scalar ob-
servers in order to reconstruct the functionals 0 = Fx generated by the vectors F
which are collinear with the vectors F(1) = (1,A,A2,..., A"~ ), where A < 0. Note
that if A € spec{A}, then F(A) is an eigenvector of the matrix A corresponding to A.

Let A1,A2,...,Ap—1 € R, A; # Ajfori # j,A; <0G =1,...,n—1). Then,
every A can be associated with the vector F(4;) and every functional o; = F(A;)x
can be reconstructed by a scalar observer. In addition, the vectors F(A;), F(A,), ...,
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F(An—1) and the vector C = (0,...,0, 1) form a basis in the space R”. This follows
from the nondegeneracy of the matrix

1A A2 L a2 gned F()
T P ¥ F(Ay)
Uodne Aoy oo 222 2zt | FGann
0 0 0 0 1 C

for which the principal minor of order (n — 1) is a Vandermonde determinant and is
nondegenerate it A; # A; (i # j).

If we are given an arbitrary vector F € R!*” then this vector can be expanded,
uniquely, according to the indicated basis

n—1

F =73 niF)+mC. (427)

i=1

In this case, the functional 0 = F x has the form

n—1
o(t) =Y nioi(t) + nay().

i=1

Since every functional 0;(¢) (i = 1,...,n — 1) can be reconstructed by a scalar ob-
server and y(¢) is a known output, it follows that the following statement holds true.

Theorem 4.13. Suppose that system (4.1) is observable and the pair {C, A} is given
in a canonical form. Suppose, furthermore, that we are given a set of real numbers A;,
i=1,....,n—1 suchthat A\; <0, A; # Aj fori # j. Then, for every A; the vector
FA) =, A, .., )L?_l) is defined and the vectors {F (1), ..., F(A,—1), C} form
a basis in R".

The functional o = Fx, where F € R, can be reconstructed by an observer of
order k, where k is the number of nonzero coefficients n; (i = 1,...,n—1) in expan-
sion (4.27) of the vector F according to the indicated basis. In this case k < n — 1.

Remark 4.14. If, in the conditions of the theorem, we take a set of complex numbers,
ie,A; € C,Re(X;) <0( =1,...,n—1), then, as before, every A; will be associated
with the vector F(1;) € C'". The vectors {F (A1), ..., F(Ay,—1),C} form a basis in
C™ if A; are different. Moreover, it is easy to see that the complex-conjugate values A
and A are associated with the complex-conjugate vectors, i.e.,

F() =F(Q).
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Let us consider now, in greater detail, the possibility of lowering the order of the
observer for the given vector F. For this purpose we must find a set A for which the
number of nonzero coefficients ; (i = 1,...,n — 1) in expansion (4.27) is minimal.

Suppose that we are given a vector F' = (f1,..., fn). It follows from Theorem 4.13
that the functional & = F x can be reconstructed by an observer of order k < n — 1 if
there exists a set {Ay,...,Ag}, A; <0, A; # A; such that the vector F is decomposed
according to the vectors F(A1),..., F(Ag) and C (i.e., in expansion (4.27) only the
first k from (n — 1) coefficients n; are nonzero). This condition is fulfilled if

F
F(A1)
rank : =k+1. (4.28)
F(Ax)
C

Taking into account the explicit expressions for the vectors F, F'(A;), and C, we write
condition (4.28) as

1 )L{’_z A{’_]

rank | ... =k+1
1 A AZ_Z AZ“
0 O 0 1

This condition is equivalent to the condition

fi oo fam
1 A ... M—z
rank =rank H(F,Ay,...,Ar) =k

obtained from the preceding condition by removing the last row and last column from
the matrix being investigated.

Now we carry out the transformations of the matrix H(F,Aq,...,Ar) which do
not change its rank: from every column, beginning with the second, we subtract the
preceding column multiplied by A;. As a result we obtain a matrix

fi LA=Mf =M o fam1— A a2

1 0 0 0
1 Ay — A1 A=ADA2 ... (A — Al))tg_3
1 (Ae—A) (e —ADAe ... (e —ApDA;—?

We subtract the second row from the following one, and then, taking into account
that A; # A;, divide the corresponding rows by (4; — A1) # 0. As a result, we obtain
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a matrix
fi L=MfA f-Mf Jn—1— A fa—2
1 0 0 0
0 1 ) An3
0 1 lk AZ_3

From the first row we subtract the second row multiplied by f] and then interchange
the places of the first two rows. As a result of all these transformations which do not
change the rank of the matrix being investigated, we obtain a matrix

1 0 0 0
i
0] A—-Mfi fi—Aifa Jn1 = A fa—
|
0 | 1 Ao )t)21—3 4.29)
S ST
|
0 | 1 Ak AZ_S
|
The isolated submatrix which is in the rows (2, 3, ..., k) and columns (2,3, ...,n — 1)

has the same structure as the original matrix H(F, Ay, ..
can carry out for it the same transformations.
For our convenience, we introduce the following notation. We define the functions

., Ak ), and, consequently, we

Pi(x1,...,xj41) recurrently:
Po(x1) = x;
(4.30)
Pipi(X1,...,Xj42) = Pi(xa, ..., Xi42) — A Pi(x1, ..., Xi41).

Then matrix (4.29), in the new notation, assumes the form
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Carrying out the transformations described above for the isolated submatrix, we obtain
a matrix

1 0 0 0 0

0 1 0 0 0

0 0 Pu(fi. fo. 3) Pa(f2. f5. 1) ... Po(fu=3. fu—2, fn—1)
00 1 A3 An—4

00 1 Ak AR

1 0 0 0 0
0 1 0 0 0
00 ... 1 0 0
00 oo 0 Pelfiveens fiwt) v Pelfuctotsoens faot)

It is obvious that the indicated matrix of order (k + 1) x (n — 1) has rank k if and only
if the following relations hold:

Pr(froo s fkv1) =0

Pr(f2,- s fk42) =0
(4.31)

Pre(fu—tk=1.-- - fam1) = 0.

Let us investigate in greater detail the multivariable function P (x,...,Xg4) and
consider a polynomial of degree k

k
oe(s) = [Jts =) =s* + s 4+ 1. (4.32)

i=1

We have the following lemma.

Lemma 4.15. The function of (k + 1) variables Py (x\, ..., Xr41) defined recurrently
by eqgs. (4.30) has the form

Pr(x1, ... xk41) = hixy + bxy + oo+ lexg + Xy, (4.33)
where l; are coefficients of the polynomial @y (s) from (4.32).

Proof. Let us prove the statement of the lemma by induction. For £ = 1 we are given
one value A, with

pi(s)=s—A =11+,
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ie., I = —Aq. It follows from (4.30) that
Po(x1) = x1
Pi(x1,x2) = Po(x2) — A1 Po(x1) = x2 — A1x1 = [1x1 + X2,

i.e., the statement is valid for k = 1.
Suppose that it is valid for (k —1). We shall show that it is also valid for k. Consider
the polynomial ¢y ()

Ok (8) = k1 ()(s —Ap) = (57T oy sF 72+ D) (s = )
= 5% + 55 (lemy — M) + 552y — Alg—y) + -+
s sl — M) + (=T Ag). (4.34)

where [; denote the corresponding coefficients of the polynomial ¢p_i(s) =
TT°Z1 (s — A;). Tt follows from (4.34) that

i=1
=1 —Agliyr, i=1,....k (=1, Il =0). (4.35)

Since relation (4.33) is valid for (k—1), it follows from the recurrent relations (4.30)
and (4.35) that

Pr(xi, ..o X)) = Pr—i(x2, o X ) = A Pr—1 (X1, -+, X))

= (hxa+hxs 4+ hoyxg + 300 = A (G + hxo 4+ [ Xy + %)

= (=AklD)x1+ (= Al xa+ -+ (o = Aele—1) Xk =2 + (o=t — M) Xk—1 + Xpe1
=hxi+hxy+- o+l oxpo+ 1 X+ Xp 1,

i.e., the relation is satisfied for k. The lemma is proved. O
Taking into account now the explicit expression for the function P (x1, ..., Xg+1),
we can write equations (4.31) in the form
L L ... I 1 0 ... 0 f
0 I ... lgy Iy 1 .00 b
S L . |1=0
0 0 ... [ ceo I 1 Jn—1
where [; are coefficients of the polynomial of order k with roots Ay, ..., A;. We can
regard the latter equations as equations for /;, namely,
fi Hroo fe h Sie+1
f2 o frkm 1.2 _ fk.+2 ' (4.36)
fo—k=1 Ju—k - Jn—2 g Jn—1

From our reasoning and Theorem 4.13 we have the following theorem.
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Theorem 4.16. Let system (4.1) be given in a canonical form, | = 1. The functional
0 = Fx,where F = (f1,..., fn) € R"", can be reconstructed by an observer of or-
der k if, among the solutions of system (4.36), there exists a column L = (I1, ..., 1) "
corresponding to the Hurwitz polynomial g (s) = I, + lrs + - - 4+ ls¥ =1 + 5% which
has different real roots.

In order to construct an observer on the basis of Theorem 4.16, we have to find the
indicated solution of system (4.36), column L, and also the values A;,i = 1,...,k,
corresponding to it. We put the vector F(A;) and functional o; = F(4;)x into cor-
respondence with every A;. All functionals o; can be reconstructed by scalar ob-
servers and the functional o = F'x can be decomposed with respect to the functionals
o1,...,0f and y.

Note that equations (4.36) coincide completely with equations (4.18).

Thus, Theorem 4.16 is a special case of Theorem 4.2. The conditions imposed on
the Hurwitz column L in Theorem 4.16 (namely, the requirement that the polynomial
corresponding to the vector L should have different real roots) is connected with the
method of proving Theorem 4.16 and may be removed (in this case Theorems 4.2 and
4.16 will give the same sufficient condition for the existence of an observer which is
also a necessary condition).

In order to remove the requirement of different real roots of the polynomial ¢y (s) =
Iy + lps + -+ + Ixsk~' 4 s*, we shall consider the case where this polynomial has
multiple roots or complex-conjugate roots. Let us show that, in this case as well, with
the aid of small changes of the algorithm of synthesizing the observer, on the basis of
scalar observers, we can solve the given problem.

4.4.1 The case of multiple roots

We begin with the case where the polynomial gy (s) has a root A of multiplicity m. We
shall prove an auxiliary statement.

Lemma 4.17. Suppose that the pair {C, A} is observable, the vector F(M) satisfies
the equation

FQ)(A—AI) =gC

for a given A and a certain g. Also suppose that the feedback vector D € R™ !
is such that A € spec{A — DC}. Then F(A) is the left eigenvector of the matrix
(A— DC) = Ap corresponding to the eigenvalue A.

Proof. Let A be defined. We assume for simplifying the proof that the pair {C, A4} is
in an observable canonical form. Then, as was shown above, the vector F'(1) has the
form

FA) =q(LA,..., A" HT,
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Suppose that the vector D = (d;,...,dy,)" is such that A € spec{4 — DC}. Then
it follows from the explicit representation (4.7) for A and G that

det(s] — Ap) = 5" + (@n + dn)s" ™+ + (@1 + dy).
Since A € spec{Ap}, it follows that

Ay +d)A" T (@ +d) =0

and then
T
1 00 0 —(a1+dp)
g 10 0 —(a2 + do)
FO)A-DC)=q]| 2 0 1 0 —(a3 +d3)
A1 00 1 —(an +dy)
A T
AZ
=4q :
An—l
—(a1 +d1) — (@2 + d))A — -+ = (g + dp) A" !
A T
A2
=q]| . = AF(}L).
)L‘”
The lemma is proved. O

Since the pair {C, A} is observable, the spectrum of the matrix Ap = A — DC is
fully defined by the choice of the vector D. We choose the vector D such that

det(s] — Ap) = ¢ (8)Pn—r (5),

where @y (s) is a Hurwitz polynomial defined above and ¢, (s) is a polynomial of
order (n — k) which has no roots in common with ¢y (s).

Let A be a root of multiplicity m of the polynomial ¢ (s) (and of the polynomial
det(s] — Ap), respectively). In this case, the matrix Ap can be reduced to the Jordan
form by a nondegenerate transformation of coordinates, and, since the pair {C, A} is
observable, the real eigenvalue A will be associated with exactly one Jordan cell of
size m.

We denote by Fj(4) the eigenvector of the matrix Ap corresponding to A. In
the original basis (corresponding to the canonical form of observability) we have
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Fi(A) = (1,A,...,A" 1. We denote by F>(1),..., Fu()) the root vectors of the
matrix Ap which correspond to A. These vectors are defined by the relations

Fiyi(MAp = AFi+ (M) + Fi(A), i=1,2,....m—1.

Note that if Ay,...,A, are real roots of the polynomial ¢y (s) of multiplicity
mi,...,mp, respectively, my + --- + mp = k, then the vectors Fi (A1), ..., Fn, (A1),
Fi(A2), ..., Fm,(Ap) are linearly independent since they form a part of the Jordan
basis for the matrix Ap.

In addition to the vectors F;(A), where A < 0, we shall consider the functionals
0i(A) = F;(A)x. Since Fi(A) is an eigenvector of the matrix Ap = A — DC, the
functional o} (1) satisfies the equation

61 = Fi(M)x = F{(A\)Ax = F{(A\)(A — DC)x + F{(A\)DCx
= Aoy + (F1(A) D)y,

and, consequently, if A < 0, then the functional o1(A) can be reconstructed by the
scalar observer )
01 = Ad1 + (F1(A)D)y. (4.37)

The functional 0, (A) = F>(A)x satisfies the equation
62 = Fo(M)Ax = Fo,(A)(A— DC)x + F,(A)DCx = Aoz + a1 + (F2(A)D)y.

Since (4.37) gives an exponentially converging estimate ) of the functional oy, it
follows that we can use the observer

02 = A6y 4 61 + (F2(A)D)y (4.38)

for reconstructing o (A). Thus, two scalar observers (4.37) and (4.38) together give an
estimate for two functionals o; and o5.

Continuing the indicated procedure, we can construct estimates for the other func-
tionals o; (A). Let the estimate &; (1) be known. Since

Oi+1 = Aoj+1 +0;i + (Fit1(A)D)y,

we can use the observer

Git1 = AGit1 + 6 + (Fi41(A)D)y (4.39)

for reconstructing the functional o; 1 (1).
It follows from the arguments given above that if ¢ (s) has real roots Ay, ..., A, of
multiplicities my, ..., mp respectively, then the system of observers of form (4.37)-

(4.39) reconstructs exponentially the functionals

O’]()L]), ey O’ml(kl), 01 (Az), ey (Fmp(/\p), (440)
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and the number of the employed scalar observers coincides with the number of func-
tionals and is equal to k.

Let us return to the problem of reconstructing the arbitrary defined functional 0 =
F x. Since the system of functionals (4.40) is reconstructed by an observer of order k
(i.e., k scalar observers), and the output y = Cx is known, it follows that for recon-
structing the functional 0 = Fx by an observer of order k it is sufficient that this
functional should be decomposable according to system (4.40) and y, or, otherwise,

p mp

F =YY "viiFi)+ vks1y.

i=1j=1
The last condition holds if

F
Fi(A1)
rank : =k+1. 4.41)

Fm,(Ap)
C

Let us consider the last condition in greater detail. We introduce the following notation.
Let

F) = (£ Q). Q). Q)

ie., fl-j (A) is the jth coordinate of the vector F;(A). Then, by virtue of the definition
of the vectors Fj (1), as well as the explicit representation of the matrices A and C, we
have relations

W= =0
S Q) =Afln ) = £/ )
FTO=-VAW=0-1 0
-V == 00+ ), i=1..m)) _(14 o)
where m(A) is the multiplicity of the root A. For the matrix from condition (4.41)

we carry out transformations similar to those carried out for the case of simple roots.
Now we take into account that C = (0, ..., 0, 1), and therefore we can write condition
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(4.41) in the form

Si f f N
Aty ) Ry o )
le(/ll) fzz(/xl) fzS(Al) fzn_l()&l)

rank fl .......................................... k

m A fm Q) S D) fnm (M)
f]l(/lz) flz(/\z) f13()tz) f1n_l()&2)

Joy Q) S, Op) Sm Op) oo S (Ap)

We take into account the explicit expression for the vectors

Fi(Ai) = (1A, A7, ..., A h),

i°

Then condition (4.43) assumes the form

i S 5 N
1 A A2 a2
le(kl) fzz(ll) f23(kl) fzn_l(kl)
rank fnlll (Al) . f”211 (Al) . frgl(ll) . .. ny:l—l()“) — .
1 A2 A2
Sy Go) 12,000 S, 0p) o £ OLp)

81

(4.43)

Let us carry out transformations which do not change the rank of this matrix by
analogy with the case of simple roots. From every column, beginning with the second,
we subtract the preceding column multiplied by A;. Taking into account relations

(4.42), we obtain a matrix

Ji HL—=Mfi Jn—1— A1 fami
1 0 0
le (A1) 1 )L’f_3
£ (A) £ (A1) 2 (A)
fnl“ (M) e nlll_l()“) ....... ........... ,.Z.l_._z.l.(.k.l.) ........
1 (A2 = A1) (Az—kl)kg_3
L) A=A A+ 1 0 (la—=A) 72 (A) + A5
() p=2A1) fon, (Ap) Gp=21) fn 2 (Ap)
mp P + fyrllp_1()tp) o + frz;zl(kp)

Then we subtract the second row, multiplied by the corresponding coefficient, from all
the other rows. We divide the rows corresponding to the vectors Fj(A;) by (A; —A{) #
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0,i > 1 (the roots A; are different). After this procedure we shall successively divide
the row corresponding to F;(;), j > 2, by (A; —A1) and subtract it from the following
row. If, as before, we denote Py(x;) = xi, Pi(x1,x32) = Po(xy) — A1 Po(xy) =
xp — A1x; and interchange the first two rows of the transformed matrix, we obtain
a matrix of the form

1 0 0 0
0 Pi(f1.f2) Pi(f2. f3) ... Pi(fu—2. fu—1)
0 1 Al .. l?_%
0 le(ll) fzz(kl) fzn_z(kl)
0 fnlh_l(/h) fn211_1()tl) o ,,le__zl(kl)
0 1 A AL3
0 Sl G 20 - FE20)
The minor of this matrix located in the rows (2,3, ..., k) and columns (2,3, ...,n—1)

has the same structure as the original matrix, and, consequently, we can perform for it
the transformations described above. This case differs from the case of simple roots by
the fact that the first m steps are performed with the same coefficient A, the following
my steps with coefficient A5, and so on. After performing m| +my + - +mp =k
steps, the matrix assumes the form

10 ..0 0 0
0 1 0 0 0
00 ... 1 0 0
00 ... 0 P(fioeoosfier)) - Prlfatmrsooos fum1)

where, as before, the function
Pr(xt, ..o Xgq1) = X1 + lexge + -+ 1,
where [; are coefficients of the polynomial
P
oe(s) = [ =)™ =55+ les* ™+ 1
j=1
Thus, the rank condition takes the standard form

Pr(fi, s fev1) =0

Pk(fn—k—h ) fn—l) =0,
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or, with due account of the explicit representation for Py (xi,...,x;), the form of
system (4.36) with the only difference that now /; are coefficients of a polynomial
with multiple roots. Thus, we have the following corollary for Theorem 4.16.

Corollary 4.18. Theorem 4.16 remains valid if the vector L' = (11, ..., 1x) ", which is
a solution of system (4.36), corresponds to the Hurwitz polynomial with real (possibly
multiple) roots.

4.4.2 The case of complex roots

Theorem 4.16 remains valid in the case where the components of the vector L’ corre-
spond to the Hurwitz polynomial with complex-conjugate roots. In this case, we can
construct the observer using the method of scalar observers.

For definiteness, we shall consider the case of a simple pair of complex-conjugate
roots A and A. The case where we have multiple complex-conjugate roots can be
considered according to the scheme similar to the case of multiple real roots, but this
leads to cumbersome computations and therefore we omit the details.

Let us consider the second-order Hurwitz polynomial a(s) = s> 4 s 4 o] whose
roots are A and A. It is associated with the companion matrix

A:(O 1).
—0; —0

Let the matrix F; € R>*" satisfy the equation

FyA—AF, = KC, (4.44)

where K € R>*!. Then the two-dimensional linear functional 6, = Fjx € R**!

satisfies the equation
o) = Aoy, + Ky,

and, consequently, since A is a Hurwitz matrix, its asymptotic estimate is given by the
two-dimensional observer
o) = Aoy + Ky. (4.45)

By a nondegenerate transformation with a complex matrix P € C?*? the matrix A
can be reduced to the diagonal form

P'AP = (é g) =A.

We denote F/ = P~'F) e C¥>", K’ = P~'K € C?*!. Then, after the transfor-
mation with the matrix P!, equation (4.44) assumes the form

F'A-NF =K'C.
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Since the matrix A’ is diagonal, we can regard the last equation as a system of two
equations relative to the rows F| and F, of the matrix F’, namely,

Fl(A—AI) =K|C

_ (4.46)
Fz’(A —Al) = KQC,
where Klf ,i = 1,2, are coefficients of the matrix K’. It follows from (4.46) that with
the accuracy to the coefficients

F = K[F(), F = KFQ),

where, as before, F(1) = (1,A,...,A*"!). Since F/ = P~'F;, the complex-
conjugate rows F(A) and F(A) are expressed in terms of the rows of the matrix
F, € R2*",

Thus, if, for the given functional ¢ = Fx, system (4.36) has a solution L’ =
(I1,....Ix)T, where I; are coefficients of the Hurwitz polynomial with a pair of
complex-conjugate roots A and A, then the vector F can be decomposed with respect
to the k vectors which include the complex-conjugate vectors F(A) and F () (this
follows from the proof of Theorem 4.2 and Corollary 4.9). However, in this case, there
exists a real matrix F; € R>*" such that the functional 6, = Fjx can be recon-
structed by a two-dimensional observer and F(1) and F(X) are expressed in terms of
the rows of the matrix F. Consequently, in the decomposition of F the complex rows
F(A) and F(X) can be replaced by the real rows of the matrix F).

A similar procedure can be carried out for all pairs of complex-conjugate roots of the
polynomial ¢ (s). Now if the polynomial ¢ (s) has multiple conjugate roots A and A
of multiplicity m, then the pairs of complex-conjugate root vectors {F; () F;(1)} are
also replaced by the corresponding two-dimensional real matrices. We omit the details.

Thus, we have the following corollary.

Corollary 4.19. Theorem 4.16 is valid if the solution of system (4.36), which is the
vector L', is a Hurwitz vector.

Thus, in the case of a scalar functional and scalar output the methods of pseudoin-
puts and scalar observers give the same results.

4.5 Systems with vector output

Let us generalize the method of scalar observers to the case of systems with vector
output, i.e., consider system (4.1) in the case where y = Cx € R/, [ > 1.

Consider the problem of reconstruction of the scalar functional 0 = Fx, F € R,
We assume that the pair {C, A} is observable, rank ( g ) = + 1, and the observability
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index is equal to v. Then system (4.1) can be reduced, by means of a nondegenerate
transformation of coordinates and outputs, to the canonical Luenberger form

I
X; = Ajixi + Z ajjyj +Biu, i=1,....1; x;eR"

Py (4.47)

yi = Cixj,

where v = max v;, v; + --- + v; = n; the pairs {C;, A;;} are observable and given in
the canonical form

where * are, possibly, nonzero elements of the matrix 4;;. We denote by

1
v = Z c_lijyj+B[u, i=1,....,1,
J=1j#i
the known input signals of the subsystems from (4.47). Then (4.47) can be regarded
as [ independent systems with scalar outputs y;

In the new basis the functional ¢ has the form

1
0=Fx=ZF,~xi, Fi=(f{..... fy)- (4.49)

i=1

Since the inputs v; are known and their influence in the observer can always be com-
pensated, we can assume, in what follows, without loss of generality, that v; = 0,
i=1,...,1

By analogy with the scalar case, we shall consider linear functionals which can be
reconstructed by scalar observers. They are functionals o), = F (4)x, where the vector
F()) € R satisfies the equation

F(M)A=AF(\)+ DC

where D € R/ is a constant matrix, A < 0. As in the scalar case, by a direct
verification we can find an explicit expression for F(A):

F() = (F(A). BM).....F(})
Fi(A) =y MDA A% A, F(d) e RPV
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Here y; (1) are constants dependent on the parameters of the system, the chosen A, and
the row D; by the choice of D the value of y; (1) can be defined arbitrarily; F; (1) is

a vector-row of length v; corresponding to the ith scalar subsystem from (4.48).

As in the scalar case, we choose k different real values of the parameter A (i.e.,

Al Ao, ..

Ak, A <0, 4; # Aj) and try to decompose the vector F from (4.49) by

the system of vectors I*:(/\j) and C; = (0,...,0, C_’l-,O, L) eR> (G =1,...,]).
For F to be decomposable according to the indicated system of vectors, it is necessary
and sufficient that the following rank condition be fulfilled:

(4.50)

F
F(A1)
F(42)
rank | ~ =k+1.
F(A)
C
G
With due account of the explicit representation of the vectors, the last condition has
the form
F B F
yuFi(d1)  yi2Fa(dr) yuFr(d1)
Y21 Fi(A2)  y2F(d)) Yo F1(A2)
rank | ye1 Fi(Ax)  vi2 Fa(Ag) Ykt Fi(Ag) | =rank M =k + 1.
C 0 0
0 G 0
0 0 C;
Here y;; = y;(A;) are constants defined arbitrarily.
Note that the vectors F;(4;), j = 1,...,k, form the Vandermonde matrix
Fi (A1) 1 A AV
Fi (Az) _ 1 /\2 )le)i—l
FOw) \U .o 2™

and therefore, if the set A1, ..

F(A)) = (Fi(%), Fx(A)), ..., Fi(A))),

are linearly independent.

Ak, Ai # Aj, k < v —1is defined, the vectors

j=1....k
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For the rank condition (4.50) to be fulfilled, it is necessary and sufficient that the
rank condition

F;
Fi (A1)
rank : =rankM; =k +1, i=1,...,1, 4.51)
Fi(Ax)
Ci

should be fulfilled for each subsystem. Indeed, if conditions (4.51) are fulfilled, then
F; is expressed in terms of Fj(A;),..., Fj(Ax) and C;, and, consequently, by the
choice of y;; we can achieve a situation when condition (4.50) is fulfilled.

Note that conditions (4.51) will be fulfilled for all subsystems if K = v — 1, where
the observability index v = max v; is the dimension of the maximal subsystem. Thus,
for a system with vector output we can construct an observer of order (v — 1) with any
predefined real spectrum.

Taking into account the explicit representations in the canonical basis for F;(A;)
and C;, we can write conditions (4.51) in the form

A A
1A . AN
rank M; =rank | ................... =k+1, i=1,...,1,
IR PR S
0 o0 1
or, what is the same,
£l -
Vi —
rank M = LA - A =k, i=1,...,1
I VA Vi

Carrying out for the matrices M/ the transformations described in detail for the
scalar case, we obtain equations for the components of the vector F

V. B AV et
/ N b Tx
f2 & 00 N Dl I G T Ao
f\;i—k—l fvll'—k vl,‘—Z lk vii—l
Note that the vector L’ = (I1,...,Ix)" is the general solution of all / systems

from (4.52) since this vector defines the polynomial ¢y (s) = ]_[le(s —Aj) = sk +
Ik s¥=1 4+ ... 4+ ;. Thus, we have the following theorem.
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Theorem 4.20. Suppose that system (4.1) is observable, | > 1, the pair {C, A} is
given in the canonical form (2.11). The functional 0 = Fx, where F € R™",
rank (£) =141,

F=(F,....F), F =(f1ia~-"fvii)’

can be reconstructed by an observer of order k if, among the solutions of the system
of linear equations

1
1 1 1 1
fll f21 o J:k J; ]IZI+;
5 Lo e N
--------------------------- l .
1 1 1 1 1
fvl—k—l fvl—k : V1;2 I "21_1
Iz 2 A == | (4.53)
SIRRREES SEEERRRRREEN iy :
va—k—l fvz—k fv2—2 k v22—]
; l - :
fv;—k—l fvl—k fv1—2 fl
v;—1
there exists a Hurwitz column L' = (11, ...,1x) " corresponding to a polynomial with

real and distinctive roots.

Remark 4.21. As in the case of a scalar output, the requirement of reality of the roots
of the polynomial @i (s) = sk + I s¥~! + ... 4 [; as well as the requirement of the
absence of multiple roots of this polynomial can be removed. To do this, as in the
scalar case, we have to consider in greater detail the case of multiple roots and the
case of complex-conjugate roots according to the scheme described above. We omit
the details.

We shall show now that the conditions of Theorem 4.20 are not only sufficient but
also necessary for constructing a k-order functional observer.

Suppose that an observer of this kind exists. Then it is described by a system of
linear differential equations

{z’ Pz+ Qu+ Ry 454

06 =Tz+ Gy,
where z € R¥, P € RF*k 0 € RF*m R e RFX T ¢ R and G € R are
constant matrices. For simplicity, we shall consider the case where the eigenvalues of

the matrix P are real and different. Moreover, for observer (4.54) to give an estimate
of the functional o (¢), the matrix P must be a Hurwitz matrix. Thus we have

spec{P} = {A1,.... Akl Ai <0, i=1,....k; A #2Aj.
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In this case, by a nondegenerate transformation, observer (4.54) can be reduced to
the form where the matrix P is diagonal. Therefore, without loss of generality, we
assume, in what follows, that P = diag(A1, ..., Ag).

The author of [87] gives conditions which should be imposed on the matrices P,
0, R, T, and G for which observer (4.54) gives an exponential estimate of the func-
tional o (¢)

F=TH+ GC,

= HB,
¢ (4.55)
HA—- PH = RC,

P is a Hurwitz matrix,

where H € RK*" is a constant matrix such that z is an asymptotic estimate of the
functional H x.

In the case of a diagonal matrix P for A; < 0 the last condition from (4.55) is
fulfilled. The second condition from (4.55) is fulfilled by the requisite choice of the
matrix Q. Suppose that Hy, ..., Hy are rows of the matrix H and ¢4, ..., f are com-
ponents of the row 7". Then the first condition from (4.55) means that

k
F = ZZ,‘HI' + GC,

i=1

i.e., the row F is linearly expressed in terms of the rows Hy, ..., Hy and the rows of
the matrix C, and, consequently, the condition

F
H,
rank| | =k+! (4.56)
Hy
C

is fulfilled. In addition, since the structure of the matrix P is diagonal, the third con-
dition from (4.55) can be written as a system of equations for Hy, ..., Hy, namely,

Hi(A—MI) =R C
Hy(A—MI) = RyC

Hi(A— A l) = R C,

where Rj,..., Ry are rows of the matrix R. It follows from (4.56) that, with an
accuracy to within the transformations, we have

H; = F(}),
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and, consequently, conditions (4.56) have the form

F
F(A)
rank : =k+1.
F(Ag)
C
In this way, the condition is fulfilled, which, after the transformations which do not
change the rank of the matrix, gives condition (4.53) of Theorem 4.20.
We can present the same arguments for the case where the spectrum of the matrix P

has a more complicated structure. We omit the details.
Thus, we have the following theorem.

Theorem 4.22. Suppose that system (4.1) is observable for | > 1, the pair {C, A}
is in the canonical Luenberger form. The functional 0 = Fx, where F € R™",
rank(g) =141,

F=(F,....F), F =(f1ia~“’fvii)’

can be reconstructed by an observer of order k if and only if among the solutions of
system (4.53) there exists a Hurwitz column L' = (I, ..., I;)".

4.6 Analysis of properties of solutions of linear systems
of special type

We can see from the theorems given in this chapter that in order to solve the problem
of the existence of observers of order k, we have to study the properties of solutions of
a certain system of linear equations ((4.18), (4.22) or (4.53) depending on the dimen-
sions of the functional and the output of the original system). To be more precise, we
have to find out whether the given system of linear equations is solvable and whether
there are Hurwitz solutions of this system. In this case, properly, we consider not one
equation but a family of equations for different k. In this subsection we shall analyze
the properties of families of this kind for a scalar functional and a scalar output.

Let us consider in greater detail a family of systems of algebraic equations of form
(4.18) for different k and prove a number of auxiliary statements which connect the
existence or absence of solutions (Hurwitz solutions) of the system of equations (4.18)
for different k.

The first question that arises in the analysis of system (4.18) is as follows: if there
exists a solution of a system of form (4.18) for some k*, then whether there exists
a solution for k > k*. The following lemma answers this question.
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Lemma 4.23. If the system of algebraic equations (4.18) is solvable for a certain k,
then the system is also solvable for (k + 1).

Proof. Suppose that for k system (4.18) has the vector [ = (I1,...,I;) " as its solu-
tion, i.e.,
A fo o Sk h Je+1
) foo S b Sk
. Do T = (457)
Jo—k=1 Jo—k - Ja—2) \lk Sn—1
—— N— ——’
Hk I hk

Consider a column

1/ — ((l)) e Rk+l.

We shall show that it is a solution of system (4.18) for (k + 1), i.e., show that the
relation

Hy ' = —hgyy

is satisfied. Let us write this system in a more extended form:

fi f v Jrt1\ (O Jie42
S B Jee2 | | D _ Jr+3
fn—.k—2 fn—'k—] . . fn‘—z l;c fn‘—l

Taking into account the explicit representation of the vector I’, we can rewrite the last
system in the form

/2 coo T L Jik+2
. [
J:% : fk:+2 2 _ fk:+3 4.58)
Jo—k=1 - Ju—2) \lk Jn—1

However, system (4.58) is a shortened system (4.57) (without the first equation) and,
consequently, (4.58) is obviously compatible if / is a solution of (4.57). The lemma is
proved. O

Lemma 4.23 implies a simple corollary.

Corollary 4.24. If for the family of systems of algebraic equations (4.18) there exists
a number k* such that for all k < k* the system does not have any solutions and
Sor k* system (4.18) has a solution, then for all k > k* system (4.18) has a solution.
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Note that k* is the minimal number for which the rank condition (4.20) is fulfilled.
The procedure of finding k* can be easily algorithmized.

The next question that arises when we study the family of systems of algebraic
equations (4.18) is the question of existence of the number k*, i.e., whether at least
one of systems of form (4.18) is solvable. Naturally we consider systems for k =
1,2,...,n —2. The answer to this question is negative.

Example 4.25. Consider the vector F = (0,0,...,0, 1, %). As can be seen from sys-
tem (4.18), Hy and /i do not depend on the last coordinate of the vector F, i.e., on f;,

and therefore of interest is the shortened vector F' = (f1,..., fu—1) € RX@#=D [
this example F’ = (0,...,0, 1), fy is an arbitrary number.
In this case, forall k = 1,...,n — 2, the matrix Hj and column /j have the form
0 ... 0 0
Hk — 0 o O c R(ﬂ—k—l)Xk hk — c kal.
S ’ 0
0 ... 0 1
Obviously, the system Hy! = —hy is not compatible for any k, i.e., there does not

exist k* for the indicated vector F.

The next question that we should consider is the following: if there exists k* for
family (4.18) is this solution of the system unique for k* and is the solution of the
system unique for k > k*?

The following lemma gives the answer to the first part of the question.

Lemma 4.26. Suppose that k* > 0 is a number such that a system of form (4.18) does
not have a solution for any k < k™ and has a solution for k = k*. Then, if k* < "T_l,

then this solution is unique. Now if k* > ”T_l then there are infinitely many solutions

for k*.

Proof. Let k* < % This means that for k* the number of equations (n — k™ — 1)
for system (4.18) is not less than the number of unknown k*. Let us assume that for k*
there exist infinitely many solutions of equation (4.18). We denote rank Hy* = ry=
and then

rank Hy+ = rank(Hp« | hgx) = rp= < k™.

This follows from the explicit form of system (4.18) for k*:

S coe Jier Iy Jre 41
S v Jrer [ Jier 42

fn—k*—l fn—l lk* fn—l
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Since the systems of equations (4.18) are incompatible for all k < k*, the inequality
rank Hy = ry < rank(Hy | hy)

is satisfied for k < k*. Let us consider the structure of the matrices Hy, Hy 4 and
H; = (Hj | hy) in greater detail:

A e fe
Hy = e R—k=Dxk
fn—k—] . fn—2
i o fie fin
ng — SR
Jo—k—o oo fu—3 Ju—2
fn—k-] fn—2 fn—l
i o fie fin
Hk—|—1 = : . c R(n_k_z)x(k—i-l)'
Jo—k— oo fu—3 Jfu—2
Thus we have
Hj
H] = (Hg | hy) = (h/ +1)’
k+1 (4.59)
;c+1 = (fu—k—1>-++» fn—2, fu—1) € RIXG+1)

Consequently, the matrix Hy . results from the matrix Hy upon the addition of col-
umn £y and removal of the last row of the obtained matrix. Since system (4.18) is
compatible for k*, the column %+ can be linearly expressed via columns of the ma-
trix Hpx, i.e., there exists a vector / such that

Hp«l = —hp.

Let us take an arbitrary number k such that 0 < k < k™ and consider the matrix
consisting of the last (k 4 1) rows of the matrix Hyx:

Jn—kr—k=1 oo Jn—k=3 Jn—k—2

HETY = : L | e rUHDXED),
Jnckx—1 . fnes Jn—2
Note that k + 1 < k* < n — k™ — 1, i.e., the number of rows in the matrix Hjx
isnot less than k + 1 forany k = 1,...,k™ — 1, i.e., we can really isolate the matrix

HIEI:H) from it.
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We can see from the explicit representation of

written in block form y T
= ()
(H (k‘H))T

*

H ]giH) that the matrix Hy 4 can be

where H ,2’ 4 is a matrix of the corresponding dimension. Moreover,

1 = (f Ja=2 fam1) = hy 4y
k+1 = Un—k—-1 --- Jn=2Jn=1) = Hy_j_»

Jier 41

= R (n=k*=1D)—(k+1)

fn—k—z
hgxr = ———

Jn—1

ie., () +1)T is the last (k 4 1)-dimensional part of the vector Ag«. Then, taking into
account (4.18) for k*, we have

(H )T

+1 _ (k+1) T _
(H(k+1))T)_(_Hk* D" =l

O ~IT)Hyeqr = (0] =17 (
Consequently, the row h;C 4 can be linearly expressed in terms of the rows H . and
it follows from (4.50) that

rank Hy =rank Hyyy, k=1,... k" —1.

Then
rank Hy = ry <rank H; = rank Hg 4| = rg41. (4.60)

Thus, if rank Hy+ = rp« < k™, then it follows from (4.60) that r; < k for all
k < k*. However, in that case rank H; < 1 as well, i.e., rank H; = 0, and this means
that f1 = f, = --- = fu—2 =0, i.e., the vector F has the structure from Exam-
ple 4.25, but in that case there does not exist a number k* for which system (4.18) is
compatible. We have obtained a contradiction, and, consequently, rp+ = k™ and the
system of equations (4.18) for k* < "—;] has a unique solution.

Now if k* >n —k* -1, 1e, k* > ”T_l (the number of unknowns exceeds the

number of equations), then
rank Hy« <mink*,n —k*—1)=n—k* -1 <k*
and system (4.18) has infinitely many solutions. The lemma is proved. O

Remark 4.27. The number k* may be arbitrary, from 1 to n — 2.
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Here are the corresponding examples.

Example 4.28. Consider a vector F = (1,1, A2, ..., A" 72, ) (the last term is of no
importance). In this case

1 A
A A2
H, = . s hl = . ’
/\n.—3 An‘—z
and the equation
Hi(l) = —h
has a unique solution /; = —A. Thus, we have k* = 1 in this case. Note that k* = 1

if and only if the vector F has the indicated structure for some A.

Example 4.29. Consider a vector F = (0,...,0, 1,2, %). Then we have

0O ... 00 0
= | 2 .

0 0 0 (1)

0 0 1 )

for all kK < n—3 and the system is incompatible. For k = n — 2 these matrices assume
the form
Hy—y = (0,...,0,1) e R*"=2  py = (2).

Then system (4.18) has the form

Iy
©...01) : =2,
ln—2
it is compatible, and has an infinite number of solutions: /,—» = 2, [, ..., [,—3 can

be arbitrary. In this case k* = n — 2.

For k* system (4.18) can have a unique solution as well as infinitely many solu-
tions. Let us show that for all kK > k* the solution not only exists (as follows from
Lemma 4.23) but there are infinitely many solutions.

We have the following lemma.

Lemma 4.30. Suppose that k™ is a number beginning with which systems of fami-
lies (4.18) have solutions. Then, for all k > k*, systems (4.18) have infinitely many
solutions.
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Proof. Letk > k*, and then (k — 1) > k*, i.e., system (4.18) has a solution / € RKk-1
for (k — 1). In that case, by virtue of Lemma 4.23, the vector

' = ((l)) € R¥

is a special solution of the nonhomogeneous system (4.18) for the indicated k. Let us
consider a homogeneous system relative to the unknown vector /° for the indicated k:

Hyl° =0, [1°eR*k.
It follows from the explicit representation of the system of equations (4.18) for
(k — 1) that
! i\ )
Hy il = ~hiy = (Hialhi1) (1) . (1) —o.

h
nfl)-o

i.e., the column [0 = ({) e RFisa special solution of the homogeneous equation.
Then all vectors

whence we have

[=1+1t° +teR,

are solutions of the nonhomogeneous equation for k > k*, and since /% # 0, their
number is infinite.
The lemma is proved. O

The lemmas that we have proved allow us to formulate the following theorem.

Theorem 4.31. Suppose that we are given a vector F = (f1,..., fn) which defines
a family of linear systems of algebraic equations of form (4.18) fork = 1,...,n — 2.
In that case, either all systems are incompatible or there exists a number k* such
that the systems are incompatible for all k < k* and compatible for all k > k*. If
k* < "T_lf then for k™ the solution of the system of algebraic equations is unique and
ifk* > "241, then for k* there exist infinitely many solutions. For all k > k*, each of
the systems of family (4.18) has infinitely many solutions.

When we solve a problem of synthesis of an observer, it is not only important that
system (4.18) should have a solution but it is also significant that it should be a Hurwitz
solution, i.e., the column [ = (Iy,..., lk)T should define the Hurwitz polynomial
o (s) = 5% + skt 44 1L

Let k** > k* be a number such that for k* < k** system (4.18) does not have any
Hurwitz solutions and for k = k™ there exists a Hurwitz solutions. Note that k** may
exist for family (4.18) and may not exist.

Here are the corresponding examples.
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Example 4.32. Consider the vector F = (1,1, A%, ..., A" 72, %) from Example 4.28.
In this case, as was shown above, k* = 1. For A < 0 and k = 1 system (4.18) of the
form

1 A
)t2
== .
An‘—3 An‘—Z
has a Hurwitz solution /; = —A (corresponding to the Hurwitz polynomial ¢;(s) =

s + 1), the functional can be reconstructed by the first-order observer (p(s) is a char-

acteristic polynomial of this observer). Thus, in the indicated case we have k** = 1.
Now if A < 0, then, for all k > 1, the matrices H; and hj; have nonnegative

coefficients, and, consequently, not for any k > 1 there is a solution of the system

Hpl = —hy

with a column / with positive elements [}, i.e., the necessary condition of being a Hur-
witz column is not fulfilled for any k. Consequently, k** does not exist for A > 0 for
a family of systems of form (4.18) (although there exists k* = 1).

This example allows us to formulate a simple statement.

Statement 4.33. If k* = 1 for the family of equations (4.18) but for k = 1 the solu-
tion is not a Hurwitz solution, then, for all £ such that 1 < k < n — 2 the solution is
not a Hurwitz solution either.

The next question that we will consider is similar to the question concerning the
properties of k*. Suppose that for k** systems (4.18) have a Hurwitz solution for the
first time. Will the system have Hutwitz solutions for any k > k**?

The following lemma gives an answer to this question.

Lemma 4.34. If a system of equations of form (4.18) has a Hurwitz solution for k,
then it also has a Hurwitz solution for (k + 1).

Proof. As was shown in the proof of Lemma 4.23, if the vector column [ is a solution
of system (4.18) for a given k, then the vector

I'= ((l)) € RFH!

is a solution of the system for (k + 1).
Let [/ be a Hurwitz solution for a given k and let it be associated with the Hurwitz
polynomial
or(s) = sK + ¥4 0.
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Then the column [’ is associated with the polynomial
@' (s) =T 4 Ies® + -+ lis

which is not a Hurwitz polynomial (k of its roots coincide with the roots of ¢y (s) and
lie in C_ and one root is zero).

However, as follows from Theorem 4.31, for (k + 1) the solution of the system is
not unique (this follows from the fact that k > k** > k*). The set of solutions of
system (4.18) for (k + 1) are the vectors

I=1+1°
where [° is a solution of the homogeneous equation
Hp 1% =0.
Let us consider some vector [ with the first nonzero coordinate, i.e.,
19=(g.19,....10), 1§ >0.

This condition is fulfilled, in particular, by the vector

lO — (Z) e Rn+1
1 .

Indeed, as was indicated above, /9 is a solution of the homogeneous equation, and
since [ is a Hurwitz polynomial, it follows that /; = 18 > 0.
Let us consider vectors
I(e) =1"+¢l°

for small values of the parameter ¢ > 0, where [ is the indicated fixed solution of the
homogeneous system. We shall show that for small ¢ > 0 the column /(¢) is a Hurwitz
column. For our purpose, we shall write for the vector

81(())
- I+ 8110
I(e) = :
Iy + 812
the Hurwitz matrix

Iy + el? 1 0 0 0

0 0

Ge) = [P + ely 5 Ix—1 —I—'slk_1 g + el 1 0 < RUk+DX+)

0 0 0 0 ... &l

(4.61)
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in explicit form. Note that for ¢ = 0 the principal minor of order k of the matrix G(0) is
a Hurwitz matrix for the column / (i.e., for the polynomial ¢y (s)). Since [ is a Hurwitz
column, the determinants of the first k principal minors of the matrix G (0) are positive
and since they depend continuously on ¢, they preserve their positiveness for all ¢ €
(0, &*) for a certain ¢* > 0.

Let us consider the last principal minor of order (k 4+ 1) which is a determinant of
the matrix G(¢). It is easy to see that

det G(e) = el det(Gy (¢)),
where Gy (¢) is a principal minor of order £ of the matrix G(¢). However, since
det Gi(g) > 0 for € € (0,&%)

and lg > 0, we have
detG(e) >0

foralle € (0, e*). Consequently, the Hurwitz conditions are fulfilled for all sufficiently
small & > 0 for the columns /(¢), and, hence, system (4.18) has a Hurwitz solution for
(k + 1). The lemma is proved. O

Lemma 4.34 allows us to justify the following statement.

Theorem 4.35. Suppose that we are given a fully of equations (4.18) and that k** is
a number such that for all k < k** system (4.18) does not have any Hurwitz solutions
and has a Hurwitz solution for k**. Then, for all k > k**, a system of form (4.18)
also has Hurwitz solutions.

Corollary 4.36. If, for some number k = k', the system of equations (4.18) does not
have Hurwitz solutions, then it does not have Hurwitz solutions for all k < k' either.

Thus, two numbers k* and k** are defined for the family of systems (4.18). Be-
ginning with £* solutions appear for the system and beginning with k** they become
Hurwitz solutions.

As was shown in Example 4.32, if k* = 1, then either k** = 1 or k** does not
exist. For k* > 1 the connection between these two indices is more complicated.
Consider the corresponding examples.

Example 4.37. Let us consider a vector F = (=2,1,3,2,5). In this case, n =5
(fs = 5 is not included into system (4.18)). Let us find k*. It is easy to see that there
are no solutions for k = 1. For k = 2 the system of equations (4.18) has the form

()0
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This system has a unique solution / = (_11) in which case the column / is not
a Hurwitz column. For k = 3 the system under consideration assumes the form
h
H3l =(-213)| | =—-2=—hs.
I3

This system has infinitely many solutions, in particular, [ = (7, 6, 2)T, which is a Hur-
witz solution (it corresponds to the Hurwitz polynomial @3(s) = s> + 25> + 6s + 7).
So, we have

k*=2<k*™ =3

in this example.

Consequently, in the general case, k* and k** may not coincide and the connection
between them is complicated. However, in some cases we can establish certain con-
nections between k* and k**. One of them is given by Statement 4.33. Here is one
more relationship.

Statement 4.38. Suppose that the number k* < % and that system (4.18) does not
have Hurwitz solutions for k*. Then there are no Hurwitz solutions for k* + 1 either.
Proof. Since k* < ”T_z it is obvious that k* < "T_l and, consequently, by virtue of
Lemma 4.26, the solution of the system for k* is unique. Suppose that this solution is
the column ! = (I;,...,I;«) . Consider the system for k* + 1. It follows from the
proof of Lemma 4.26 that

rank Hy» = k™,

and since k* < %52 we have n — (k* + 1) — 1 > k* whence it follows that

rank Hyxy = k¥, Hpxyg € R@—*+D=Dx(k*+1)

as well.
Consequently, the homogeneous equation

Hysyql =0, [ eRKH! (4.62)

has a one-dimensional space of solutions, and since the vector / 0 — ({ ) is one of the
solutions of the homogeneous equation (4.62), the general solution of the nonhomo-
geneous equation for (k* + 1) has the form

i:(g’)ﬂ(i), y €R. (4.63)

The vector column / is associated with the unstable polynomial ¢ (s) = st +lsk1 4
.-+ +I;. Letus consider the polynomial ¢(s) corresponding to the vector / from (4.63):
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k—1

@(s) = K s + 557 4+ s 4 0]

sk (s)

[ s T e L] = 0)s 4 ).

Yor (s)

It follows that if the polynomial ¢ (s) is not a Hurwitz polynomial, then the polyno-
mial ¢(s) is not a Hurwitz polynomial for any y € R.
Statement 4.38 is proved. O

Remark 4.39. In Example 4.37 k* = 2 but k** = 3 = k* 4 1 since the condition
k* < 222 is not fulfilled in the example (k* =2 > 222 = 1.5 in Example 4.37).
Therefore, when we pass from k* to k* 4 1 the rank of the matrix Hj+4 diminishes
as compared to the rank of Hj«, the space of solutions of the homogeneous system
for k* 4 1 is two-dimensional and the arguments from the proof of Statement 4.38 are

not suitable here.

It follows from Statement 4.38 thatif k™ < "T_z, i.e., the system of equations (4.18)
becomes compatible for this k* when the number of equations (4.18) n — k* — 1 be-
comes not smaller than the number of unknowns, then the solution for k* is unique
and if (k* + 1) does not lead us out of the situation of the overdetermined system
(when the number of unknowns does not yet exceed the number of equations), then
the presence of a Hurwitz solution is wholly determined by the Hurwitz nature of the

initial solution for k*. The following theorem generalizes this statement.

Theorem 4.40. Suppose that the number k* < % Then for k™ the system of equa-

tions (4.18) has a unique solution | € RF™1, If | is not a Hurwitz vector, then sys-
tem (4.18) does not have Hurwitz solutions for any k € [k*,n — k* — 1].

Proof. As in Statement 4.38, we can see that the matrix Hyx € RO —k"=Dxk™ i of
full rank, i.e.,
rank Hy» = k*.

It is taken into account here that the condition k* < ”T_l is equivalent to the con-
dition (n —k* — 1) > k*. Tt follows from Theorem 4.31 that the solution for k* is
unique.

Consider the set of matrices Hyx, Hyxy, ..., Hy+44 until the condition

n—(k*+i)—1>k*, i=01,....q, (4.64)

is fulfilled. Under this condition, in all matrices from the indicated set the number
of rows is not smaller than k*, and since the matrix Hy 4 results from Hy upon the
“addition” of the column Ay on the right-hand side (which can be expressed linearly
via the rows of Hy, i.e., this operation does not change the rank of the matrix) and the
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“removal” of the row below (this does not change the rank of the matrix either since it
does not attract the first k* basic rows), the conditions

rank Hy« = rank Hy«yy = --- = rank Hgx 44 = k* (4.65)
will be fulfilled, where ¢, in accordance with (4.64), is defined by the relation
g=n-—2k*—1. (4.66)
The last matrix from the set is of the maximal index
kK*+qg=n—k*—1=kna.

Let us consider the variety of solutions of each system of equations (4.18) for k =
k*+1i,i =1,...,q. Foreach k the solution of this system can be represented as the
sum of a particular solution of the nonhomogeneous equation (4.18) and the general
solution of the homogeneous system. However, since condition (4.65) is fulfilled for
every k = k* + i, the homogeneous system for k = k* + i has exactly i linearly in-
dependent solutions. Let us generalize the arguments from the proof of Statement 4.38
and indicate the set of i linearly independent solutions of this kind:

/ 0 0
1 I 0 0
0 1 ) )
ll — , 12 — , l3 — , , ll =1o
0 0 ! l 4.67)
0 0 0 !
I, 1P eRFT
where the vector [ = (I,...,Ix+)" is the unique solution of the original equa-

tion (4.18) for k*.
As the particular solution of the nonhomogeneous equation for k = (k™ + i) we

shall take the vector
0

r=1:1. (4.68)

Then the general solution of the nonhomogeneous equation (4.18) for (k™ + i) will
have the form

i
I=0'+)"yl/, yjeR
j=1
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Let the column / be associated with the polynomial ¢y (s) = sk 4 lk*sk*_1 +
-+++ 1. Then, reasoning as we did when proving Statement 4.38, we can show that
the column / € RF"*7 is associated with the polynomial

G(5) = @ ()" +yis ™ o 4 ).

It follows that if @z (s) is not a Hurwitz polynomial, then the polynomial ¢(s) is not
a Hurwitz polynomial for any y1, ..., y; either. This statement is valid for all k = k*,
k*+1,...,n—k* — 1. The theorem is proved. O

Remark 4.41. When the condition (n — k* 4+ i) > k* is violated, the rank of the
matrix Hg«y; becomes lower than k* and additional solutions of the homogeneous
equation appear in addition to the set (4.67), and, in this case, the theorem is no longer
valid (precisely this fact is illustrated by Example 4.37).

Remark 4.42. Statement 4.33 is a special case of Theorem 4.40 for k* = 1. Theo-
rem 4.40 allows us to simplify the analysis of problem concerning the synthesis of the
functional observer in the case where k* < "T_l (i.e., where system (4.18) becomes
compatible for the first time under the condition that the number of unknowns is not
larger than that of the equations). In this case we have to investigate the Hurwitz nature
of the unique solution for k*. If it is not a Hurwitz solution, then we should continue
the investigations beginning with the systems of equations of order (n — k*).

4.7 Minimal functional observers with a defined spectrum

As we did earlier, we shall consider, for simplicity, the fully determined dynamical

system
X = Ax
(4.69)

y =Cx

without the known input signal (which can always be compensated in the observer).
We shall assume that the pair {C, A} is observable and given in the Luenberger canon-
ical form (2.33). Then the system is decomposed into / subsystems of order v;. We
assume, in addition, that v;, which are Kronecker indices, are arranged with respect to
their increase. We have to construct an asymptotic estimate for the functional of the
phase vector

o= Fx,

with y € R, 0 € R? and x € R”. The Luenberger observer which reconstructs
the phase vector of system (4.69) is of order (n — /), and therefore of interest is the
construction of an observer of an order lower than (n —[).
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When synthesizing functional observers, we can distinguish the following two prob-
lems:

e the synthesis of an asymptotic observer with some spectrum but of the minimal
possible order,

e the synthesis of an observer of a minimal order with any preassigned spectrum
(with any preassigned rate of convergence).

In the preceding sections we considered the first one of these problems. Let us now
consider the second one. This statement has already been considered in a number of
papers. In particular, it was shown in [105] that the guaranteed order of the observer

min(p,l)
k(p)= Y (ui—1D, (4.70)
i=1
where v; (i = 1,...,[) are Kronecker indices of system (4.69) arranged according to

their nonincrease. Since v; > v; 41, where v; = v is the observability index of the pair
{C, A}, it follows that for p = 1 estimate (4.70) gives k = v — 1 (for the special case
p = 1 this result was obtained in [87]) and for p > [ this estimate gives k = n — [,
i.e., the order of the Luenberger observer for a full-phase vector.

However, for almost all dynamical systems under consideration this estimate can be
perfected.

In order to solve our problem, we shall again use the method of scalar observers
described above. Suppose that the system is reduced to the Luenberger canonical
form (2.33). Since the connection between the subsystems in this form is realized in
terms of the measured outputs of the system, which can always be compensated in the
observers, instead of (2.33) we can consider a system without connections, i.e.,

¥o=Auxt, i=1,...,1, x' eRY
“4.71)

yi=Cix', yieR

where each pair {C;, 4;;} is in the canonical form.

In the case of system (4.71) the scalar observer can reconstruct the functional o =
F(1)x, where the vector F(A) has the form

FQ) = nFQ), 2 F2(Q). ...y F1(A))

4.72)

Fi(A) =,A,..., A%, F(4) e RPV,
Here F;(A) are vectors corresponding to the ith subsystem from (4.71) and y; are
arbitrary constants. As for a scalar system, the vectors F' (1) are left-hand eigenvectors
of the matrix A, = A — LC which has an eigenvalue A. Moreover, A can be an
eigenvalue of multiplicity / since it is an eigenvalue of each of the diagonal blocks of
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the matrix Az . The matrix L € R’*” has the corresponding block structure

Ll 0 . 0
0 L2 e 0
L= . 5

where the off-diagonal blocks are zero. The distinctive feature of vector systems is
that each A is associated now with / linearly independent eigenvectors which form the
space 2(A) (y; are, in fact, the coordinates in this space).

Let us consider a set of real numbers A; (i = 1,...,v — 1) satisfying the condition

Ai <0, A 75 )Lj for i 75 Jj- (4.73)

We choose L € R!*™ such that the spectrum of A7 = A — LC contains A, Aj,
..., Ay—1 and the spectrum of AZ = A;; — L;C; contains Ay, Ao, ..., Ay;—1 (e,
for the first subsystem of the maximal dimension v; = v we use the whole set A1,
A2, ..., Ay—1 whether for the other subsystems only its part which corresponds to the
dimension of the subsystem). In this case, A is a root of multiplicity / of the matrix Ay,
and the other A; are roots of multiplicity not higher than /. Each A; is associated with
exactly the number of eigenvectors of the matrix A, corresponding to its multiplicity,
and therefore these vectors correspond to the i th subsystems and have the general form
,...,0, Fi(4;),0,...,0). Together with the vectors C; = (0,...,0, C;,0,.. ., 0)
they form a basis in the space R”:

(Fi(11),0,...,0) (0, Fs(A),...,0) ... (0,0,....F (M)
(Fi(A2),0,...,0) : :
: ©, Fs(Ay,—1).....0) *  (0,0.....C)) (4.74)
(Fi(y-0.0.....0)  (0.Cy.....0)
(€1,0,...,0)

Note that in the “first column” in (4.74) are exactly v; vectors (including (C_l ,0,...,
0)) and the other columns contain not more than v; vectors (to be more precise, the
“ith column” includes v; vectors).

Among the indicated set of vectors there are exactly [ vectors corresponding to the
eigenvalue A; (the “first row” from (4.74)) they form a subspace Q(1;) € R” of di-
mension /. The eigenvectors corresponding to A, ..., A,—; form subspaces 2(24;),
..., Q(Xy—1) and the vectors (0,...,0, G;,0,... ,0) form the subspace €2, corre-
sponding to the measured output y € R!. The whole space R” is decomposed into
a direct sum of subspaces (A1), Q2(A2), ..., 2(Av—1), 2y, i.e., any vector F € R1xn
is decomposed into a sum

F=FAMA)+-+FX_)+C.
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where F(A;) € Q(A;), C € Q) (ie,C = 0C,C e R™", 0 e R™),
Each functional o; = F(4;)x is reconstructed by a scalar observer with a scalar

spectrum A;, with
v—1

0=Fx=Zai+Qy.
i=1

Thus, we have the following theorem.

Theorem 4.43. Suppose that the dynamical system (4.69) is observable, | > 1. Then
the scalar functional 0 = F x is reconstructed by an observer with the defined spec-
trum (satisfying condition (4.73)), the order of the observer does not exceed v — 1,
where v is the observability index of the system.

Let us now consider the vector functional o = Fx € R?*! where F € R?*" and
p > 1. In fact, in this case we have to reconstruct p scalar functionals simultaneously
by one observer of order k.

We shall consider the matrix F in the canonical basis in block form

Fl F ... F F!
F} F§ ... F} F?
FP Fy ... Ff FP

where the rows F! € R are decomposed into subrows F! € R'¥/ corresponding
to the jth subsystems from the canonical representation (4.71).

In the case of vector functional, we have to construct an observer which simultane-
ously reconstructs the components 6/ = F'x of this functional. In order to solve the
problem, we again use the method of scalar observers.

We shall solve this problem successively for the scalar functionals o/ = Fix
and begin the consideration with 0! = F'x. We assume that in the row F! =
(F 1 le, L F ll) the first subrow F’ 11, which corresponds to the first block of the max-
imal dimension v; from the canonical representation (2.33), is not identically zero. If
this is not the fact, then we choose among the rows F’ a row which satisfies this
condition and renumber the rows F'.

Now if all F 1’ = 0, then this means that the functional 0 = Fx does not depend
on the first block from (4.71). In this case, the problem reduces to the problem of
reconstruction of the functional = F x, where

i le Fll )
F=1--- ... .. GRPX('!—W), F=(0;F)
sz .. Flp

for the reduced system
X = Ajix’
Vi :C_‘,-xi, i=2,....,1,
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of order (n — v;) with the (/ — 1) outputs. The consideration of this reduced problem
can be carried out according to the same scheme

Thus, we assume that F 11 # 0, and moreover suppose that F 11 and C, are not
collinear (i.e., F 11 # yC)) since otherwise, making a linear transformation &'
o' — yy, with the known output y;, we make the corresponding subvector zero for
the functional &', and this leads to the case described above. In order to reconstruct
the functional ! = F!x, we use the scheme of reconstruction of the scalar functional
described above.

For our purpose, we choose a spectrum Ay, ..., A, — satisfying conditions (4.73).
Then the row F! can be represented as the sum

F'=FA) + F(A) + -+ F(Ay—1) + C, (4.76)

where F(;) are left-hand eigenvectors of the corresponding matrix A7, C = QC.
Each of the vectors F'(A;) has the following structure:

F(A) = (i Fi(A), v2i Fo(Ai), ...,y Fi (M),
Fi (i) = (Lli,k?,...,kfj_l) c RV

Since we have decomposition (4.76) for the full vector F I € R”, there exists a de-
composition

Fl =y FiQa) + yaFi(a) + - + V-1 Fi(Av—1) + y1v, Ci

for its subvector F' 11, or, in more detail,

Fl=(A o i)
=y (LAL AL AL AT (1 A, A0, A AT 4

+)/1(1)1—1)(17 A’(I}l—l)7 A’(Ul—])7 A’%\;l_])v st A’l()ll)l__ll)) + Vlvl (07 07 cet 0’ 1)
4.77)

Without loss of generality, we can assume that in decomposition (4.77) all coefficients
vij # 0. For our purpose we shall prove the following auxiliary statement.

Statement 4.44. Suppose that the vectors F = (fi,..., fr) € R¥and C = (0, ...,0,
1) e R¥ are collinear and FA) = (1,4,..., Ak_l) € R, Then, for almost all sets
A=A, ..., k=) A; # Aj fori # j (i.e., except for a manifold of measure zero
in the space R¥~! of sets A) in decomposition

k—1
F =Y yFM)+wnC (4.78)

i=1

all coefficients y; are nonzero.



108 4 Functional observers for fully determined linear systems

Proof. First we should note that for the indicated choice of A; the vectors F(A),...,
F(Ar_1) and C form a basis in the space R, and therefore the coefficients y; in
decomposition (4.78) are uniquely defined by the choice of A. Let us consider a set A
such that in decomposition (4.78) there exists at least one zero coefficient. We assume
for simplicity that y;_;. Then

k—2

Z%‘F(M) +yC —-F =0,

i=1

i.e., the vectors F(A1),..., F(Ax_p), C and F are linearly dependent. In this case the
determinant of the matrix composed of these rows is zero. Let us consider it in more
detail:

F fi o fiar Sk
C 0O 0 ... 0 1
FA) | = 1 A . Ak2 k) _
det 1 = det 1 1 1 =pA1, ..., k=) =0,
F(Ak—) 1 Aga ... AR2 k-]

where p(Aq,...,Ak_,) is a polynomial of (k — 2) variables A1, ..., Ax_,, and if the
vectors F and C are collinear, then p(A1, ..., Ax_y) = 0, otherwise this polynomial is
not identically zero, its coefficients are defined by the coordinates f; of the vector F.

Thus, if in decomposition (4.78) of the vector F with respect to the basis F(1),...,
F(Ar_»), C there exists at least one zero coefficient, then some (k — 2)-dimensional
part of the vector A is a root of a certain polynomial p(-) (we mean a polynomial of
many variables and a “vector” root), the set of these polynomials is finite. It remains
to note that the set of these roots forms a set of measure zero.

The statement is proved. O

Remark 4.45. Actually the collection of sets A = (Ay, ..., Ay,—1) such that in the
corresponding decomposition (4.77) there exists at least one zero coefficient y;; (i =
1,...,vp)is,in R¥'~!, the union of surfaces defined by the equations

p(kl,...,k\,l_z) =0
p(kl,«--,kul—S:kvl—l) = 0
P(Aa, .o Ay =2, A1) = 0.

It is taken into account here that the polynomial p(-) is “symmetrical” relative to its
arguments, i.e., if the set A is its root, then any rearrangement in this set is also a root
of this polynomial.

It follows from the statement that we have proved that for any set A there exists
arbitrarily close to it set A such that all coefficients for it y;; # 0. In this case we can
choose A such that it should possess the required decree of stability.
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Let us return to the decomposition of the full-phase vector F! of form (4.76). The
first part of the vector F 1 namely, F 1], has a decomposition of form (4.77). In this
case, by virtue of the inequality to zero of the coefficients y;, the first components of
the vectors F(A;), i.e., the subvectors

yi(L AL AT = Fi(Ay)
vz, Az, AT = Fi (L)
4.79)
yl(vl—l)(l’ k\n—lv EERK) /\Ei:%) = Fl (Avl—l)
Y1r,(0,0,...,0,1) = C;

form a basis in the space R*! (i.e., in the subspace of the first subsystem from (4.71)).
Each vector F2, F3, ..., F? of the required functional 0 = Fx has the form

Fl=(Fl,....F),

where Fj € RY is a part of the vector F' corresponding to the jth subsystem. Then

every one of the first subvectors F/ 1’ is decomposed uniquely with respect to basis
4.79), i.e.,
vi—1 ~
F{ =Y " niiFi(A) + niv, C1.
j=1
Then, taking into account that F|(A;) are the first parts of the vectors F(A;) in decom-
position (4.76), we have

1)1—1
Fi=F =3 0 Fy) —nin,Cr = (0. Ff..... F). (4.80)
j=1
where Ff e RY (j =2,...,1) are some vectors, i.e., by a linear transformation with

the aid of the vectors F (A;) (which have been already used for constructing observers
for the first component 0! = F'x) we can make all first subvectors vanish for all F',
i=2,...,p.

Transformation (4.80) is associated with the transformation of the scalar functionals
ol = Fix, namely,

vi—l1
&' =Fx=0"=Y 1i;00)) = niv Y. (4.81)
Jj=1

In this case, each functional 0'(4;) is reconstructed by the scalar observer (actually, the
scalar observers are constructed at the first stage precisely for these functionals), and
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y1 is a measured output of the system. Thus, constructing (v; — 1) scalar observers
for o'(A;) at the first stage, we can reconstruct the required functional o' = F'x (from
decomposition (4.76)) asymptotically accurately and reduce the other functionals to
the form 6 = F I x, where F' has the form from (4.80), i.e., does not depend on the
first subsystem, by the linear transformation (4.81).

As a result, the problem reduces to the construction of a functional observer for the

functional .
F2
F3
§=Fx=| . |x, 6eRFY,
FP
whose dimension is lowered by one.

In this case, the functional is defined not by the whole system (4.71) but only by
its reduced part, without the first subsystem. For this part the observability index is
equal to the dimension of the maximal one of the remaining subsystems, i.e., v;; the
dimension of the output is also lowered by one:

Y2
i
For solving the reduced problem we can use the scheme of construction of the func-

tional observer proposed above with the employment of scalar observers. At the sec-
ond stage we shall construct (v, — 1) scalar observers for the functionals

o(Aj), Jj=vi,....,vi+v2—2, where A; #A; for i #j.

Then the dimension of the problem can be lowered again. Continuing constructions
by induction, we obtain a system from

k(p)=@i=D+ W=D+ +p—1)

scalar observers (if p < [) according to which (together with the outputs y;) we
decompose the required p scalar functionals. If 1 < p < [, then

1
(wi—1<k(p)<) wi—-D=n-1.
i=l1

i.e., the dimension of the constructed functional observer exceeds (v — 1) = (v; — 1)
which is the dimension of the functional observer for the scalar functional obtained
in [87] but lower than (n — /) which is the dimension of the Luenberger observer for
the full-phase vector.

If p > [, then, in order to reconstruct the functional, we can use the Luenberger
observer for the full-phase vector.

Thus, we have proved the following theorem.
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Theorem 4.46. Suppose that the dynamical system (4.69) be observable and is re-
duced to the Luenberger canonical form and let vy, ...,v; be the Kronecker indices
of this system arranged according to the nonincrease. Then the functional 0 = Fx,
o € R?, can be reconstructed by an observer of order k(p):

min(p,!)

k(p)= > (vi—1). (4.82)

i=1

In this case, for any set A = (A1, ..., Ag(p)) such that A; # Aj fori # j, A; <0,
there exists an arbitrarily close to it set A such that A is the spectrum of this observer.

In a certain sense, estimate (4.82) is the best possible, namely, for any p > 1 there
exist functionals o € R? (i.e., there exist matrices F € R?*™") such that they cannot
be reconstructed by an observer of an order lower than k(p).

Example 4.47. As an example of such an observer we can consider 0 = F x, where
the matrix F has the form

ey, 0 ... 0
0 ey, ... O .
F=1. . . | eRP e, =(1,0,...,0) € RY. (4.83)
0 0 ... ey
The functional o consists of p scalar functionals o/ = evixi each of which corre-

sponds to the ith subsystem from (4.71). Therefore, in this case the problem decom-
poses into p independent subproblems for separate scalar subsystems and also scalar
functionals.

Each problem of this kind is solved independently of other problems by an observer
of order (v; — 1), the total dimension of the observer is equal to k(p).

Note that the dimension of the observer cannot be lowered even by the choice of
a special set A.

Indeed, as was shown above, the scalar functional 0 = F x defined in the canonical
basis by the row F = (f1,..., fn) can be reconstructed by an observer of order
k < n —1if and only if among the solutions of the linear system

N S Sk L Jre+1

fn—'k—l fn'—k fn'—z l;c fn'—l

I
there is a Hurwitz column / = ( : )

Ik
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Let us consider arow F = (1,0, ...,0). For this row, the indicated system assumes
the form
1 0 --- 0 L 0
00 --0 I 0

The solution of this equation for all k£ has the form
[y =0,05,15,...,1; are arbitrary.

The column / corresponds to the polynomial p(s) = s* 4+ L s*~! + ... + s one
root of which is necessarily zero, i.e., the polynomial p(s) is not a Hurwitz polynomial.
Thus, for any k < n — 1 there does not exist an observer which would reconstruct the
given functional.

Let us now return to the vector functional (4.83) for the vector system. As was
indicated above, in this case the problem decomposes into p independent problems
for the scalar functionals o/ = e,,l.xi for scalar subsystems. For each subsystem there
does not exist an observer of the lowered order k < v; — 1. Consequently, functional
(4.83) cannot be reconstructed by an observer of an order lower than k(p).

However, functional (4.83) is rather an exception. In the majority of cases (i.e., for
all functionals 0 = Fx, F € RP*", p < n, except for a set of measure zero, i.e., ex-
cept for functionals whose matrices F belong to certain manifolds in the space R?*")
the estimate k(p) can be perfected. Moreover, in this case the rate of convergence of
the estimate is assigned arbitrarily as before.

Let us consider the following example in order to illustrate this possibility.

Example 4.48. Suppose that we are given a system with two outputs and the Kro-
necker indices v| = 3, v, = 2. The dimension of the system is 7 = 5 in this case. We
have to reconstruct the two-dimensional functional o = Fx € R2, where

fll le f31 | f4l fsl Fll | le F!
_— e 4+ — ) =— + =] =-
VI O B S Ft | F; F?

Then we have

F =

k(p)=(i—1)+ (-1 =3.

We define the spectrum of the observer by the set
A = {A1, A2, A3}

In accordance with the method of scalar observers, we have to find the coefficients
yi and y; in the decomposition



4.7 Minimal functional observers with a defined spectrum 113

F' = (y1(1, A1, A)iy2(1,21) + (13(1, A2, A3)iya(1, A2))

where the first and second terms correspond to the scalar observers (i.e., observers for
the scalar functionals (A1) and o(A;) corresponding to the eigenvalues A; and A;)
and the last term corresponds to the outputs of the system y; and y;.

In accordance with the scheme of lowering the problem described above, we shall
consider for F? a decomposition of the form

F2 = a;(y1(1, A1, A7) y2(1, A1) + a2 (y3(1, A2, A3) s ya(1, 12))
+((0,0,0); y5(1,A3)) + (73(0,0, 1); 74(0, 1)). (4.85)

In this decomposition the first two terms correspond to the functionals o (A1) and o (A7)
reconstructed at the first stage, the third term corresponds to the additional scalar ob-
server (for a certain functional o (43)) added at the second stage of the procedure. The
last term corresponds to the measured outputs y; and y,

Thus, in order to obtain the whole solution of the problem, in accordance with the
algorithm described above, we have to construct three scalar observers and also find
the coefficients «;, y; and y; in decompositions (4.84), (4.85).

Note that for the fixed set A1, A2, A3 these decompositions define a nonlinear system
consisting of ten equations (for the coordinates fif ,i=1,...,5 j = 1,2)relative to
eleven variables y1, ..., ¥s5; V1, ..., Y4, @1, &2. Thus, the number of unknowns exceeds
the number of equations, and this makes it possible to cancel to number of scalar
observers by unity (for almost all functionals). In order to indicate this possibility, we
shall carry out a more detailed analysis of decompositions (4.84), (4.85).

We shall begin with considering decomposition (4.84). If a part of the vector F! cor-
responding to the first subsystem of dimension v; = 3, i.e., the vector ( fll, le, f31),
is not identically zero and noncollinear with the vector C; = (0,0, 1), then, as fol-
lows from Statement 4.44, the coefficients y;, y3 and y; are nonzero and are uniquely
defined. For this purpose, it is required that the following condition should be fulfilled:

(D> + () #0. (4.86)

Let the vector ( fl2, f22, f32), i.e., the part of the vector F? corresponding to the first
subsystems, is not identically zero either and noncollinear with Cy, for which purpose
it is required that

(D + (D) #0. (4.87)

Then this subvector is uniquely decomposed in accordance with the basis

(1L ALAD), (y3(1,42,43), ((0,0,1)),

i.e., the coefficients o], @y and y3 are uniquely defined (moreover, in accordance with
Statement 4.44, these coefficients are nonzero for almost all A1, A;).



114 4 Functional observers for fully determined linear systems

Thus, from the six equations (for fi', /,\, f3', /%, £, and f}) six coefficients 1,
¥3, V1, V3, &, o2 are uniquely defined. Let us consider the remaining equations
Y2t Ys= f41
Aiya+Aays + 72 = f5
yaay + vaon + s = f7
V211 + yacads + Asys + ya = f

(4.88)

as a system consisting of four linear equations relative to the five remaining coefficients
V2, V3, V2, Y4, ¥5. 1t is obvious that by choosing y», y4 and ys we can satisfy the last
three relations for any values of the parameters. The first equation is easily satisfied
by the choice of y,, y4. Thus, for all fji system (4.88) is solvable.

However, the number of variables is redundant. Let us use this fact in order to lower
the order of the observer. For our purpose we refuse the employment of the additional
observer o(A3). In terms of decompositions (4.84), (4.85) this means that ys = 0.
Then system (4.88) turns into a system of four equations relative to four unknowns.
This system has the form

1 1 0 0\ [(» £
/\1 Az 1 0 Y4l _ 51
oy a 0 olln]| |/

Arar Ay O 1) \ s 12

This system can be uniquely solved if and only if the matrix of this system is nonde-
generate. This condition is fulfilled if and only if

det( b ) =a;—ay #0. (4.89)
o2

o

The condition o; = a, means that in decomposition (4.84), (4.85) for the vectors F'!
and F? the first components ( fl1 £ and ( f12 f22) are decomposed with respect to one
and the same basis with proportional coefficients, i.e., these subvectors are collinear.
This means that condition (4.89) is fulfilled if and only if

qe (1 ) = A=K RE#0 (4.90)
f12 f22 =J1 /)2 2 J1 : .
Note that if condition (4.90) is fulfilled, then conditions (4.86), (4.87) are also fulfilled.

Thus, if the functional
o — o\ _(F Ly
“\on)  \F2x

satisfies condition (4.90), then we can construct for it a functional observer of order
2 < k(p) = 3 (i.e., an observer based on two scalar observers).
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Note that the matrix F' from Example 4.47 does not satisfy condition (4.90). How-
ever, it is easy to see that among the matrices F € R?*? the set of all matrices which do
not satisfy condition (4.90) forms a manifold of measure zero in the space R?*, i.e.,
the construction of a two-dimensional observer in the case considered in this example
is possible for almost all matrices F (for almost all functionals 0 = Fx).

Let us generalize this approach to the case of functionals and systems of arbitrary
dimension. As before, we shall consider a system given in the Luenberger canonical
form the Kronecker indices for which are arranged in accordance with the nonincrease
vy > vy > --->v;. The functional 0 = Fx € R? is defined in this basis by the
matrix F:

F! VA A Fl ... F/
F? 2 fr L f? F? ... F}

F=| . |="" 2 = (4.91)
FP VA S i I

where F' are rows of F, Fj? is the part of the ith row corresponding to the jth sub-
system, F} e RV,
Note that the last coordinates in the subvectors F j’ correspond to the measured out-

puts of the jth subsystems y; for which observers may not be constructed. Therefore,
to simplify the computations, we shall consider vectors FJ? shortened by one row:

_. Iy —1 . _
F]z c R X(VJ )’ FJl = (FJI f151+"'+1’j)'
Alongside with them we shall consider shortened basis vectors
Fj(A) = (LAA% A7) e RXOD 0 FQ) = (Fj(0) A% 7).
We shall construct a functional observer of order k for which purpose, in accordance
with the method of scalar observers, we shall choose a set
A={A.... A}, Ai#FA; for i#j, A <-A<0, (4.92)

where A is the defined rate of convergence of the observer. Then, in order to solve the
problem, we have to find the coefficients y;; and onl. in the decompositions

k
(FLLF . ) =D "o i) yai Fa)). oyt Fr(A)),
j=I
k
(FPF . ) =Y (i j Fi(Ag), va Fa ),y FL ),

= (4.93)

k
(FFF . FF) =) ol (i Fu(A)). v F2(Ag). v Fr ().
=1
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Here the vectors (yi; Fi (A)), yaj Fz(lj), e VI F (A;)) correspond to the scalar

functionals o'(A;) each of which can be reconstructed by the scalar observer.
Conditions (4.93) represent a nonlinear system consisting of p(n — ) equations

(p rows in each of which we consider the decomposition of the vector (Fi,...,F li ) €

R™*@=D of shortened vectors F_’; ). We have to determine coefficients ajli (they are
(p x k) in number) and coefficients y;; (they are (/ x k) in number). The total number
of unknowns is (p + [)k.

We shall describe the algorithm of constructing a set of scalar observers for the
vector functional (p > 2) which will make it possible to lower, as compared to k(p),
the upper estimate by the dimension of the functional observer with the defined rate
of convergence for almost all functionals. Let us carry out a step-by-step construction
of the set of functionals o (4;). We shall successively extend the set of eigenvalues A ;
which satisfy conditions (4.92). We shall make / steps corresponding to / subsystems
in decomposition (4.71). At each step we shall add k; vectors (and k; eigenvalues A ).

As an illustration we shall consider in parallel an example of application of the
algorithm.

Example 4.49. Consider a system of order n = 8 with the number of outputs / = 3
and with the set of Kronecker indices

U1=3, 1)2=3, 1)3=2.

In this case, the functional of dimension p = 2 is reconstructed, i.e., 0 = Fx,
F e R?8:

2 34 | 1 =2 12 | 1 5
F=|- - - - — — - — - _
1 =35 | =9 17 —-10 | 11 2

Let us return to the general scheme of constructing observers.

Step 1. We choose the first k; = v; — 1 eigenvalues Aq,..., A, from condi-
tion (4.92). By virtue of Statement 4.44, in the decomposition of the vector F 11 (f it
is nonzero, which fact is assumed in the sequel) all coefficients in the decomposition
with respect to the basis Fj(11), ..., Fx (1) are uniquely determined and are nonzero
(for almost any set A;). Thus the condition

IENP = (A + (D2 + -+ (fum)? #0
should be fulfilled. Therefore we set
vij =1 Jj=1,... ki, (4.94)

since these coefficients in the decomposition can be normalized by the choice of ajl..
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For the future eigenvalues (which will be added at the next stages) we set
Y1j = 0, ] > k]. (495)

With the indicated choice of y;; we shall consider the parts of equations (4.93) corre-
sponding to the first subsystem:

o LI _ _ 1 A ... (l])k‘_l
Fll:ZajFl(k])z(ai”a;c]) cee RS cee s
j=1 1 Ay oo (gl (4.96)
i=1,...,p.
Then the unknown coefficients o fori = 1,. .., p,j =1,...,ky, will be determined

from (4.96) uniquely since the matrix of the linear system (4.96) relative to these un-
knowns is a Vandermonde matrix.

Thus, at the first stage we determine y;; for all j (the “future” ones inclusive) as
Wellasa;. forj=1,...,vi—1,i=1,...,p.

Example 4.49 (continued). Step 1 for the example. For the system considered in the

example we have k| = v — 1 = 2. Consequently, at the first step we construct two
scalar observers. We choose A; = —1, A, = —2andobtainy;; =1, y12 =1, 51, =0
for j > 2:

Fi(A) = (1,-1)
Fy(A2) = (1,-2).

In order to determine a}, j =1,2,i = 1,2, we obtain a linear system of equations

2,-3)=al(l,-1) +ai(1,-2)
(1,-3) = a3 (1, —1) + a3(1,-2),

whence we find that

Let us return to the general scheme.

Step 2. At the second stage we add k» eigenvalues Ag 1, ..., Ak, 4k, Which satisfy
condition (4.92). They will be associated with k, scalar observers which reconstruct
the functionals o (Ax,+1), ..., 0(Ak,+k,). By analogy with the first step we set

v =1, J=ki+1,..., ki +ka, v2; =0, Jj > ki + k.
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The number of added functionals k;, should be determined, for which purpose, by
analogy with the first step, we consider the part of decomposition (4.93) corresponding
to the second subsystem

ok kitk,
B =) dnBEA)+ Y. oh@), (4.97)
J=1 J=ki+1

where in, Fg(/\j) e RXM=D the coefficients ozji- for j = 1,...,k; (i.e., in the first
sum), were determined at the preceding stage. Thus (4.97) is a system of linear equa-
tions relative to the parameters aj’: forj=ki+1,....ki1 +kyi=1,...,p,and y»;
for j = 1,...,k;. Note that although (4.97) is, as the preceding decomposition (4.93),
a nonlinear system relative to the total set of variables ozj. and y», in the first group of
terms ozji- were determined at the first step and in (4.97) are known coefficients of the
linear system.

System (4.97) consists of p(v, — 1) equations, and we have to find k| + pk, un-
knowns.

In the general case (i.e., for almost all matrices F* and almost all A;) for the system
to be solvable the number of variables should be not smaller than the number of equa-
tions. Hence we get an estimate of k, which is the number of scalar observers added
at the second stage:

ki + pka = p(va —1).

Solving this inequality, we obtain

kzZ(Vz—l)—]ﬂ-
V4

We choose the minimal nonnegative integer k, satisfying this condition:
k1
k) =maxq(v,—1)—|—|, O¢, (4.98)
p

where [-] is the integer part of the number.

System (4.97) has a solution if the rank of the matrix of the system coincides with
the rank of the extended matrix. Under condition (4.98) (if k, > 0) for the system to
be solvable it is sufficient that the matrix of the system should have a full rank.

If the system is solvable, then we find from it the remaining coefficients y,; (for
Jj=1.. . knandal (j =ki+1,....k +kyi =1,...,p). The latter will be
used at the next stages.

Example 4.49 (continued). Step 2 for the example. We substitute into (4.98) the val-
ues p = 2,v, =3 and k; = v; — 1 = 2 considered in the example and obtain

ky, = max{(V3 —-1) - [%}, 0} =1.
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Consequently, at the second step we add one eigenvalue, and then
k2=1<l)2—1=2.
We choose A3 = —3 (earlier we have chosen A; = —1 and A, = —2), and then

F>(A1) = (1,-1)
Fr(A) = (1,-2)
Fr(A3) = (1.-3).

Let us write out the linear system of type (4.97) taking into account the values all, a%,

af and oe% found at the first step:

(1’ _2) = V21(1, _1) + J/22(1, _2) + Ol;(l, _3)
(—9.17) = yar(—=1. 1) + yn(2. —4) + a3(1, =3),

whence we find the unique solution
1 _ 2 _ _ —
03 = 2, 03 = —1, V21 = 2, Y22 = —3.

Let us return to the general scheme.

Step q. Suppose that g — 1 steps of the algorithm are performed. We have chosen
(ki + ko + -+ + kg—y) eigenvalues A, at the preceding stages the values a}, j =
I,...,q—1,i = 1,..., p, were determined, as well as y;;,i = 1,...,q — 1, for
all j. Atthe next step we add kg eigenvalues Ag, 1.tk _ 415 - - - » Ak, 44k, Satisfying
condition (4.92). As before, we set

vaj =1, J=ki+thkeoi+ 1. ki kg

. (4.99)
vai =0. > ki+e+kg.
We write out the part of system (4.93) corresponding to the gth subsystem
ki4-+kg_ ki+-tkg
Fi= > alygFahy) + > ol Fg(hj), i=1.....p.
Jj=1 J=kitotkg—i+1
(4.100)
Here, as before, the first group of terms corresponds to the eigenvalues A; chosen at
the preceding steps, in this group oz} were determined earlier and y4;, j = 1,.... k1 +

-++ 4+ kgq—1, should be determined (the remaining y,; can be found from (4.99)). In
the second group of terms oz; should be determined for j =k +---+ kg1 + 1,...,
ki 4+ -+ kg (i.e., for k; new eigenvalues) andi = 1,..., p. Thus (4.100) is a system
of p(vg — 1) equations (since F, Fy(A;) € R™*(a=D) from which we have to find
(kgp + (k1 + ky + --- 4+ kg—1)) unknowns (a; and y,;, respectively).
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For this system to be solvable (for almost all functionals and sets of A ;) the number
of variables must be not smaller than the number of equations, i.e.,

kgp + (ki +ka+ -+ kg—1) = p(vg —1).

Hence we obtain an estimate for k, which is the number of scalar observers added at
the next step
ki1 +ky+--- +kq_1)

4

The minimal nonnegative integer satisfying this condition is

kg = (vg=1) =

(k1 +kz+'--+kq—1)i| O}

qumax{(vq—l)—[ p

where, as before, [-] denotes the integer part of the number.

Example 4.49 (continued). Step 3 for the example. We substitute the determined val-
ues p =2,v3 =2,ky =1, and k; = 2 and obtain

k3 = max {(2 —1)— |:1—;—zi| 0} = max{0, 0} = 0.

Thus, at the third step no new eigenvalues are added (and, consequently, no scalar
observers). In this case, the second group of terms will be absent in system (4.100)
and, with due account of a}- found earlier, the equations will assume the form

1 = y31 + y32 + 2y33
11 = —y31 + 2y30 — y33.

This system has infinitely many solutions, in particular, one of them is
y3i=2, yn=35, yi=-3

Let us return to the general scheme.

The completion of the algorithm. Acting in the manner described above, we con-
struct a set of k* = Zle ki eigenvalues Ay,..., Ax+ and the functionals o (A;) cor-
responding to them, where

o(Xj) = F(j)x

ﬁ(kj) = (VljFl(Aj),yszz(Aj), R VljFl(/\j)) (4.101)
Fi(A)) = (l,lj,)tjz-,...,k}fi—l) c RIXV)
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are functionals which are reconstructed by scalar observers. Moreover, all coefficients

ozj are determined in the decomposition of the required functionals ¢/ = Fix, i =
1,..., p, from the functionals o'(4;):
. k* . l .
ol =Y ko) + > alyg. (4.102)
j=1 g=1

where the coefficients &g are uniquely determined from the linear system (4.102).

Example 4.49 (completion). In the example under consideration we have found k| =
2, ko, =1, and k3 = 0 and have
k* =kit+thka+ks=3<k(p)=@w—1)+w—1)=4.

We have chosen three eigenvalues A} = —1, A, = —2, A3 = —3 and the functionals
o(A;) = F(Ai)x,i = 1,2,3, corresponding to them, where

ﬁ(},]) = (1(17_1’ 1)’_2(17_1’ 1)’2(17_1)) = (17_17 17_2727 _27 27 _2)
ﬁ'(lz) = (1(1,-2,4),-3(1,-2,4),5(1,-2)) = (1,-2,4,-3,6,—12,5,—10)
F(h3) = (0(1,=3,9), 1(1,=3,9),3(1, =3)) = (0,0,0,1,—3,9,—3,9).

Each functional o(4;) can be reconstructed by a scalar observer. Together with the
outputs y; = C;x (j = 1,2, 3) they give, in linear combinations, both scalar compo-
nents o' = F'x of the required functional:

F'=((2,-3,4),(1-2,12),(1,5))

3
=Y o} F(A;) +a{((0.0.1),(0.0.0). (0.0))
j=1
+@3((0,0,0), (0,0, 1), (0,0)) + &3((0,0,0), (0,0,0). (0, 1))

F? =((1,-3,5),(=9,17,—10), (11, 2))

3
=Y o7 F(A)) +@{((0.0.1),(0,0.,0), (0.0))
j=1

+ 5((0,0,0),(0,0,1),(0,0)) + &%((0, 0,0),(0,0,0), (0, 1)).
Knowing a;, we find O_t;. from these equations:

& =—19, a = —11, ay = 14,

-2 =2 _ 52 —
ay =1, a; = =8, az = 2.

Thus, the required two-dimensional functional can be reconstructed by a functional
observer of order k* = 3. This observer gives an exponential estimate of the required
functional, and the rate of convergence of the observation error is chosen arbitrarily.
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In the example that we have considered, at the third step k3 = 0, i.e., at the third
step we do not add new scalar observers. In the general case we have the following
lemma.

Lemma 4.50. Suppose that we are given a dynamical system of the general position of
order n with | outputs reduced to the Luenberger canonical form, vi > vy > -+- >y
are Kronecker indices arranged nonincreasingly. Suppose that p < n. Let us define
the coefficients ki fori = 1,...,1 by the relations

k1=1)1—l

1 i—1
ki =max{ (v =) — | = ki [[05. i=2...1
P

(4.103)

where [] is the integer part of the number. Let ki = 0 for a certain i*. Then ki =0
foralli > i*.

Proof. The statement follows from definition (4.103). Indeed, if k;+ = 0, then we
have

1 i*—1
m*—n—{—E:@}ga
P

Moreover, it is obvious that

i*—1 i*

D k= k;.
j=1 j=1

However, in that case, taking into account that v;=4; < v;*, we obtain

i*—1

i* i*—1
(Vi*+1—1)—[l ij} = (Vi*+1_1)_|:l > k/} < (vz'*—l)—|:l > kj:| <0.
P P iz Pj=

It follows that

1<
ki*+1 = max{(vi*H — 1) — |:E iji|, O} =0.
Jj=1

Thus, if kj» = 0, then k;»4; = 0. The lemma is proved. O

In the example we have k; = 0 for i > p. In the general case this condition may
not be fulfilled. Suppose that we are given a system forn = 15, v = v, = v3 = 5.
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For p = 2 we have

k1=(v1—1)=4

k2=(1)2—1)—|:%i|=4—|:gi|:
k3=(v3—l)—|:k1-;k2i|=4—|:gi|=1>0.

Thus, although k; < (v; — 1), the sum for k*(p) may include a larger number of terms
(for p < 1) than the sum for k(p). Nevertheless, in all cases k*(p) < k(p). To be
more precise, we have the following lemma.

Lemma 4.51. Suppose that we are given a dynamical system of the general position of
order n with | outputs reduced to the canonical Luenberger form, vy > vy > --- >
are Kronecker indices arranged nonincreasingly. Let

l
kK*(p) = ki,
i=1
where k; were determined in (4.103).

Then, for any p, we have an estimate

min{p,/}

kK*(p) <k(p)= D> (wi—1).
i=l1
Proof. By construction we have k; < (v; — 1). In this case, the statement of the lemma
obviously follows for p > [ (since k*(p) = Zf:l ki and k(p) = Zle(w —1)in
this case).

Let p < [. Let us prove the statement by induction. To be more precise, we shall
prove that for all 1 < g <[ we have an inequality

q D
Dok <) (vi—1) =k(p).

i=1 i=l
For 1 < g < p this inequality is obvious. Suppose that it is satisfied at a certain step
q > p. In this case we denote by ¢ the difference

p q
t=Y (i—-1)=) k=0

i=1 i=1
Then for (¢ + 1), when k441 > O (for k441 = O the statement is trivial), we have an
estimate

q+1 p

p q
Dwi—D=Y ki=) wi—1)=) ki—kgsi

i=1 i=1 i=1 i=1
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1 q
=t—vq+1+1+|:;Zki:|

i=1

r q
- |1 ZP—P(Uq+1—1)+Zki)}
| 7 i=1
o p
= ; tp—t+(t+2ki)—P(Vq+l—1))i|
L i=1
o »
=|5li=D + Y i =)= pvgt1 — 1))}
L i=1
o »
= 5 t(p—l)—i—Z(vi _Vq+1))j| > 0.
L i=1

Thus, if the inequality is valid for ¢, then it is also valid for (g 4+ 1). Consequently, by
induction, it is also valid for ¢ = [, and this is what we had to prove. O

The statement of Lemma 4.51 implies the main theorem.

Theorem 4.52. Suppose that we are given a dynamical system of the general position
of order n with | outputs reduced to the Luenberger canonical form, vi > vy >
-+- > v; are Kronecker indices arranged according to the nonincrease.

Then, for almost all matrices F € RP*" for the functional 0 = Fx € RP, for any
stable real and distinctive spectrum A = {Ay,..., Ag»}, there exists an arbitrarily
close to it stable real and distinctive spectrum A’ such that for the functional o we can
construct an observer of order k*(p) with spectrum A’

Proof. By construction, the algorithm of synthesis of an observer described above
is applicable to the given functional if and only if the systems of linear equations
appearing at every step of the algorithm have solutions. Let us write, in matrix form,
the system of equations appearing at the i th step of the algorithm:

xiM; =z
. ) 1 1 2 D
xl - (yll""’ylkz/"ak,{‘f‘l’”.’ak;+ki’akl(+1"'"ak:——l-k,j)
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ol (A1) aiF(A) ... el Fi(h)
aéFi (A2) a%F,- X)) ... afF,' (A2)
Ot,ilf Fi(Agy) a,zc;ﬁi(/\k;) Ot,fl( Fi (M)
Fi (AkI{.H) 0 . 0
M — Fi(kk;—f—ki) ) 0 0
! 0 FiQgrp) - 0 ’
0 Fi(Agr) - 0
0 0 oo FiQ )
where k| = ;';11 k; is the number of eigenvalues added at the preceding steps, k; is

the number of eigenvalues added at the i th step, x; € R! x(ki+ki) i5 the vector of the
unknown parameters of the method for the ith step, M; € R&;+Pk)xpi=1) jg the
matrix of the system in block form, z; € R!*? i=1) is the right-hand side also written
in block form, A = {A;} is the defined spectrum of the observer. The system has
a solution if

rank M; = rank (M’) .

Zj

Since k 4 pk; > p(v; —1) by construction, if rank M; = p(v; — 1), then, irrespective

of z;
rank (Ml) =ph;—1)
Zj

and the system has a solution. Consequently, the condition of the fullness of the rank
rank M; = p(v; — 1), i=1,...,1,

at every step is the sufficient condition of applicability of the algorithm.

Let us investigate the structure of the matrix M; in greater detail. At the first step of
the algorithm we have k; = vy — 1 and k] = 0. The matrix M, is quasidiagonal with
p blocks of the form B

Fi(A1)

Fi()

on the principal diagonal. Each of these blocks of dimension (v — 1) x (v; — 1) has
full rank equal to (v; — 1), and, consequently,

rank M| = p(v; — 1),
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at the first step of the algorithm the system has a solution for any functional and any
set of different stable real eigenvalues. O

Let us now consider the matrix M; fori > 1. We shall prove the following auxiliary
statement.

Lemma 4.53. By elementary transformations the matrix M;, i = 2,...,1, can be
reduced to the form

0 ofF/(A1) 0 ofF/(A) -+ 0 afF/(A)
0 alF/(l) 0 aF/(A) -+ 0 olF/(L)
- |0 a}ﬂ,ﬂ’(xk;) 0 oe,zc;Fl/()&kl/_) e 0 a,ﬁ’;ﬂ/(xk;)
! Iy, 0 0 ) 0 ’
0 0 I, 0 e 0 0
0 0 0 0 v I, 0

1

where Iy, is an identity matrix of dimension k; x k;, F/(A;) € R>*Oi=1=ki) pave the
form

Fi() = (1L Ag.... AR,

and the zero blocks have corresponding dimensions. By the transposition of columns
the matrix Ml.’ can be reduced to the matrix

where I is an identity matrix of dimension (pk;) x (pk;) and

alF/(\)  ofF/(M) -+ of F/(Ly)
1/ 2r/ D r
= %Fi:(M) azFi:(M) : % F’:(M) c Rkixpi—1-k;)
al‘{l{Fi’(kkl{) ai;F/(Ak;) ai’l{Fi’(Ak;)

Proof. Here is the step-by-step list of transformations of the matrix M; which leads to
the indicated result.

(1) First we transform the part corresponding to the first scalar functional from
o= Fx.

From each column, from the second to the (v; — 1)th, we subtract the first column

multiplied by )t]/c{ 41> Where j is the number of the column being transformed.
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Then in the (k] + 1)th row of the first column there will be a unity and the other
elements will remain zero. We shall carry out a similar operation for the parts corre-
sponding to the other rows of F, from the second to the pth, for which purpose we
subtract from every column from the (v; + 1)th to the (2v; — 2)th the column v; mul-
tiplied by A/ f_‘;fl, where j is the number of the transformed column, and so on. Then,
in all rows C(j)rresponding to A k)41 the respective places will be occupied by unities
(in the first column in the first row, in the v;th column in the second row, and so on),
and the other elements will be zero. Consequently, subtracting these rows multiplied
by the corresponding coefficients from the remaining rows, we can achieve a situation
where unities will be placed at the intersection of these rows with columns with the
numbers 1, (vi — 1)+ 1 =v;,2(v;i =) +1=2v; —1,...,(p—D(v;i —1)+ 1 and
the other elements of the indicated columns will be zero.

(2) We divide all rows of the matrix, except those which correspond to A K41 by
A=A K, +1), where the transformed row corresponds to A ;.

(3) For the part which corresponds to the first row of F we successively subtract
from the (v; — 1)th column the (v; — 2)th column multiplied by )Lqu_l, then subtract
from the (v; — 2)th column the (v; — 3)th column, and so on, and finally subtract the
second column from the third one. We shall carry out similar operations for the parts
corresponding to the rows of F' from the second row to the pth one. Note that now
no one of the elements of the transformed matrix depends on A k41> and only zeros or
unities are in the rows corresponding to this eigenvalue.

(4) We remove from the matrix columns with numbers 1, v;, 2(v; — 1), ...,
(p—D(vi — 1) + 1 and rows corresponding to /\k,f+2‘ It is easy to see that the re-
maining matrix has the form similar to the original form of M;, only now the “new
first eigenvalue” is A/ 5.

Consequently, for the remaining matrix we can carry out the above-indicated oper-
ations (1)—(3) with the replacement of Az’ | by Az’ , with a correction concerning
the numbers of columns. As a result we shall get rid of the dependence on A k] +2-

Acting by analogy, we shall remove from the matrix all eigenvalues from )Lkl{+1
to )Lka,. and, as a result, obtain the required representation of the matrix from the
condition of the lemma.

The lemma is proved. O

Thus, for the condition
rank M; = rank M/ = rank M/" = p(v; — 1)
to be fulfilled, it is necessary and sufficient that
rank M; = p(v; — 1 —k;). (4.104)

Note that M; depends only on the eigenvalues A j and coefficients o found at the
preceding stages (j < k) and does not depend on the eigenvalues A ESEREES )Lkl{+ki
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added at the i th step. Let us now prove that all unknown coefficients oz;." and y;;, de-
fined at the i th step, can be represented as fractional-rational functions of the elements
of the matrix F and eigenvalues A;, j =1,..., Zil:] kg, under the condition that the
algorithm is applicable up to the ith step inclusive.

For i = 1 this statement is valid since the matrix M; is always nondegenerate and
the coefficients a]" are uniquely defined by the equation

xi=zn(M)~,
where x| consists only of the coefficients " and the right-hand side depends only on
Al ooy Ak, andfll,..., vf_l.

Suppose that the statement is valid at the i th step. Then the condition of applicability
of the algorithm at the (i 4 1)th step can be written in form (4.105)

rank M; 1 = p(vit1 — 1 —kiy1),

where the matrix M;; depends on the elements of the matrix F, the eigenvalues
added at the steps up to the ith inclusive, and the coefficients defined at these steps.

Moreover, by assumption, all these coefficients can be represented as fractional-
rational functions of the indicated kind. And then the condition of the fullness of the
rank of the matrix M; | can be written as an inequality to zero of the sum of squares
of its minors of order p(v;+; — 1 — k;+1), i.e., as fractional-rational functions

Ri()\,],...,)\.kl{+1,fll,..., np—l)
’T‘l.(A'la-~~1A'kl{+lsf117~~~1 np_l)

# 0, (4.105)

where R; and 7; are polynomials of the indicated variables. Let this condition be
fulfilled and suppose that the algorithm is applicable at the i th step. Then the equation

Xit1 M1 = ziq

is solvable and the elements of the solution x;4; can be represented as fractional-
rational functions of the elements M; 1 (depend on A; added at the steps up to the
(i + 1)th inclusive and on the coefficients found at the steps up to the ith inclusive).
This representation can be not unique if the matrix M; is not square.

Thus, all coefficients defined at the (i + 1)th step are represented as fractional-
rational functions of the variables which are themselves fractional-rational functions
of A; and elements of F. Hence we have the proof of the statement.

Thus, if condition (4.106) is fulfilled after the ith step, the algorithm is appli-
cable at the (i + 1)th step. Consequently, if condition (4.106) is fulfilled for all
i =1,...,( — 1), then the algorithm is applicable at all steps, and there exists, for
the functional 0 = Fx, an exponential observer of order k*(p) with the spectrum
A ={Ay,..., A=} (under the condition of stability of this spectrum).
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Let us consider the numerator R; from condition (4.106) as a polynomial of A, ...,
A 41 with coefficients dependent on the elements of F. It can be zero on the set
of nonzero measure in the space of eigenvalues A if and only if all elements for the
monomials of A; are identically zero.

Equivalently, R; is identically zero if and only if there exists a set A® = {10, ...,
12;“} such that R; = 0 in a neighborhood of A°.

Each coefficient for the monomials of A, ..., )‘k,f—i-l is a polynomial of f", of the
elements of the matrix F', and, simultaneously, the equality of all these polynomials to
zero defines a certain set of measure zero in the space of the matrices F. If F does not
belong to this set, then, in any neighborhood of any set A° there exists a set of nonzero
measure of sets A such that R; # 0 for them.

Thus, foralli =1, ..., (I — 1) the condition of applicability of the algorithm at the
(i + 1)th step (4.106) is not fulfilled only on the set of matrices F of measure zero.
The union of these sets is the set of measure zero too. Now if F does not belong to
this union, then in any neighborhood of the stable real distinctive spectrum A there
exists a real stable spectrum A’ such that (4.106) is fulfilled forall i = 1,...,( —1).
Hence we have the statement of the theorem.

Thus, when we solve the problem of synthesis of a functional observer, we can
almost always use an observer of order k*(p) < k(p). The set of matrices F € RP*"
for which it is impossible to construct such an observer is a set of measure zero in the
space RP*",

Conclusion

In Chap. 4 we gave conditions of existence and the algorithms for synthesizing func-
tional observers for linear stationary fully determined systems for different cases,
namely, scalar and vector output, scalar and vector functional.

The authors of [87, 93] show that the functional 0 = Fx € R can be reconstructed
by an observer of order v — 1 (where v is the observability index of the pair {C, A})
with any preassigned rate of convergence.

In this chapter we describe new approaches to the synthesis of functional observers
of the given order k (k < v — 1) which were proposed for the first time in [26-28].
Two methods are proposed for solving the problem: the method of pseudoinputs and
the method of scalar observers. Both methods allow us to obtain necessary and suffi-
cient conditions for the existence of functional observers of order k. For the scalar case
l =1, p = 1 these conditions are given by Theorem 4.3, for the case / = 1, p > 1 by
Theorem 4.11, for the case [ > 1, p = 1 by Theorem 4.22.

Proceeding from these theorems, we propose an algorithm for synthesizing ob-
servers of minimal order and also obtain lower bounds for the order of the observer.

In Sec. 4.6 we carried out an analysis of the necessary and sufficient conditions for
the existence of observers of the given order obtained in the preceding sections. A
number of auxiliary statements are proved.
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In Sec. 4.7 we considered the problem of synthesis of observers with the defined
dynamical properties (a given spectrum or a given rate of convergence). Theorem 4.52
gives the upper estimate for the dimension of these observers.



Chapter 5

Asymptotic observers for linear systems
with uncertainty

In this chapter we consider a problem of constructing an observer for a linear stationary
system subjected to the action of unknown disturbance.

We shall consider the statement of this problem more strictly. Suppose that we are
given a dynamical system

{x=Ax+Bu+Df 5

y =Cx,

where 4 € R™" B ¢ R"™k D ¢ R"™™M_ C e R are known constant ma-
trices, u(f) € R¥ and y(r) € R are known input and output of the system respec-
tively, f(¢, x) € R™ is an unknown disturbance. Using the information concerning the
known input u(¢) and output y(¢), we have to construct an asymptotic estimate X ()
of the unknown state vector x(z) € R”.

Then we assume, relative to system (5.1), that the pair {C, A} is observable. In the
case of the absence of disturbance f(¢) the problem of constructing the estimate X (¢)
was studied above, in particular, it is solved by the full-dimensional observer

X =A%+ Bu—L(CX—y), (5.2)

where the matrix L is chosen from the condition of stability of the system in the devi-
ations e = X — x described by the equation

ée=(A—LC)e = Ape.

Since the pair {C, A} is observable, the spectrum of the matrix Ay is wholly defined by
the choice of the matrix L and, consequently, the proposed full-dimensional observer
solves the problem of reconstruction of the vector x(¢) exponentially exactly with any
predefined rate of convergence.

The situation changes essentially if the system possesses an uncertainty f(z, x). In
this case, the system in deviations has the form

é =Ape — Df,
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and if f(z, x) does not tend to zero, then observer (5.2) does no longer give an asymp-
totic estimate for x (¢). Therefore other approaches are required for solving this prob-
lem.

The problem of synthesizing observers under the conditions of uncertainty has rich
history. At present there are many methods and approaches for solving this prob-
lem. Practically all of them allow us to solve the problem under the same conditions
imposed on system (5.1). We shall describe in detail two of these approaches, follow-
ing [13], and then give a short review of the other methods.

5.1 Hyperoutput systems

One of the main cases considered in literature is the case of systems with the number of

outputs exceeding the dimension of disturbance vector f(¢), the case where ! > m. We

shall call systems of this kind hyperoutput systems. Since we can always compensate

the influence of the known input u(#) in the observer, we shall assume, in what follows,

for simplicity, that u(¢) = 0, i.e., consider a system
{ X = Ax + Df

(5.3)

y =Cx.
Suppose that the following assumptions are fulfilled for system (5.3).

Assumption A.1. The pair {C, A} is observable, the pair {A, D} is controllable, i.e.,
system (5.3) is in the general position.

Assumption A.2. Matrices C and D are of full rank, i.e., rank C = [, rank D = m.

Assumption A.3. The number of outputs exceeds the number of unknown inputs, i.e.,
> m.

Assumption A.4. The rank condition
rank CD = m

holds, i.e., the matrix CD € R!*™ is of full rank.

By virtue of Assumption A.4 there exists in the matrix CD a nondegenerate minor
of order m. Without loss of generality, we can assume that it is in the first m rows of
the matrix CD (we can always achieve this by renumbering the outputs).

LetC; (i =1,...,1) be rows of the matrix C. Then

, G Cm+1
_ C ’_ . mxn " o_ . ({—m)xn
C = cr ) C'=]: |eR*"", C"= : eR .
Cm G
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From the assumptions made above it follows that the principal minor of the matrix

C'D
CD = (C//D)
is nondegenerate, i.e., det(C’'D) # 0. The matrix C’ corresponds to the first m com-
ponents of the output and C” to the other (I — m), i.e.,

! C'x
y = (;}//) = (C//x)-

It follows from the nondegeneracy of the matrix C’D that the zero dynamics of sys-
tem (5.3) with respect to the output y’ is of the maximal order (n — m). In this case
there exists a nondegenerate change of coordinates which reduces system (5.3) to the
form
Y / !/
{)f/ = Anxl + A12y/ / (5.4)
y'=Aux"+ Any' + (C'D)f,

where x” € R"™™, A;; are matrices with constant coefficients of the corresponding
dimensions. Note that in the indicated representation of the system the first (n — m)
unknown components of the phase vector x” do not depend explicitly on the unknown
disturbance f.

In order to pass to form (5.4) it suffices to take, as the first (n — m) basis vectors,
any basis of the subspace which is a component of the subspace spanned over the
columns of the matrix D. We shall describe briefly one of the techniques of such
a decomposition following [7].

Since det(C’D) # 0, it follows that condition rank C’ = m is fulfilled for C’ €
R™*" and, consequently, there exists in the matrix C’ a nondegenerate minor of or-
der m. Without loss of generality we assume that it is in the last columns of the matrix
C' = (C)_,;CL), ie., detC), # 0 (here C)_,, € R™(=m) C/ ¢ R™™M) We can
always achieve this by renumbering the components of the vector x. The transforma-

tion ) )
e ()-r
y y
where
P = ( In—m Qn—m P—l — In—m - Qn—mC;;_m _Qn—mCr/n
—(C ’

r/n)_lcrlz—m Om C)_m C,,

gives the required decomposition, the matrices Qp_p,, € R®7*M and Q,,, € RM*M

are defined by the relations
(%)= pcor.
Om

Iy € RO—mM*X(n=m) peing an jdentity matrix.
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After reducing the system to form (5.4), for the reconstruction of the phase vector
of the system it suffices to construct an estimate for the unknown part x’ of the phase
vector (;: )

If the zero dynamics of system (5.4) with respect to the output y’ is stable, i.e., Ay
is a Hurwitz matrix, then such an estimate is given, in particular, by the observer of
order (n — m)

¥ = AnX 4+ Any'. (5.5)

In this case, the estimation error ¢/ = ¥’ — x’ satisfies the equation
¢ = Ay,

and, consequently, the error ¢/ — 0 exponentially as f — oo. In this case the rate of
convergence of the estimate is defined by the spectrum of the matrix A;; and cannot
be changed. If the matrix A, is unstable, observer (5.5) cannot be used.

However, if [ > m, then another approach can be used for constructing an asymp-
totic (exponential, to be more precise) observer for x’. Note that in observer (5.5) we
do not use the second part of the output y” = C”x € R~ being measured. We shall
show that the use of additional information radically changes the situation.

Let us write the vector y”” = C”x in the new coordinates

’
Y = c’p-! (;) _ Cll/x/ + Cz”y’, (5.6)

where C|’ € RU=m)x(n—m) C) e RU=m)xm a6 matrices with constant coefficients
defined by the parameters of the system.

Then, in the new coordinates y = C (;; ), where the matrix C has block structure

~ _ 0 1

and, since the matrix C has full rank, we infer that the matrix C 1” is also of full rank,
ie,rank C' =1 —m.
Since y’ and y” are known vectors, we determine a new output

.,/

y=y"-Cy".

It follows from representation (5.6) that = C{’x’. Then the first equation of sys-
tem (5.4) and y can be regarded as a linear system of order (n — m) with the known
output y’ of order (/ — m) and the known input y of order m, i.e.,

X' = Allx' + Alzy/
5.7

5=clx.
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Note that in contrast to the original system, system (5.7) does not depend explicitly
on the unknown input f(,x). Therefore, if the pair {C|’, A;;} is observable, then
the problem of reconstruction of the vector x’ is solved, in particular, by the full-
dimensional observer of order (n — m):

X = A& + Apy — L(C'F - 7). (5.8)

where the matrix L € R®=*(=m) i5 chosen from the condition that the matrix
Ar = Ay — LC/' is a Hurwitz matrix. In this case, the estimation error ¢’ = %' — x’
satisfies the equation
é' = Are

and, consequently, converges to zero exponentially. Moreover, in contrast to ob-
server (5.5), in the case of the observability of the pair {C 1” , A11}, the rate of conver-
gence is wholly determined by the choice of the matrix L and can be defined arbitrarily.
In this case, the stability of the matrix A1; is not assumed.

Observer (5.8) also serves the problem in the case where the pair {C’, A} is not
observable but only reconstructible. In this case, by the choice of the matrix L we
can determine a part of the spectrum of the matrix Ay, the remaining part being un-
changeable and stable. The rate of convergence of the observer can be defined by the
unchangeable part of the spectrum of the matrix Ay .

In addition, for system (5.7) we can construct a Luenberger observer of the lowered
order(n —m) — (I —m) = (n —1).

It follows from what was stated above, that the fundamental part in the construction
of the observer for x’ is played by the observability (reconstructibility) of the pair
{C/’, A11}. To analyze it, we shall investigate the properties of the invariant zeros of
system (5.1) [32, 86].

By invariant zeros of the system

{szx+Df

59
b ex (5.9)

we call the values s € C which lower the rank of the Rosenbrock system matrix R(s),
i.e., such values that
sl —A —-D

rank R(s) = rank ( C 0

) <n-+m,
where R(s) € CrtDx(ntm)

Invariant zeros define zero dynamics of system (5.9), i.e., its dynamics under the
condition y(¢) = 0.

In the case where / > m, we use the following algorithm for determining the
characteristic polynomial of zero dynamics. Let us consider various square “subsys-
tems” (5.9), i.e., systems of the form

X =Ax + Df
ylllm = Ci]...i,nx’ llvvlm € {1’---51}5 lp ;é lq for p # C],
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Ci,
where C;,. i, = ( ) € R™*" is a matrix formed by the rows C;,,...,C;, of
Cim
Yiy
the matrix C, y;,. i, = : ) € R™ being an m-dimensional output, a part of the
Yim
full vector y(z) € R’. Each of systems indicated above, corresponding to iy, . . ., iy, iS

square, i.e., the dimension of the output y;, . ;,, for it coincides with that of the input 1.
Therefore, for each one of the indicated systems the characteristic polynomial of zero
dynamics f;, ..., (s) is a determinant of the corresponding Rosenbrock matrix

sl —A =D
:3i1.~-im (S) = det (Ci1...im 0 ) '

The characteristic polynomial 8(s) of zero dynamics of system (5.9) with respect
to the full /-dimensional output y(¢) is the largest common divider of all polynomials
Bi...iy () (they are C;”* in number). In the general case, for / > m, the polynomial
B(s) = 1, i.e., the system does not have invariant zeros (to be more precise, among
all systems (5.9) systems with invariant zeros form a set of measure zero). If invariant
zeros of a system are absent or stable (i.e., the zero dynamics of the system is absent
or stable, respectively), then system (5.9) is said to be a minimal-phase system.

In the sequel we shall assume that the following assumption is fulfilled.

Assumption A.5. System (5.9) is minimal-phase, i.e., its invariant zeros are absent or
liein C_.

The following statement holds for system (5.9).

Theorem 5.1. Suppose that Assumptions A.1-A.4 are fulfilled for system (5.9). Then,
if the system does not have invariant zeros, the pair {C{', A1} is observable. If the
system has invariant zeros, then they form an unchangeable part of the spectrum of the
matrix Ay, = Ay — LC/'; if the invariant zeros are stable, then the pair {C|', A1} is
reconstructible.

Proof. Let us consider in greater detail the Rosenbrock matrix of system (5.9). Note
that the set of invariant zeros of the system is invariant relative to the nondegenerate
change of coordinates and nonsingular transformations of the input and output. There-
fore, in order to determine the set of invariant zeros it suffices to write the Rosenbrock
matrix for the system reduced to form (5.4). In this case

(Y'Y _ (0 In o
y_ y// - Cl// C2//
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and we can write the Rosenbrock matrix in the block form

slp—m — A1t A 0
_ _ _ /

R(s) = 6121 Slm]m A (C(') D)
cr cy 0

According to Assumption A.4 det(C’'D) # 0, and therefore rank R(s) = n + m if
and only if
Slh—m — A An
rank 0 ILn | =rank R'(s) = n.
C// C2//
1

Let us perform transformations of the matrix R’(s) which do not change its rank,
namely, let us subtract the second block row multiplied by (—A2) and (—C,’) from
the first and third block rows, respectively. Then we obtain

sly-m — A 0
rank R’(s) = rank 0 Iy | = rank R (s).
cr 0

It is obvious that rank R”(s) = n if and only if

rank (SI”—'ZW_ All) =rank R"'(s) = n —m,
1

i.e., the matrix R"/(s) is of full rank. The fullness of the rank of the matrix R"(s)
for all s € C under the condition of the fullness of the rank of C 1” (and this condi-
tion is fulfilled) is a necessary and sufficient condition of the observability of the pair
{C/’, A11}. The points of lowering the rank of the matrix R"’(s) define the spectrum
of the nonobservable dynamics of the pair {C/’, A1;}.

It follows from the nonsingular transformations performed above that the rank of
the Rosenbrock matrix R(s) is lost if and only if the rank of the matrix R"(s) is lost,
the sets of points of lowering the rank of these matrices being coincident. Thus, the
zero dynamics of the original system defines the nonobservable dynamics of the pair
{C/", A11}. The proof of the theorem is complete. O

Remark 5.2. We can obtain the same result using representation (5.4). This approach
allows us to write explicitly the structure of the observer.

Let us consider in greater detail the fully determined system (5.7). Note that since
the pair {4, D} is controllable, the pair {A};, Ai2} in system (5.7) must also be con-
trollable (i.e., the first subsystem in system (5.4) is controllable by means of y’(¢)).
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Then there exists a Kalman decomposition for system (5.7) which divides this sys-
tem into an observable and nonobservable parts

{xquax;+Aay/ 579

-/ __ 1’ / " ./ 7 /
Xy = A\ x| + Ajjx; + ALY

where x| is the observable part of system (5.7) and x} is the nonobservable part of the
system (if it exists, i.e., if the pair {C]’, A1} is nonobservable). In this case (with an
accuracy to within a nondegenerate change of coordinates)

r_ (™ _ (A4 O _ (A "_ (.
() = ) ae=(l). ar-@o

Since the remaining part of the phase vector of the full system (5.4) is a part of the
output x’, it is obvious that the zero dynamics of the full system (5.4) coincides with
the zero dynamics of system (5.7*) (for the input y’ = 0). Let us investigate it.

For such a motion y’ = 0, " = 0 and, in addition, since the part x| from 7" = 0
1s observable, it follows that x; = 0 for t > 0. Therefore the zero dynamics of system
(5.7%) for y’ = 0 (and, consequently, the zero dynamics of the original system (5.4))
is defined by the nonobservable part of system (5.7*) and is described by the equation

A/
Xy = Aj1%,.

Thus, if the zero dynamics of the system is absent, then system (5.7*) does not have
a nonobservable part and the pair {C|’, A1} is observable. Now if the original sys-
tem has stable invariant zeros (or, what is the same, stable zero dynamics), then the
nonobservable part of system (5.7%) is stable and the pair {C/’, A1;} is reconstructible.

5.2 Functional observers

The approach proposed above allows us to solve the problem of synthesis of a func-
tional observer for system (5.9) as well in the case where the number of outputs ex-
ceeds the number of unknown inputs, i.e., [ > m.

Consider a problem of reconstructing the functional 0 = Fx, 0 € R?, where
F € RP*" is a known matrix. Let, as before, Assumptions A.1-A.4 be fulfilled for
system (5.9). Then, as was shown above, by a nonsingular transformation the system
is reduced to form (5.4). After the indicated change of coordinates with matrix P the
functional 0 = F x assumes the form

x/
oc=Fx=FP (y/) =F'x"+F"y =0"+0",

where F/ € RPx(n—m) [/ ¢ RPXM gre known matrices. Note that the functional
o’ = F”y’ is known, and, consequently, in order to construct an estimate for the

functional o it suffices to construct an estimate for its unknown part o’ = F'x’.
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For this purpose it is sufficient to consider again the reduced system without uncer-
tainty (5.7) of order (n — m):

X' = A”x’ + Alzy/
e

for which we have to construct a functional observer for the functional ' = F’x’. The
methods for solving this problem, including the conditions for constructing a minimal
order functional observer were given in detail in Chap. 4. The conditions of observ-
ability for this system are given by Theorem 5.1.

5.3 Synthesis of observers by the method of pseudoinputs

Under the conditions imposed on system (5.9) indicated above for synthesizing an
observer of the full-phase vector of system x () we can use the approach based on the
decomposition of the system with the employment of the so-called pseudoinputs. We
shall describe this method in detail following [13].

Suppose that, as before, Assumptions A.1-A.4 are fulfilled for the system and the
invariant zeros of the system are absent or stable (i.e., condition A.5 is fulfilled). Since
the number / of outputs of the system exceeds the number of the unknown inputs m,
we complement the system (/ — m) by “pseudoinputs” (virtual inputs) /€ R/, As
a result we obtain a square system with / inputs and / outputs

{x=Ax+Df+D’f'=Ax+Df 5.10)

y =Cx,

where f = (}(, ) D = (D D’), the technique of choosing the matrix D’ € R"*(=m)
will be described in the sequel.

Note that for f/ = 0 system (5.10) coincides with system (5.9), and therefore the
observer constructed for system (5.10) under the condition f’ = 0 will reconstruct the
phase vector of the original system.

Since system (5.10) is square, the characteristic polynomial of its zero dynamics is
a determinant of the Rosenbrock matrix

B(s) = det R'(s) = det (SInC— A —(DO D/)) .

If the polynomial (s) which depends on the choice of the matrix D’ is of order (n — )
(i.e., det(C D) # 0), then for system (5.10) we can carry out the decomposition with
matrix P described above with the isolation of zero dynamics, and then the system
will assume the form

xX'=Anx' + Ay
y = Ayx'+ Apy+CDf,
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where x’ € R"! and det(s] — A;1) = B(s). If the matrix D’ is chosen such that the
polynomial B(s) is a Hurwitz polynomial, then the problem of reconstruction of the
unknown part of the phase vector x’ is solved by an observer of order (n — [):

)~C/:A115€,+A12y. (5.11)
In this case, the observation error ¢/ = X’ — x’ satisfies the equation
¢ = Ane,

and, consequently, the rate of convergence of the observer is wholly defined by the
degree of stability of the polynomial 8(s). The dimension of observer (5.11) coincides
with that of the minimal-order observer described above (where a Luenberger observer
is constructed for the fully determined reduced system (5.7)).

Thus, the problem reduces to the search for a matrix D’ such that the polynomial
B(s) will be of degree (n — /) and be a Hurwitz polynomial. Then the following state-
ment holds.

Theorem 5.3. Suppose that Assumptions A.1-A.5 are fulfilled for system (5.9). Then,
if the system does not have invariant zeros, the roots of the polynomial B(s) of order
(n — 1) are fully determined by the choice of the matrix D'. If the system has invariant
zeros, then they are roots of the polynomial B(s), the other roots being defined by the
choice of the matrix D’.

Remark 5.4. Thus, the necessary condition for §(s) to be a Hurwitz polynomial is
the fact that system (5.9) is of minimal phase.

Proof. Consider a Rosenbrock matrix of the extended system (5.10):

yon_(sI—A —-D =D\ (5, .|-D
where R’(s) is a Rosenbrock matrix of system (5.9). Note that if the point s* is an
invariant zero of system (5.9) (i.e., rank R'(s*) < n + m), then rank R'(s*) < n + [
as well, i.e., s* is aroot of the polynomial 8(s) = det R(s). Consequently, all invariant
zeros of system (5.9) are contained in the set of roots of the polynomial B(s) for any

choice of D’.
In what follows, without loss of generality, we shall assume that the full-rank ma-

trix D has the form
D = (O), I, € R™™,
I

This can always be achieved by means of a nondegenerate change of coordinates and
inputs of the system. Let us represent the matrices of system (5.9) in block form

A:(Al A2)}n—m7 D/:(Dé)}"—m, C=(C | &)
~——

Az Ayq) }m D} ) ym —_——
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and write the Rosenbrock matrix R’(s) also in block form

S]n—m — Al —A2 0 —Di }n—m
R,(S) = ( —A3 STy — A4 —1Iy —Dé )}m .

Ci Cs 0 0 Ju
—_— —— Y= =
n—m m m l—m

Then it is obvious that rank R’ = m + rank R”(s), where

" _ sly—-m — A1 —As _Di | pr _Di
R (S)—( C C 0 = | R"(s) 0 .

Note that rank R’(s) = m + rank R”(s) for the original system, and, consequently,
the set of points of lowering the rank R”(s) defines the set of invariant zeros of the
original system.

According to Assumption A.4,

rank CD = rank ((C1 ) (IO )) =rank C; = m.
m

Since C, € RIXM and [ > m, we can use the nondegenerate transformation of
outputs (i.e., rows of the matrix C) to reduce the matrices C; and C; to the form

Ci = (C{) G = (Im) ) Cl/ c Rmx(n—m)’ Cll/ c R(l—m)x(n—m).

C2” 0
Then
Sln_m - A1 —A2 —Di }n—m
R"(s) = ( Cl’ Iy, 0 )}m
CI// 0 0 H—m
—_—————— —— ——
n—m m I—m
and
rank R”(s) = m + rank R"'(s),
where
" _ sly—m — A _Di | s _Di i . /
R"(s) = ( Cl,, 0 = | R"(s) 0o ) A=A, - AC,.

In this case, the set of points of lowering the rank of the matrix R’(s) (and R"(s))
coincides with the corresponding set of points of the matrix R"'(s).
Consider an (n—m)-dimensional linear stationary system with (/ —m) inputs and
(I — m) outputs:
> = Az + D
{Z A (5.12)

e=C/z,
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for which the matrix R”(s) is a Rosenbrock matrix. On the other hand, the matrix
R"(s) defines the observability (reconstructibility) of the pair {C/’, A}. Consequently,
the pair {C", A} is observable if and only if the original system does not have invari-
ant zeros (when the matrices R’(s) and R"(s) are of full rank for all s € C). The
pair {C/’, A} is reconstructible if and only if the invariant zeros of the matrix R’(s)
are stable, the set of invariant zeros of the original system being coincident with the
spectrum of the nonobservable part of system (5.12).

In addition, since the transformations carried out are nondegenerate, the sets of
points of degeneracy of the Rosenbrock matrix R”(s) of the system with pseudoinputs
(5.10) and the matrix R"'(s) coincide, moreover, the relation

B(s) = det R'(s) = £det R"'(s)

holds with an accuracy to within the sign, i.e., the characteristic polynomials of the
zero dynamics of systems (5.10) and (5.12) coincide.

Let us consider the zero dynamics of system (5.12) in greater detail. Since the matrix
C is of full rank, the matrix C|’ € RU=m)x(n—m) ig also of full rank, i.e., rank Ccl =

| — m. Let us carry out in system (5.12) a nondegenerate change of coordinates with

matrix Q: / /
z\ _n—1[Z / n—l
(e)—QZ, z=0Q (e)’ z e R" .

In the new coordinates system (5.12) assumes the form

2 = /I]]Z/ + 1‘[126’ + Dila)
(5.13)

e = 1‘1212/ + 1{22(3 + Diza),

where the matrices D{, and D1, are defined by the choice of D:

Dil) l / (D/ -1
=D/, D/ =("1)o
(Diz ‘ R

Since the matrix Q is nondegenerate, the inverse statement, namely, that the matrix
D1 is wholly defined by the choice of D, and D/,, also holds true.

Let us choose the matrix D/, € R(”_m)x(”_mg nondegenerate, say, D, = In—pm.
We find the equation of zero dynamics of system (5.13) under this condition. Since
é = e = 0 in this case, the second equation (5.13) gives a relation w = —/fglz’, and,
consequently, the zero dynamics is defined by the equation

Z./ = (A~11 — D11A~21)Z/.
On the other hand, the Rosenbrock matrix of system (5.13) has block structure:

sl — An — A . —Dy
RNN = —A21 SIl—m — A22 —D;z
0 I 0
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Taking into account that system (5.13) is the transformed system (5.12), we obtain an
identity det R”(s) = det R””(s). In the matrix R""”(s) we shall consider a submatrix

) Sln_ljzill —Ap _
R"(s) = —An sli_ym — Ax
0 Ii—m

The set of degeneration points of the rank of the matrix R""(s) coincides with the cor-
responding set of the matrix R”’(s) on one hand (and, consequently, the matrix R’(s)),
and, on the other hand, is defined by the degeneration of the matrix

_ I i
RVs= Sly—] — 11).
(s) ( 3

The indicated matrix is connected with the observability of the pair {A21 A 11}, namely,
if the original system does not have invariant zero, then the pair {A2] VA 1} is observ-
able and if the original system has stable invariant zeros, then the pair {A21, A1 1} is
reconstructible.

To complete the proof of the theorem, it remains to note that the matrix of zero
dynamics of system (5.13) has the form

A = A — D}, Aa,

and, consequently, in the case where the original system does not have invariant zeros,
thi: spectrum of the matrix A4 can be defined arbitrarily by the choice of D}, (since
{A31, A1y} is observable). Now if the original system has stable invariant zeros, then,
by virtue of reconstructibility of the pair {/121, A 11}, the spectrum of A4 can be made
stable by the choice of D], (in this case, a part of the spectrum coincides with the
invariant zeros of the original system and the remaining part can be defined arbitrarily).
The theorem is proved. O

Remark 5.5. Under the pseudodisturbance of ' = 0 the statement of Theorem 5.3
can be formulated in an equivalent form.

Theorem 5.3'. If Assumptions A.1-A.4 are fulfilled for system (5.9) and the system is
minimal-phase, then, by means of a nonsingular transformation, it can be reduced to
the form

X =Anx"+ Any
(5.14)

y = Ayx' + Any + CDf,

where the spectrum of the matrix Ay contains all invariant zeros of system (5.9) and
its remaining part can be chosen arbitrarily (and is defined by the choice of the trans-
formation matrix).
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We should also note that the number of pseudoinputs can be any number p from 1 to
| — m. In this case, we define, according to the output, the (14 p)-dimensional output
such that according to it properties A.1-A.4 are fulfilled for this output. For this output
we can use the algorithm of decomposition of the system proposed above.

The following statement is valid.

Theorem 5.3”. Suppose that Assumptions A.1-A.4 are fulfilled for system (5.9),
1 < p <1 —m, and system (5.9) is minimal-phase relative to the output y, = Cpx €
R™*P where C o is a matrix formed by the rows of the matrix C. Then, by means of
nonsingular transformation the system can be reduced to the form

)'Cp = A]]Xp + A]zyp
Vo = A2ixp + Any, + C,Df,

where A1y is a Hurwitz matrix, x, € R"7"7F,

5.4 Classical methods of synthesis of observers
under the uncertainty conditions

Many different methods have been proposed for solving the problem of synthesis of an
observer for an uncertain system (5.1) under the condition [ > m. However, practically
all of them give a solution under the same conditions imposed on system (5.1). These
conditions are indicated in Theorems 5.1 and 5.3. We shall give a brief review of these
methods without detailed proofs. The results will be given only for the case u = 0,
i.e., for system (5.9).

The analysis of published works shows that with a certain conventionality all known
methods of synthesis of observers for systems of this kind use one of the following
ideas:

(1) removal of disturbance from the equation of error estimation,

(2) an isolation of a subsystem from the system which does not explicitly depend on
the disturbance,

(3) the use of special canonical forms of multiconnected systems,
(4) the solution of the observation problem as a problem of stabilization,
(5) the use of fictitious (or pseudo-) inputs (outputs).

We shall consider each of these methods and give the main results.

5.4.1 Removal of disturbance from the equation of estimation error

Observers of this kind are proposed in [115, 41] and by their structure are similar
to the structure of classical Luenberger observers for systems without uncertainty. For
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solving the observation problem for system (5.9) the authors propose to use an observer
of the form
z=FEz+4+ F
{ Ty (5.15)

X=Hz+ Ly,

where z € R?, X € R”, H, E, F, and L are constant matrices of the requisite
dimensions which must be determined. For a full-dimensional observer the dimension
of the vector z is equal to that of x, i.e., p = n, and we can set H = I. In this case,
as an estimate of the unknown vector x () we can use the output of the observer X (¢).
Then the observation error & (¢) = x(¢) — X(¢) satisfies the equation

& =E&+ (PA— FC — EP)x + PDY,

where P = I — LC. The matrices of the observer are chosen such that we can
exclude from the last equation the unknown disturbance (signal f) and the unknown
phase vector x(¢). This condition will be fulfilled if the relations

PA—-FC—-EP =0, PD=0 (5.16)
hold. In this case, the error satisfies the equation
& = E€,

and, consequently, & (¢) tends to zero exponentially under the condition that £ is a Hur-
witz matrix. The following statement is proved in [41].

Statement 5.6. If Assumptions A.1-A.4 are fulfilled for system (5.9), then there exist
matrices E, F, and L which satisfy conditions (5.16). Moreover, if Assumption A.5 is
fulfilled, then the matrix E can be chosen as a Hurwitz matrix. A part of its spectrum
coincides with the invariant zeros of the Rosenbrock matrix of the original system and
the remaining part is chosen arbitrarily.

The drawback of the proposed approach is that we have to solve a cumbersome
system of matrix equations (5.16) whose solution is, generally speaking, not unique.
In addition, the dimension of the observer constructed in [41] is equal to the dimension
of the system n, it exceed the dimension of the observer of the lowered order (n — /)
which can be achieved by other methods. Obviously, this approach can be generalized
to the case p < n, in particular, p = n — [. Moreover, it can also be generalized to the
problem of construction of functional observers. This problem was considered in [104]
where the functional 0 = Fx, F € R2*" was reconstructed. Here is the main idea of
this work.

Suppose that we know the decomposition of the matrix F of the form

F=KT+WC,
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where K € RI%P, T € RP*" W ¢ RI*, andg < p < n. Wedenote x’ = Tx €
R2, and then
o(t) = Fx(t) = Kx' + Wy.

In order to reconstruct the functional o (¢) it suffices to construct an estimate x” which
is given by the observer of order p similar in structure to observer (5.15):

{z’=E2+Gy 517

0 =Kz+ Wy,

where the matrices E € R?*? and G € R?*! must be defined and z(¢) is the estimate
of the vector x’(¢). The estimation error e(f) = z(¢) — x'(¢) satisfies the equation

é=FEe+(GC—-TA+ ET)x —TDf
and the parameters can be found from the relations

GC—TA+ET =0
TD =0 (5.18)

E is a Hurwitz matrix.

The following statement is proved in [104].

Statement 5.7. Suppose that Assumptions A.1-A.5 are fulfilled for system (5.9).
Then there exists a solution of system (5.18) and observer (5.17) gives an exponen-
tial estimate of the unknown functional o (¢).

The authors of [104] proposed a procedure for solving system (5.18) for the stable
matrix E and proved the existence of a solution of this system, but only under the
condition that
, 4=

[ —m
Note that for ¢ > | — m the inequality p > n — [ is satisfied, i.e., the dimensional
of the functional observer exceeds that of the observer for a full-phase vector. This
is obviously connected with the method of proving the statement and not with the
properties of the method.

5.4.2 The method of removal of disturbance from the
equation of the system

Another approach to the construction of asymptotic observers is connected with the
transformation of the system which removes the explicit presence of disturbance in
the equations of the system. This method is realized in [51, 54, 55].
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The main idea of the method is the transformations of equations of the system so that
the explicit presence of f(¢) (or a function of it) which obviously given information
about the signal f(¢) is replaced by the known signal y ().

Let us consider again the original system (5.9). If Assumptions A.1-A.4 are fulfilled
in this system, we introduce a new variable

§=x—Hy.
Then the equation for £ can be written as
£=(A—HCAEt+(A— HCAHy + (D — HCD)f
with an equation for the output
y=C&+CHy or (I-CH)y=CE&.

If the matrix H is such that (D — HCD) = 0 and CH — I # 0, then the equations
for the new variables & do not explicitly depend on f:

{§:A§+AHy, A=A-HCA (5.19)

y=Cé. y=U-CH)y.

and the original problem reduces to the observation problem for a system with the
known input y(¢) which can be solved by standard methods if the pair {C, A} is ob-
servable (reconstructible).

The following statement is proved in [54].

Statement 5.8. Suppose that Assumptions A.1-A.5 are fulfilled for system (5.9).
Then, if system (5.9) does not have invariant zeros, then the pair {C, A} is observable
and if this system has invariant zeros in C_, then the pair {C, A} is reconstructible, and
the unchangeable eigenvalues of the matrix A; = A — LC coincide with the invariant
zeros of the original system.

For system (5.19) we can synthesize standard observers of full order  as well as of
a lowered order (n — ). We take X = & + Hy, where £ is an estimate for £, as an
estimate of x.

5.4.3 Methods based on the reduction of a system
to a special canonical form

We shall give algorithms for synthesizing observers based on the reduction of a sys-
tem to a special form where a part of variables do not depend explicitly on the distur-
bance f(¢) and can be reconstructed.

We know several approaches to this transformation. One of them was proposed
in [48]. Here is this method.
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We begin with transforming system (5.9) using the matrix 7 € R"*” such that

- ()0 (3)

where T) € R—mxn T, ¢ Rmxn [ ¢ RMXM det D # 0. Since the matrix D is
of full rank, such a matrix 7" always exists. The transformation ( ;‘,’,) = T x reduces
system (5.9) to the form

x'= A;x" + Arx"

x" = Asx' + Ayx" + D f (5.20)

y = Cix' + Cx”.
Note that if Assumption A.4 is fulfilled, then rank C, = m. In addition, C, € ]Rlxm,
Ci € RIX(=m) and the equation for x’ does not explicitly depend on the distur-
bance f(t).

By virtue of the remarks that we have made, there exist matrices Q € R!*! and
P € R™*™ guch that

QC,P = (g;) CP = (C;)Z) , detCr #0, detP #0.

The matrix Q performs the transformation of outputs y and the matrix P of parts of
the phase variables x”’. The authors of [48] proposed a procedure of construction of
matrices P and Q. Under the assumptions that we have made, the output y is reduced

to the form
()’1) _ 0y = (Qly) _ (Q1C1x/ + C_zP_lx”)
»2 Oy 02Cpx' '
and, consequently, a part of the phase vector x” can be expressed via the vector x” and
the component of the output y; = Qy, i.e.,
"= PCyN(yi = Q1C1x).

Substituting the expression for x” into the first equation (5.20), we obtain a system
for x” of order (n — m)

i'= A + PG (1~ 01C1)
= (A1 — APC;'01C )x" + 4 PCyly, (5.21)

A

with the known input y;(¢) which does not depend explicitly on the disturbance f(¢)
and output y,(¢) of order (I — m), i.e.,

y2 = 0,Cix’ = Cx'. (5.22)

The following statement holds true.
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Statement 5.9. Suppose that Assumptions A.1-A.5 are fulfilled for system (5.9).
Then the pair {C, A } is observable if the original system does not have invariant zeros
and the pair {C, A} is reconstructible if the original system has invariant zeros in C_
and these zeros belong to the spectrum of the matrix Ay = A-LC.

For system (5.21), (5.22) we can construct both an observer of full order (n — m)
and that of a lowered order (n —m) — (I —m) = n —[. These observers give an
estimate X’ of a part of the phase vector x’ and the relation

¥ =PCy(yi — 01CiX).

gives an estimate for x”.

The method of quasisplittings described above in detail is also based on the idea of
reduction of a system to a special canonical form. Note that it is simpler in realiza-
tion and, in addition, can be used for solving a problem of construction of functional
observers, those of minimal order inclusive.

5.4.4 Method of pseudoinputs

This method was described above in detail, it also makes it possible to reduce a system
to a special representation. This approach is due to S. K. Korovin and is described
in [13].

5.4.5 Methods of synthesis of observers with control

One more approach to the construction of observers for uncertain systems is based
on the use in the observer of control which carries out stabilization at the zero of the
system in deviations which certainly depends on the disturbance f. Different methods
of stabilization are used for uncertain systems.

For the first time this approach was obviously used in [109, 100]. We shall describe
it in greater detail.

For reconstruction of the phase vector of system (5.9) we shall use an observer

X =A%+ L(y —C%) —v, (5.23)

where v is a control carrying out the stabilization of the system in deviationse = X — x
defined by the equation

ée=(A—-LC)e—v—Df = Are — (v + Df).

The matrix L is chosen from the condition that A is a Hurwitz matrix (this choice
is always possible since the pair {C, A} is observable).

The authors of [109] introduce an additional assumption concerning the unknown
disturbance.
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Assumption A.6. The signal f(¢) is uniformly bounded and its majorant, the constant
p > 0, is known (i.e., | f(¢)| < p fort > 0).

In this case, a discontinuous feedback
v =pD Sgn(W(y — y))

is proposed for employment as stabilizing control. Here W € R™*!| § = C%, and
Sgn(z) € R™ is a discontinuous vector-function with components sgn(z;). In this
case, a system in deviations has the form

é = Are — D(pSgn(WCe) + f). (5.24)

The Lyapunov function
V(e)=e' Pe, P >0,

is used for investigation of its stability. By virtue of system (5.24) its derivative has
the form
V =e (PAL + A} P)e —2(pSgn(WCe) + f)D T Pe.

The following statement is proved in [109].

Statement 5.10. If Assumptions A.1-A.6 are fulfilled for the system (5.9) (and the
system does not have invariant zeros), then there exist matrices P, Q > 0 as well as
parameters of the observer W and L satisfying the system of equations

PAL + A} P =0,
DTP=WC.
In this case, V < —AV, A = const> 0.

The authors of [45] proposed a procedure of constructing the matrices W and L for
the observer of form (5.23) which have a more general form of stabilizing control

v=pGSgn(Wy — W(CXx)

with a varying matrix G instead of the fixed one D in [109].
The drawbacks of this method are additional constraints imposed on the signal f(¢).

5.5 Static and unstatic methods of estimation
under the conditions of uncertainty

5.5.1 Observers for square systems with uncertainty

The methods of construction of asymptotic observers for systems with uncertainty
(5.1) described above essentially used Assumption A.3 stating that the number of out-
puts [ exceeds m which is the dimension of the unknown input f(¢). Let us consider
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now a situation where these dimensions coincide, i.e., [ = m. Systems of this kind
are traditionally called square systems since, in this case, the transfer matrix of sys-
tem (5.1)

W(s) = [C(s] — A)~'D] e C™*

from uncertainty f(¢) to output y(¢) is square.

Scalar systems with the first relative order. We begin with considering a more
simple case of a scalar system, i.e., a system with scalar input f(¢) and output y(z)
(i.e.,I = m = 1). As before, without loss of generality, we assume that () = 0 since
the effect produced by the known input can always be compensated in the observer.
Thus, we consider a system

{x=Ax+Df (525)

y = Cx,

where 4 € R™", D € R"*! C e R'", The transfer function from the input f to
the output y
Bm(s)

an(s)
is defined for this system. Here S,,(s) and oy, (s) are polynomials of s of the corre-
sponding degrees m and n. In this case

W(s)=C(sI —A)~'D = (5.26)

on(s) =det(s] —A) = 5" + aps" ' 4+ F (5.27)
is a characteristic polynomial of the matrix A, and the polynomial
Bm($) = Bmr1s™ + Bms™ ' + oo+ B (5.28)

is a characteristic polynomial of the zero dynamics of the system which is a determi-
nant of the Rosenbrock matrix

sl —A|—-D
ﬁm(s)—det( C 0 )
The relative order of system (5.25) is the number r = n — m which is defined by the
relations

CD =0, CAD =0, ..., CAT2D =0, CA™'D =Bps1 #0. (529

For system (5.25) we assume that its zero dynamics is asymptotically stable, i.e., B, (s)
is a Hurwitz polynomial. In this case, the system is of minimal phase. In addition, we
shall assume that the pair {C, A} is observable and the pair {4, D} is controllable, i.e.,
system (5.25) is in the general position.

In the general case the condition CD # 0 is fulfilled for system (5.25) (without loss
of generality we assume that CD = 1 which can always be achieved by normalizing
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the output), i.e., the relative order of the system r = 1, and then deg(B,,(s)) = m =
n — 1. Since the pair {A, D} is controllable, system (5.25) can be reduced, by means
of nonsingular change of coordinates, to the controllable canonical representation

0 1 o ... O 0
0 0 1 ... O .
A= , D=1, C=0B....5n).

0O 0 0 1 0

-] —0 —O&3 ... —0Op 1
here CD = B, = 1. We carry out a standard change of coordinates with the iso-
lation of zero dynamics of the system for which purpose we pass from the coordi-
nates (xg,..., x,,)T to coordinates (xi, ... ,xn_l,y)T. Since B, = 1, it follows that

y = B1x1 + -+ + Bun—1Xn—1 + Xn, and therefore, in the new coordinates, the system
assumes the form

fC[ZXz

sz=X3

(5.30)
Xp—2 = Xp—1
Xn—1 = —=P1xi —Poxy — - — Bu—1Xn_1 +y
Y =—YiXi —YaX2 — - — Vn—1Xn—1 — Yny + [,

where y, = (Bn—1 —an), Vi = —yaBi + Bi—1 —ai, i =1,...,n — 1. Note that the
first (n — 1) equations of system (5.30) describe the zero dynamics of the system which
does not depend explicitly on the unknown disturbance f(¢). In order to reconstruct
the first (n — 1) coordinates of system (5.30) we use the observer

X =%
. (5.31)
Xn—2 = Xp—1
Xn—1 = —P1X1 — oy — - — Bu—1Fn—1 + ¥.

In this case, the observation error ¢’ = x’ — ¥ (where x’ = (x1,...,x,_1) ', ¥ =
(X1,..., in_l)T) satisfies the equation

é1=62

€n— = en—1

én—1 = —Prer — Pres — - — Bu_1en_1.
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It is obvious that the characteristic polynomial of this linear system coincides with
Bm (s), and, since the latter polynomial is a Hurwitz polynomial, ¢’ — 0 exponentially
as t — oo. The estimate for x, is given by X, = y — Z:’;]l Bixi. Thus we have the
following statement.

Theorem 5.11. Suppose that system (5.25) is in the general position, has the first
relative order, and is of minimal phase. Then observer (5.31) reconstructs the unknown
part of the phase vector exponentially precisely.

Remark 5.12. The rate of convergence of the observer is defined by the polynomial
Bm(s) and cannot be changed.

Remark 5.13. The dimension of observer (5.31) is equal to (n — 1) and coincides
with the dimension of the Luenberger observer for fully determined systems.

Remark 5.14. In the case where no constraints are imposed on the disturbance f(t),
the requirement of stability of zero dynamics of system (5.25) is necessary for solving
an observation problem.

Indeed, let the polynomial S,,(s) be unstable. Let us consider a system in form
(5.30) for the special case of disturbance

f@) =yix1 +y2x2 4+ -+ Yn—1Xn—1 + VYny.

Then y = 0,i.e., y(t) = const. In this case, any two initial states (x/(0), ..., x],_,(0),
y(0)T and (x5(0),...,x"_,(0), y(0)) generate the same output

y(t) =y(0) =const, ¢t>0

and are indistinguishable, and the difference e(t) = x’(z) — x”(¢) between the solu-
tions of the system corresponding to these initial states satisfies the equations

é] = e

én—2 = epn—1
én—1 = —Pre1 — - — Bu—1en—1

én =0,

and, since B, (s) is unstable,
e(t) > o0 as t — oo.

Thus, two exponentially different solutions are indistinguishable.
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The transformations of the system carried out in the proof of Theorem 5.11 can be

conveniently written in block form, We denote by x’ = (x1,...,Xx,—1)" the (n—1)-
dimensional part of the phase vector. When we pass from the coordinates ( ;‘;) to

coordinates (’;,/) the system assumes form (5.30) which can be written in block form

X =Aux + A
. 11 / 12y (5.30)
Yy = Anx + Any + CDf,
where
0 1 0 0
0 0 1 0
Al = oo S R(n—])x(n—l)’
0 0 0 1
—B1 —B2 —B3 —Bn—1
0
Ap = 0 e RO Ay = (y1,.. ., ynmr) € RPXOTD, (5.32)
1

Ap =y, eR™ CD =1.

The matrix A1; defines the zero dynamics of the system and in representation (5.30)
has the form of a companion matrix of the polynomial 8;,—;(s).

In the case of square systems with vector input f and output y (i.e.,l = m > 1), if
the system is in the general position and CD is a full-rank matrix (i.e., det CD # 0),
then, by a standard nonsingular transformation the system can also be reduced to form
(5.30") with the only difference that the matrices A;; have other dimensions, namely,

Ay e ROTDX0=D gy e RO gy e ROTD 4y e R (533)

In this case, the matrix A;; defines, as before, the zero dynamics of the system and, in
the case of minimal phase, i.e., if A is a Hurwitz matrix, the problem is solved by
the observer

¥ = AnX + Ay (5.34)

similar to observer (5.31) (and coinciding with it for / = m = 1). The dimension of
this observer is equal to (n — [), i.e., coincides with the dimension of the Luenberger
observer. The observer reconstructs (n — /) components of the phase vector, the other
components in representation (5.30"), which depend explicitly on the disturbance f(¢),
being a measurable output y(z) € R’. Thus, Theorem 5.11 can be generalized to vec-
tor square systems.
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Theorem 5.11". Suppose that system (5.25) is in the general position, is square (i.e.,
| = m), and is of minimal phase, det CD # 0. Then observer (5.34) reconstructs the
unknown part of the phase vector exponentially precisely.

Scalar systems with an arbitrary relative order. In the synthesis of the observers
described above an essential part is played by the nondegeneracy of the matrix CD. In
the case where this matrix is degenerate, the solution of the problem becomes consid-
erably more difficult. Let us consider in detail this case for scalar systems, i.e., where
[ =m = 1. In this case CD € R. The degeneracy of CD means that CD = 0, i.e.,
the relative order of the system » > 1. The polynomial B(s) is of degree (n — r) and
the vector C has, correspondingly, the form

C = (,BL~--’,Bn—r7ﬂn—r+l,07~--,0)-

In the case where the relative order is equal to r, the first nonzero coefficient in the
chain (5.29) is CA"™'D = B,_,+1. Without loss of generality, we assume that
CA™™'D = B,_,+1 = 1 (this can always be achieved by normalizing the out-
put ¥(¢)). Then

y = Bix1 + Boxo + -+ Bu—rXn—r + Xn—r+1.

Suppose that system (5.25) is in the general position and is reduced to the canonical
form of controllability. We carry out for it a standard transformation with the isolation

of zero dynamics, for which purpose we pass from the coordinates (X1, ...,x,)' to
coordinates (X1, ..., Xn—r, V1,---, yr)T, where

n=Cx=y

y2=CAx =y

yp = CA™ \x = yr=D,
In the new coordinates the system assumes the form

)'C1=XQ

Xn—r—1 = Xp—2

xm7=—mxp~~—ﬂﬁﬂm¢+y (5.35)
yi=>2
)')r—l =DJr

Yr =YXt + ot VX F VIV AV e+ S
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where y/ and y;’ are constants defined uniquely by the parameters of the original sys-
tem.

Representation (5.35) is an analog of representation (5.30) for systems with a rela-
tive order r. For this representation we can also use the block form of notation. We

denote x’ = (x1,...,Xn—r) ", ¥ = (V1,...,yr) ", and then
¥ =Anx"+ Ay 5 35/
5 = Any' + BI(f + 7% (3:33)
y=y=C",
where
0 1 0 0
0 0 1 0
AL = | e S R(n—r)x(n—r)’
0 0 0 1
_,31 _,32 _,33 _IBn—r
0 o 1 0 0
. 0 0 1 ... 0
A = e R(n—r)xl’ Al = | oo S Rrxr,
0 o 0o 0 .. 1
1 —J/f/ —J/é/ —)’é/ _y;/
0
B — Rrxl SP () / Rlx(n—r)
= 0 € s V=W V) € ’
1

C'=(1,0,...,0) e R™*",
The matrix A;; defines the zero dynamics of the system and
det(s] — A11) = Bu—r(s) = 5" + ,Bn—rsn_r_1 + -+ Bi.

If B,,—r (s) is a Hurwitz polynomial (i.e., the system is of minimal phase), then the first
(n — r) unknown coordinates x” are reconstructed by the observer

¥ = ApX + Apy (5.36)

which differs from observer (5.34) only by the dimension. One more coordinate
y1 = y is known since it coincides with the output of the system being measured.
However, for r > 1 a problem arises of reconstruction of the remaining ( — 1) coor-
dinates yy, ..., y» which, in fact, are the derivatives of the output of the corresponding
orders. There are several approaches to the solution of this problem.
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We shall describe two of them following [10] and [14].

The first approach proposed in [10] is based on the use of linear feedback with the
hierarchy of amplification factors. Let us consider it in greater detail.

We shall begin with the case of a system with the maximal relative order r = n. In
this case system (5.35") has the form

{)"/ =Any' +B'f
Yy =y

(5.37)

the dimension of zero dynamics of the system is zero (i.e., 8(s) = 1). For solving the
problem we shall use a standard full-dimensional observer

Y= A3 = LIC'Y = y), (5.38)
the observation error e = J’ — y’ satisfies the equation
¢ = (42— LC'Ye—B'f = ALe— B f. (5.39)

Note that the pair {C’, A»1} is observable, and therefore, by choosing the vector L €
R”*! we can define the spectrum of the matrix A7 arbitrarily.
Let us prove an auxiliary statement.

Lemma 5.15. Suppose that the matrix Ay, € R™™" s such that its spectrum can be de-
fined arbitrarily. We denote the coefficients of decomposition of the matrix exponential
bya;(t),i =0,...,n—1:

n—1
eArt = Zai (t)AiL.
| =0
Then, for any u > 0, the spectrum Spec{ A1} can be chosen such that the estimate

N;e 1t

i

loi ()] < . i=0,....n—1, (5.40)

where N; = const > 0 and does not depend on [, is valid for all o; ().

Proof. Let Spec{Ar} = {A1,...,An}. We choose A; such that A; # A; fori # j.
Then «; (¢) will satisfy the system of equations [31]

n—I1
S Moy =eM', j=1,...n. (5.41)
i=0

We introduce notation
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Then we can write system (5.41) in the form
Mua(t) = R. (5.42)

We choose the spectrum of Ay, such that A; = /,L)_Ll-, where A; < 0, |)_t]| =1, |/_\i+1| >
|)_ti l,i =1,...,n—1,i.e., the spectrum of Ay is “proportional” with an amplification
factor 1 > 0 to a certain fixed, real, distinct, and stable spectrum {)_n, /_\2, R )_t,,}
Then we can represent the matrix M in the form

1 A . /_\7_1 10 0
M=|......... U O |=mp,
T )] PO e

Solving equation (5.42), we obtain

a(t)y=M"'R=MD,)'"R=D,'M™'R

1 0 0
1
0 — ... o |
— K M™'R. (5.43)

1

0 0 pr

W
Since et = ghimt — (e"”)lxil, and [A;| > 1 fori = 1,...,n, the estimate

|R(t)| < rge ™™, >0,

is obvious for the vector R. Taking into account this inequality and also the fact that
the matrix M ~! does not depend on y, we find from (5.43) that

1, - eTHt Nje #t
|oi (1)| = E|Ml IR‘ = 0 7’0|Mi l| = lﬂ—i’
where Ml-_l is the i th row of the matrix M ~!. The lemma is proved. O

For solving an observation problem, we shall use, as was indicated above, a stan-
dard full-dimensional observer (5.38) and choose the spectrum of the matrix A7, in
accordance with Lemma 5.15, i.e.,

Spec{Ar} = {,u)_n,...,,u)_&n}, ii <0, i=1,....,n, u>0,

- - o (5.44)
Al =1, Mgt >|Ail, i=1,....n—1.

Then the following statement holds true.
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Theorem 5.16. Suppose that system (5.25) is in the general position, its relative order
r = n, the system is reduced to the canonical form (5.37). Suppose, in addition, that
the unknown input f(t) is uniformly bounded by the known constant Fy, i.e., | f(t)]| <
Fy fort = 0.

We choose the feedback vector L in observer (5.38) such that the spectrum of the
matrix Ay should satisfy conditions (5.44). Then the observation error e = 3’ — y'
satisfies the estimate

K
le(r)] < Kie ™ + =2, (5.45)
I
where the constant K, does not depend on the amplification factor L.

Proof. As was shown above, when we use observer (5.38), the observation error satis-
fies equation (5.39), i.e.,
é=Are—B'f,

and we can find e(¢) using the Cauchy formula for solving the linear equation

t t
e(t) = e(0)edr! — / eALETD B f(1)d1 = e(0)edL? — / AL B f(r — 1) dx.
0 0

Let us estimate the norm of the vector e(¢)

t
le(1)] < |e(@)eL!| + )/0 eALTB f(t — r)( dr.

We choose L such that the spectrum of A7 should satisfy conditions (5.44). In this
case Ay is a Hurwitz matrix and the estimate

|4 < Koe ™,

where Ky = const > 0 (generally speaking, depends on ), holds for eAL! Moreover,
the expansion

n—1
eAL‘E = Z o (‘[)AZL,
—

where the functions «; (7) satisfy estimates (5.40), holds for the matrix exponential (by
virtue of the choice of the spectrum of Ay ). Then we have an estimate

¢t n—1 .
0] = le@Koe™ + | [ Y ooy B e = o)
i=0

n—1 t .
< [e(0)| Koe ™ + Z[/O 03 (O 14% B - £t — r)|] dr
i=0

for |e(t)].
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Let us consider in greater detail the structure of the matrices AiL B’. In accordance
with (5.35"), the explicit representations of the matrices are given:

0o 1 0
0 0 1 Lw 0 ... 0
B' = AL = L(w) 0 ... 0
O e I I
0o 0 o0 .. 1
1 _VN _)/2// _)/’g/ _)/// ln (/»/L) 0 e 0
1 3 e n

Here /; (1) are components of the feedback vector L; note that only they depend on
the choice of w. It follows from the form of the matrix Az, that (A 1)° = I, does not
depend on 1 and in matrix (A4z,)" only the first column depends on y. Let us consider
in greater detail the square (A7 ). We have

I () 1 0 ... 0
L (1) 0 1 ... 0
AL = oo,
L1 (1) 0 0o ... 1
(la(uw)—=v{) =vy —=v§ .. =y
—I () 1 0 ... 0
N 0 1 ... 0
D G
1 (1) 0o 0 ... 1
() —v!) —vi —=v§ .. —v,
—1 (1) 1 0 0
N 0 1 0
| (1) 0 0 1
k(L= (p) — vy -y -y —Vy_
* (=l (W) =y +v5vn) (vi+vive) (vi+vive) o (=vy_ Fvnve
* % 1 0 0
* 0 1 0
Tk x 0 0 1 ’
* //_yé/// Va //_ 4/‘/ ", //_V;l/_l// 14
x ok (=yy +v3ve) (v Ve o (S v va),s

where the sign * denotes elements dependent on w. It follows that in the matrices
(Ar)? only the first two columns depend on . Continuing explicit computations, we
find that in the matrices AiL only the first i columns dependon p (i = 1,...,n —1).
The multiplication of the matrix by the column B’ gives the last column of the matrix.
Since for alli = 1,...,n — 1 the last columns of the matrix Ai do not depend on p,
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it follows that _

|ALB'| = 0:.
where Q; are constants which are independent of p and are defined only by the param-
eters of the system. Taking this fact into account, as well as the uniform boundedness
of f(t) and estimates (5.40) for the functions «; (¢), we have the following estimate
for the measurement error e(¢):

n—1
N: t
e)] = eO)|Koe ™ +3_ 0iFo 7 | ear
i=0 0

FON 0i (1- eﬂl)
"

FON Ql

= le(0)] Koe ™ + Z

=0

< le(0)| Koe ™ 4 — Z

=0

Without loss of generality, we assume that ;& > u* > 0. Then
n—1 n—1
O
i=0 W i=0 (M )l

where the constant K, does not depend on the choice of the amplification factor . We
denote |e(0)| Ko = K and find the final estimate

K
()] < Kie ™ + =
7
The theorem is proved. O

Corollary 5.17. It follows from estimate (5.45) that when defining the spectrum of the
matrix Ay, from condition (5.44), by the choice of a sufficiently large factor > 0 we
can make the estimation error in the asymptotics smaller than any preassigned value.

Corollary 5.18. The constant K in estimate (5.45) depends on the unknown initial
deviation e(0) and on (. Moreover, K| — 00 as j4 — 00.

Therefore observers (5.39) for large values of the factor u are characterized by
an “initial burst” when the error “quickly” increases at the initial moment and then
“quickly” decreases, and then keeps in the given range.

Corollary 5.19. Conditions (5.44) establish the hierarchy of the coefficients of the
feedback matrix L according to the degrees of the amplification factor u. The coeffi-
cients l; (i) have the simplest form in the case where all y]' = 0, i.e., Ay from (5.37)
has the form

010 ... 0
001 ...0

Ay =1 oot . (5.46)
000 1
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Then
—hi(p) 1 0
—h(p) 0 1 0
AL = Ay —LC = .. ,
—lp—1 () 0 0 1
—lp(n) 0 0 0

det(s] — Ar) = s" + L (w)s" ™" + -+ L (w).

We choose a set )_t[ from condition (5.44) This set is associated with the Hurwitz
polynomial
n
g) =6 -2) =s"+Ls"" 4+ (5.47)

i=1

Then the set ,u,)_Ll, ey ,u,)_L,, is associated with the polynomial

n
o(s) = [[(s = uhi) = s" + uhis"™" + 1P2hs™ 2 + o+ Iy

i=1

Thus, for spec{Ar} = {uAi...., Ay} for the matrix A, from (5.46), the feedback
vector L in observer (5.38) should be chosen in the form

L= (uly, 2, ... o u" )T, (5.48)

whence we see the hierarchy of the coefficients /; (t) according to the degrees of the
parameter 1 mentioned above.

If the matrix A has a more complicated structure, i.e., y;’ # 0, then the feedback
vector L will also have a form more complicated than (5.48) We can easily verify that
in this case

i) = 'l + L) = p'li + o(uh),

where ii(u) is a polynomial of p of a degree lower than i, i.e., [;(it) is a polyno-
mial of u of a degree equal to i with the leading coefficient I;. The other terms, the
polynomials [i(u), can be found in explicit form from the coefficients yj’-/ .

In practical applications, for simplicity, in observer (5.38) and for y/ # 0 we can
use the vector L from (5.48). In this case det(s/ — A7) does not coincide with the
required polynomial y(s). However, as u — oo, the spectrum of Ay (with L from
(5.48)) tends to the given spectrum from (5.44), i.e., for u > p* = const the spectrum
of Ay, becomes real and distinctive and, consequently, the asymptotic estimate (5.45)
is valid for the observation error.
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5.5.2 Observers for systems with arbitrary relative order r > 1

The proposed approach to the construction of observers can be generalized to systems
with an arbitrary relative order.

Suppose that the relative order of the system is equal to r, where 1 < r < n. Then,
by a nonsingular transformation, the system can be reduced to form (5.35)

y' = Ay + B'(f +7'X)
y=n=C",

{ X = A]]X/ + A]zy/

where a part of the phase vector x’ € R"™" corresponds to the zero dynamics of the
system. If A1 is a Hurwitz matrix (i.e., the characteristic polynomial of zero dynamics
Bn—r(s) = det(s] — Ay;) is a Hurwitz polynomial, the system is of minimal phase),
then observer (5.36) reconstructs a part of the phase vector x” exponentially.

To reconstruct y” we use the method which was proposed when we contracted an
observer for systems with maximal relative order, namely, we use an observer of the
form

Y= 40y — LY —y) + B'Y'E. (5.49)

where ¥’ is the estimate of x” from observer (5.36). The estimation error e(t) =
(7' — y’) € R” satisfies the equation

é=Are—B'(f—7'¢)

which differs from equation (5.39) by its dimension and the presence of an exponen-
tially decreasing term e’(t) = ¥’ — x/, i.e., the error of observer (5.36). By analogy
with Theorem 5.16, we choose a vector L € R™ ! such that

Spec{Ar} = {uAi,....puAs}, Ai <O, i=1,....r, >0,
=1 Al >l i=1.....r—L

Then, carrying out estimates as we did in the proof of Theorem 5.16, we obtain an
estimate for the observation error e(t)

K
le(1)] < Kie™™ + =2 4 Kze ™%,
7

where, as before, K; = const does not depend on y and the constant § > 0 character-
izes the degree of stability of the polynomial S,—_,(s) (i.e., the degree of stability of
the zero dynamics of the system)

Spec{A1} = {61,...,6,}, Re(j) <-4, i=1,...,r

Consequently, choosing the parameter © > 0 sufficiently large, we can make in
asymptotics an estimation error e(z) smaller than any preassigned value.
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Observers (5.36) and (5.49) together form an observer of full order » for a minimal-
phase system with an arbitrary relative order. In this case, a part of the phase vector
is reconstructed exponentially precisely and another part with the preassigned accu-
racy. All corollaries of Theorem 5.16 which were made for systems with the maximal
relative order are valid for observer (5.49).

Conclusion

In Chap. 5 we considered the problem of synthesis of asymptotic observers for linear
stationary systems under the conditions of uncertainty. When solving this problem we
can distinguish two cases, namely, hyperoutput systems (when the dimension of the
output exceeds that of the unknown input) and square systems (when these dimensions
coincide).

For hyperoutput systems two approaches to solving the problem are proposed,
namely, the method of quasisplitting and the method of pseudoinputs. These two
methods allow us to obtain a solution of the problem under the same requirements
set for the system. The main results are formulated in Theorem 5.1 and Theorem 5.3,
respectively. The proposed methods make it possible to solve a number of auxiliary
problems, in particular, the method of quasisplitting allow us to solve the problem of
synthesis of functional observers (Sec. 5.2) and the method of pseudoinputs allow us
to obtain a number of representations which are convenient for solving problems of
stabilization and observation under the conditions of uncertainty (Theorem 5.3’ and
Theorem 5.3").

In Sec. 5.5 we consider the problem of synthesis of observers for square systems.
We propose an approach to the solution of this problem based on the hierarchy of
feedback amplification factors which makes it possible to obtain an estimate of the un-
known phase vector with any preassigned accuracy, but this approach is not asymptotic
(Theorem 5.16).



Chapter 6

Observers for bilinear systems

In this chapter we consider a problem of constructing observers for one of the classes
of nonlinear dynamical systems, namely, for bilinear systems of the form

X = Ax +uBx +vD
6.1)

y =Cx,

where, as before, x € R” is an unknown phase vector of the system, u € R and v €
R¥ are known inputs of the system, and y € R! is the measurable output; A, B, C, D
are known constant matrices of the corresponding dimensions.

The necessity of considering observation problems for this class of systems is ex-
plained by the fact that upon the degeneration of the bilinearity matrices, i.e., the
matrix B in (6.1), and the linear output, the synthesis of state observers and, corre-
spondingly, functional observers can be carried out by the methods proposed in the
preceding chapters. In the absence of this degeneration the observation problem for
systems of form (6.1) is rather difficult. This is demonstrated by an example of planar
(i.e., for n = 2) bilinear systems.

Since the effect produced by the known input v(¢) can always be compensated in
the observer, in what follows we shall consider bilinear systems of the form

6.2
y =Cx. (©2)

{ X = Ax +uBx
The singularity of this system consists in the fact that for any matrices A, B, and C
this system loses controllability at the point x = O.

6.1 Asymptotic observers of bilinear systems in the plane

Problem statement. We consider a standard observation problem for the bilinear
dynamical system (6.2), where x € R?, A and B € R?*? are known matrices with
constant coefficients; u € R is a scalar and, when necessary, known input function
of the system. We have to formulate an exponential estimate X () of the phase vector
x(t) of system (6.2) using the continuous measurements of the scalar output y = Cx,
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where C € R!2. This problem is a classical observation problem for controllable
dynamical systems. The complexity of its solution for a bilinear system in due to the
presence, on the right-hand side, generally speaking, of an alternating function u(¢).
We shall explain this fact. When we use the standard Luenberger observer

$=AR +uBX—1(CX—y)—ug(C%—y), (6.3)

where [ and g are feedback parameters, the estimation problem reduces to the stability
of the system in deviations e = X — x

é = Aje +uBge, (6.4)

where A} = A—IC, By = B—gC, and the fact that A; and B are Hurwitz matrices
in the variable u(¢), does not imply, in general, the stability of the linear system (6.4)
with matrix A; + u(t)Bg. It is shown in [8] that it suffices for A; = A —IC to be
a Hurwitz matrix for the stability of system (6.4) for sufficiently small controls u (),
but for “large”, even for uniformly bounded with respect to ¢, functions u(z), the Lu-
enberger observer (6.3) does not already solve the problem. Therefore we should find
the means of eliminating the effect produced by the function u(#) on the robustness of
the estimation processes.

Let us consider the algorithms of synthesizing the state observers of system (6.2)
which solve the problem exponentially precisely (as close to the preassigned degree
of stability as possible) for any uniformly, with respect to ¢z, bounded input functions,
i.e., under the condition

lu(®)| < uo, ¢ >0. (6.5)

For our purpose we shall prove some auxiliary statements. For the two-dimensional
bilinear system (6.2), without loss of generality, we shall consider, as can be assumed,
that rank B = 1, i.e., B = bh, where b and h are known vector column and vector
row, respectively.

Indeed, we take a row & such that det (2 ) % 0. Let b' and b* be columns of the
matrix B = (g) B (g)_l. Denoting b’ = (g )_l'bl, b = (é )_l'bz, we rewrite
system (6.2) in the form

X = Ax +ub'hx +ub”y.

In this case, using the auxiliary system
X = A% + ub'hx +ub"y (6.6)

we reduce the problem of estimating the phase vector x = X + e to the observation
problem for the system in deviations

¢ = Ae +uBe, B =10bh, (6.7)

where rank B = 1.
To make the further references more convenient, we give the following statement.
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Lemma 6.1. The relation

det (Cflu) = det (gA) + u det (CCB) (6.8)

holds for the arbitrary (2 x 2) matrices Ay = A + uB and the row C € R,
If, in addition, the factorization B = bh is valid, then

det (Ciu) = det (CCA) + u(Cb) det (i) . (6.9)

The proof can be carried out by a direct verification.
The following lemma is useful for synthesizing observers.

Lemma 6.2. Suppose that the triple {C, A, b} is in the general position' and the con-
dition det Ay« = det(A*I — A) # 0 is fulfilled for

L CAT

det 4. (6.10)

Then the row
ds = CA: 6.11)

is orthogonal to the vector b, i.e., d«b = 0, and, in addition, det ( (i ) £ 0.
Proof. By virtue of the Hamilton—Cayley theorem we have
A*—Atwr A+ I detA =0.

Then
A—TtrA+ A "detA =0

for any nondegenerate matrix A including A for all A ¢ spec{A}. Let us premultiply
this identity by C and postmultiply it by b for 4,

CA;b—Chtr A; — CA; ' det A;b = 0.
Note that by virtue of the choice of A* from (6.10) we have

CAGh — Cbtr Ay« = C(A*I — A)b — Chr(A*I — A)
= ChA* — CAb — Ch2A* + Chtr A = —CAb + Chtr A — CbA*
=C(—A+TtrA— A" detA)b =0

and, hence, d«+b = 0, where d is defined in (6.11).

INote that we speak about two-dimensional vectors and (2 x 2) matrices, and, in addition, det A # 0,
Ch #0,det (£, ) # 0. and det(b, Ab) # 0.
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For proving the second statement we should note that dx = C A;i = W(CA —

C tr A), and therefore
C 1 C
det = ——— (et
© (d*) detAA* ¢ (CA)

and, by virtue of the conditions of the lemma, det ( ‘i ) # 0. Lemma 6.2 is proved.

Remark 6.3. If the triple {C, A, b} is in the general position, then we can introduce
for it a transfer function

W(s) = CGE —A)7'bh = Bls)

als)

with deg(B(s)) = 1 in the conditions of the lemma. In this case A* is the zero of the
transfer function, i.e., B(A*) = W(A*) = 0.

Indeed, under the conditions of Lemma 6.2
B(s) = Bas + 1, a(s) = s* + axs + i,

and o) = det A, ap = —tr A but B = Cb. In addition, W(0) = B /a; = —CA™'b.
It follows immediately that 8; = —CA™'b - det A and the root of the numerator 3(s)
is defined by the relation

_,81 . CA™'p
B  Cbh

det4 = A*.

Conditions of observability uniform with respect to #. The system under consid-
eration is observable uniformly with respect to # > 0 if

det ¢
€ (C(A + u(t)B))

C C C
det(CAu) _det(CA) +qudet(h)

according to Lemma 6.1, where u(¢), in general, is an arbitrary uniformly bounded
function (satisfying condition (6.5)), we can easily make sure that the following state-
ment is valid.

min
t>0

> 0. (6.12)

Since

Theorem 6.4. The bilinear system x = Ax + ubhx in the plane with a scalar output
e = Cx and an arbitrary bounded function |u(t)| < ug is uniformly, with respect to t,
observable if and only if

C C
det(CA) +u(t)deet(h) #£0, t >0.
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From this statement we can obtain sufficient and necessary conditions of uniform
observability.

Lemma 6.5.

1°. The pair {C, A+ ubh}, where |u(t)| < uy, is observable uniformly with respect
to t if one of the following conditions is fulfilled:

(@) Cb #0,det (§) #0, |det (&,)| > uolCh||det (§)|.

(b) the pair {C, A} is observable and the vectors C and h are collinear,

(¢) the pair {C, A} is observable and Cbh = 0;

2°. If the pair {C, A + ubh}, where |u(t)| < uo, is observable uniformly with
respect to t, then the pair {C, A} is observable.

Thus, in the case of the general position, the uniform observability is guaranteed if

the constraint
det ¢
CA

Cbh det (i)

is fulfilled. In what follows, we shall call this condition by a condition of strict uniform
observability. If the problem is degenerate (conditions (b) and (c) of Lemma 6.5), then
the constraint imposed on the control u(?) is absent.

up < (6.13)

State observers for degenerate bilinear systems in the plane. We shall begin the
consideration with the simplest case (b) of Lemma 6.5 where det ( %) = 0. Without
loss of generality, we assume that y = z = hx (this can be achieved by normalization
of the input). In this case the problem is solved by an observer of the form

£ =A% +uby —1(C% —y), (6.14)

where X is the estimate of the phase vector, / is a feedback vector defined arbitrarily.
With due account of the relation y = z the estimation error ¢ = X — x satisfies the
equation

&€= Are, Aj=A-IC. (6.15)

If the pair {C, A} is observable, then, by choosing the vector /, we can define the
spectrum of the matrix A; arbitrarily, and, consequently, the following theorem is
valid.

Theorem 6.6. Suppose that the following conditions are fulfilled in the bilinear system
X = Ax + ubhx in the plane with a scalar output y = Cx:

(Hdet(§) =0,

(2) the pair {C, A} is observable.

Then observer (6.14) solves exponentially precisely the observation problem with
any preassigned exponent for any function u(t).
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Remark 6.7. Generally speaking, there is no necessity in a full-dimensional observer
of form (6.14), the consideration can be restricted to an observer of the first order.
Somewhat later, when analyzing another degenerate case, we shall describe the tech-
nique of constructing such an observer of lowered order.

Let us consider case (¢) from Lemma 6.5. In this situation Cb = 0 and it is con-
venient to pass from the original variables x to a space of output derivatives (y, y).
Setting y; = y, y» = y, we find an algebraic connection between the new and the old

variables in the form
ny_ (C .
y2)  \CAJ™

If the pair {C, A} is observable, as is assumed in what follows, we can take

A C ! V1
(&) ). @10

where y, is the estimate of the variable y», as the estimate of X.
In order to solve the problem, we find the equation of the bilinear system under
consideration in coordinates (yi, y2). We have

yy = j = CAx = CA’x + uCAbhx

(it is obvious that CAb # 0 under the assumptions that we have made, since, other-
wise, b = 0). Since A2 = Atr A — I det A4, it follows that

-1
o C bl
yo=—yidetA+ y,tr A+ uCAbh (CA) (yz) .

To make the further computations simpler, we introduce notation

C -1
CAbh (CA) = (al,az). (6.17)

With this notation, the required system assumes the form

=0 (6.18)
y2 = (ua; —det A)y; + (tr A + axu) y,,

with the observation equation
y =) (6.19)

According to the traditions of a linear control theory, we take for system (6.18), (6.19)
an observer in the form
Y1 = — k(1 — ) (6.20)
Vo = (ua; —det A)y + (tr A + aru)d» — ki (H1 — y),
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where k| and k; are the adjustable feedback parameters of the observer. However,
such an approach leads to a rather difficult problem of analysis of the stability of the
nonstationary system in deviations® &1 = $; — y1, &2 = Y2 —
&1 = ey —kae
ST (6.21)
&) = (tI‘A + azu)Ez —kye;.

Instead, we shall try to synthesize an observer of a lowered order, one-dimensional
in this case, and this will make essentially simpler the synthesis of the observer and
the analysis of its properties. For convenience, we shall rewrite (6.18) as

=0 (6.22)
Y2 = (a1 + aju)yr + (a2 + azu) ys.
Here we assume that ¢y = —det A, ap = tr A. We introduce a new variable
o = y2+dyi, (6.23)

where d is a constant, different from zero, whose choice will be indicated below. Let
us pass to the new variables (y1, o). Then we have

6 = [(a1 + aju) — (a2 + aou + d)d]y1 + (a2 + aru + d)o.

Let us denote 81 = (o1 + aju) — (o2 + au + d)d, pr = an + au + d. In this
notation the equations of the system being estimated in the variables (y;, o) assume
the form

S g
{J’l yi+o (6.24)

6 = piy1 + B0, y =y1.

Since the variable y; = y is known, it suffices to estimate only the variable o. This
problem for B, < 0 is solved by the scalar observer

6 = p1y + Bao. (6.25)
Indeed, in this case the estimation error ¢ = & — ¢ satisfies the scalar equation
&= ﬁz&‘

which is exponentially stable with the defined exponent 1 > 0 if (by virtue of uniform
boundedness of u(t))
d < —|az|lug—trA—n. (6.26)

To estimate the original phase vector x we use formula (6.16) which, with due account
of the introduced notation, assumes the form

. _(C - y
x—(CA) (&—dy)‘ (6.27)

Thus, the following theorem is proved.

2Later we shall give special attention to this problem.
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Theorem 6.8. Suppose that the following conditions are fulfilled in the bilinear system
X = Ax + ubhx in the plane with a scalar observer y = Cx:

(1) the pair {C, A} is observable,

2)Cb=0,CAb # 0.

Then the problem of exponential estimation of the phase vector with a preassigned
exponent and with any bounded function u(t) is solved by the observer

-1
.~ (C y A A

where the parameter d satisfies condition (6.26) (the values of the coefficients B
and By were given above).

Let us return to the above indicated problem of stability of the system of form (6.21),
ie.,
ek
{81 €2 — K281 (6.28)

& = a(u)e; — ke,

where, for brevity, we set a(u) = tr A + ayu.

We make a nondegenerate change of variables n = &, — k»ej, ¢ = &1 (and will as-
sume that k, = const, whereas the parameter k| may be a function dependent on u(z)).
Then, instead of (6.28) we obtain

E=n (6.29)
n=—(ka —a())n — (k1 —a()kz)e.

. . 2 2 .
Let us consider the Lyapunov function v = & + q%, q = const > 0. By virtue of
the system, its derivative

U = en + qnl—(ka —a(u))n — (k1 — a(u)kr)e].

We set k1 (1) = a(u)ks + k¥, where k? = const > 0. In this notation

0 = (1 —qk)en — qn’(ka — a(w)),
and, upon the fulfillment of the conditions

k? =1/q, ky>tr A+ |az|up > Iirllgzoa(u), (6.30)
it follows that ¥ < 0 and, according to the Barbashin—Krasovskii theorem (since the
manifold n = 0 does not contain integral trajectories), system (6.29) is asymptotically
stable, and this solves the observation problem.

It is clear that upon the requisite increase of the feedback parameters k(l) and k, we
can obtain any preassigned degree of stability of the observer (we omit the proof). The
following theorem is valid.
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Theorem 6.9. Suppose that the following conditions are fulfilled in the bilinear system
X = Ax + ubhx in the plane with a scalar output y = Cx:

(1) the pair {C, A} is observable,

2)Cb =0,CAb # 0.

Then an observer of the form

),7:\1 =W —k(P1—y)
V2 = (ua; —det A)y + (tr A + au)y> — k(1 — y)

with a variable coefficient ky = (tr A + au)k, + k? under the requisite choice of
constants k? and ky solves, exponentially precisely, the observation problem with any
preassigned exponent and for any bounded function u(t).

Let us finally consider the case (a) from Lemma 6.5. In this most general case, the

conditions
C
det

are fulfilled.

In contrast to the preceding items, now the restriction imposed on the “amplitude”
of the control u(?) is essential. Let us consider some possibilities of synthesizing
observers, they differ by the properties of the numerator of the transfer function

W(s) = C(GE —A)7'bh = Bls)

a(s)’
Note that Cb # 0, deg B(s) = 1, and therefore it is relevant to consider two ver-
sions:
A. B(s) is a Hurwitz polynomial,
B. B(s) is a non-Hurwitz polynomial.

Cb£0, det (i) £0,

> uo|Cb| det (i)

Version A. In this situation, for estimating the phase vector of the bilinear system
X =Ax +bu, U =uhx

with observation y = Cx, using a nondegenerate transformation, we reduce the sys-
tem to the canonical form

{yl =Ay1 +» 631)

V2 = ai1y1 + oy + Chu,

where y = y; is the output of the system and A < 0 is a root of the numerator of
the transfer function defined in Lemma 6.2 («; and o, are constants defined by the
parameters of the system).
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In order to reconstruct the phase vector (y, y»2) and, consequently, the original vec-
tor x, it suffices to construct an observer for the first coordinate y; since y, is the
known output of the system.

Under these conditions we can use an observer of a lowered order

d1=2AP1+y. (6.32)
In this case, the observation error ¢ = y; — y; satisfies the equation
&= Ae
which, obviously, is asymptotically stable. Thus we have the following theorem.

Theorem 6.10. Suppose that the following conditions are fulfilled for the bilinear sys-
tem X = Ax + ubhx in the plane with a scalar output y = Cx and an arbitrary
bounded function |u(t)| < uy:

(1) the pair {C, A} is observable,

(2) the pair { A, b} is controllable,

3)Cb #0,

@) det (§) #0,

(5) the transfer function W(s) = C(sE — A)~'b is of minimal phase.

Then observer (6.32) solves the estimation problem exponentially precisely.

Remark 6.11. It should be noted that the degree of stability of the indicated observer
cannot be chosen arbitrarily, as in the observers described above, but is defined by the
parameters of the system.

Version B. Suppose now that the numerator of the transfer function W(s) = % is

unstable. Then the observer of a lowered order indicated above cannot be used.

The possibility of estimation of the phase vector of the system is extended consider-
ably if we use in the observer nonstationary feedback dependent on the function u(z).
We shall show this. From the initial variables x = (! ) we pass to variables x = (),
where y is the output being measured and o = dx, where the vector d is given in
Lemma 6.2. In this case, det ( g, ) # 0 and the indicated change of coordinates is non-
degenerate.

For convenience, we introduce notation

AN a\"'_
Chh (C) = (al,ag), CA (C) = (al,az).

In this notation and with due account of the properties of the vector d indicated
in Lemma 6.2, the equations of the system being considered, in the new coordinates,
assume the form

(6.33)

6=A0—Yy
y = (a1 +ua)o + (a2 + uay)y,

where A is a number from Lemma 6.2.



6.1 Asymptotic observers of bilinear systems in the plane 175

To estimate the phase vector, we use a full-dimensional observer

b=A6—y—ka(h —
T =AG - 3(y Ay) ) ) (634)
Y = (a1 +ua)6 + (a2 +uax)y —ki(y — y),
where the choice of feedback parameters of the observer k| and k, will serve for
ensuring the exponential stability of the system in deviations

. (6.35)
& = a(u)e; — ke,

{é] = 181 — k282
where a(u) = a; + uay, &1 = 6 — o, and &, = y — y is the known output of the
system.

We shall show that such a choice of parameters k; and k; is possible, moreover, it
can ensure any preassigned degree of the exponential stability of system (6.35).

Note that under the conditions of strict uniform observability the function a(u) is
alternating and, moreover,

0 <ax <la(u)| <a*. (6.36)

Indeed, the condition of strict, uniform with respect to ¢, observability (6.13) is invari-
ant relative to a change of variables, and therefore, by virtue of system (6.33), where

_ (A —1Y. _ (0. (h=(a1.a)
A‘(él ) b‘(l)’ (C=<0,1>)’

assumes the form
C
det ( C A) ai|

Uy < —C = m,
deet(h) @

whence it follows immediately that the function a(u) = @ u + a, is of constant sign,
ax = |d1] —|ai|uo, a* = |ai| + |arluo.

Obviously, for solving an observation problem it is sufficient that ; — 0. For k, =
const this variable satisfies the equation

£+ oa(u)é) + a1(u)e; =0, (6.37)

where ap (1) = ky — A, and oy (u) = kra(u) — Ak;. In order to analyze the stability of
this equation, we use the Lyapunov function

V=e"Pe, where &' =(e1.é). P = ((ﬁ IZ) > 0.
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By virtue of the system the derivative of the function V has the form V = &7 D(u)e,

where
—2ay ¢—lzy—lﬂ/f)
D) = .
D= (o Ta "0 o
For equation (6.37) to be exponentially stable with the defined exponent 2 > 0, it is
sufficient that, for all # > 0, the matrix inequality

Tag)c(D(u) +2nP) <0 (6.38)

should be fulfilled which, by virtue of the Silvester criterion and the condition of strict
uniform observability, is equivalent to the inequalities

max (—2o1y + 2n¢) <0, I?in det(D(u) 4+ 2nP) > 0. (6.39)
u|<ug

[ul<uo \

In the sequel we assume that y > 0, and then from (6.39) we have
o (u) > @ = w; > 0. (6.40)
Y

Since [8]
det(D(u) + 2nP) = 4n*det P + 25(tr D tr P — tr PD) + det D (6.41)

and since we can easily make sure by a direct verification that det D = 4o det P —
(¢ + o1y —azy)>andtr Dtr P —tr PD = —2a; det P, it follows that the solution
of the posed problem is given by the following choice: k; = kg - sgn(a(u)) = const
(since the function a(u)) is of constant sign), kg > 0, and k; = k;(u) such that the
relation ¢ + o1 — apy = 0 is satisfied for all u(z), i.e.

¢+ ykdau)| + Ay
YA +y

In this case, az(u) = (¢ + a1 (u))/y. With due account of the last relation and the fact
that det P > 0, condition (6.41) becomes an inequality

ki(u) = . YAy #£O. (6.42)

1
%—mwm+amo=;wwww—wm—@n—wﬁ)>a
which, for y > ¥n > 0, is equivalent to the inequality

¢n—yn*
LAl /N 6.43
T ©49

Thus, for ky(u) from (6.42) for an exponential stability of system (6.37) with expo-
nent 27 it is sufficient that the estimate

ar(u) >y

ar(u) = klau)| — Ak > max{w;, wy} = w
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be valid. This condition holds if

A A2
k(2)|a(u)| Y >w—|—M = W = const.
Ay +y Ay +y

Lety = 1,y > max{n, A}, ¢ > y2, and then the posed problem is solved by the
choice of k(1) from (6.42) and

WA+ p)

k(z) >
axy

(6.44)

We have thus proved the following theorem.

Theorem 6.12. Suppose that the following conditions are fulfilled for the bilinear sys-
tem X = Ax + ubhx in the plane with a scalar output y = CXx:
— the triple {C, A} is in the general position,
— condition (6.13) of strict, uniform with respect to t, observability is fulfilled.
Then there exist a number ky and a function k(u) such that the observer

G=A6—y—k()—y)
Y = (a1 +ua)6 + (a> +udz)y —ki(y —y)

solves exponentially precisely the observation problem with any preassigned exponent
of accuracy for any uniformly bounded function u(t): |u(t)| < uo.

Remark 6.13. It stands to reason that the observer indicated in Theorem 6.12 is also
suitable for minimal-phase systems.

6.2 Asymptotic observers for certain classes
of n-dimensional bilinear systems

6.2.1 Problem statement

We consider a problem of construction of asymptotic observer for the bilinear control-
lable system with a linear output
X = Ax +uBx
{ (6.45)

y =Cx,

where x € R", A, B € R™" C e R'*" are known parameters of the system, u(¢) is
a scalar input, and y(¢) € R! is a measurable /-dimensional output of the system. We
have to construct an estimate X (¢) which asymptotically (exponentially) converges to
the unknown phase vector x(z).
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For bilinear systems not only the construction of the observer itself is difficult but
also obtaining the conditions of observability of system (6.45). In particular, if we
regard (6.45) as a nonlinear, affine with respect to u, system, then, in accordance
with [84], the condition of reconstructibility has the form

dim(conv(C;CQ1;C0102:C010203,...)) =n,

6.46
Qi=A or Q;=B, (6040

where conv(-) is a convex hull of the indicated set of vectors. Condition (6.46) means
that any initial state x(0) is reconstructible with respect to the measurements of the
output y(¢) for a suitable input u(¢). However, when observers are constructed the
function u(¢) is, as a rule, defined and cannot be changed for solving the observation
problem. We can easily indicate a situation where condition (6.46) is fulfilled but the
system is nonobservable, for instance, when the pair {C, A} is observable

dim(conv(C: CA; CA2,...,CA" ")) =n

and condition (6.46) is fulfilled for any matrix B, but for B = A and u = —1, system
(6.45) assumes the form
x=0, y=Cx()

and, consequently, we cannot reconstruct x (0) using the measurements of y ().

Thus, conditions (6.46) are not uniform relative to u(¢). If the function u(¢) is
known, then system (6.45) can be regarded as a linear system with a nonstationary
matrix A(t) = A + u(t)B:

x = A(t)x
y =Cx.

If the function u(¢) is differentiable a sufficient number of times, then the observ-
ability condition assumes the form

dim(Ql(t)’ QZ(Z)v""Qn(Z)) =n, t ZO’

40, ] (6.47)
01=C: 0 =20 4 0i0d),

If the function u(¢) does not possess the required smoothness or is unknown, the indi-
cated reduction to a problem of linear observation is impossible.

The aim of this section is to obtain sufficient conditions of uniform, with respect
to u(t), observability of system (6.45) and to construct asymptotic observers under
these conditions. Generally speaking, the independence of the solution of the problem
of the particular input u(¢) is possible only for the generate matrix B, and therefore the
specific character of the observers proposed in the sequel is defined by different forms
of degeneration of the matrix B, and this reduces the problem under consideration to
an observation problem for a linear system with an unknown input.
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6.2.2 Systems with a scalar output and a degenerate matrix
of bilinearity

Suppose that in system (6.45) with a scalar output (i.e., [ = 1) the matrix of bilinear-
ity B is of a minimal rank, i.e., rank B = 1. Then B = bh, where b and h are known
vector-column and vector-row, respectively.

In this case, we can easily obtain sufficient conditions of uniform, with respect
to u(t), observability of the system. Indeed, if Ch =0, CAb =0, ..., CA" 2p =0,
then Q;(¢) in (6.47) has the form

01=C,0,=CA,...,0, =CA" ",

and, consequently, all Q; are independent of u(¢) and system (6.45) is uniformly, with
respect to u(t), observable if

dim(C,CA,...,CA" Y =n,

i.e., if the pair {C, A} is observable. Then the following theorem is valid.

Theorem 6.14. The fulfillment of the following conditions is sufficient for the uniform,
with respect to u(t), observability of system (6.45):

(1) B = bh, b e R™! h e R*",

(2)Ch=0,CAb =0, ...,CA"2h =0,

(3) the pair {C, A} is observable.

Here is the technique of constructing an observer for systems of this kind. We can
write the bilinear system (6.45) in the form which is standard for linear systems:

(6.48)

X = Ax + bu
y =Cx,

where u = uhx is an unknown scalar input signal. Suppose, in addition, that the pair
{A, b} is controllable. Then the transfer function

Bm(s)

o (s)

W(s)=C(sI —A)'b =

(6.49)

is defined for system (6.48). Here B,,(s) and «;, (s) are coprime polynomials of s of
orders m and n, respectively (0 < m < n).

Under condition (2) from Theorem 6.14 the relative order of the systemr =n —m
is maximal, i.e., r = n, m = 0. Then, using a nondegenerate change of coordinates
with matrix P, we can reduce system (6.45) to the canonical form with the isolation
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of zero dynamics (whose dimension in this case is zero):

)'Cl = X2
(6.50)
Xn—1 = Xn
Xp = —a1X] — -+ — apXy + uhx,

where i = hP ™!, ap(s) = det(s] — A) = s™ + aps" ' +---+ay, y = x| (here,
for simplicity, we preserve the old notation for the phase vector). If the input u() is
known and uniformly bounded, i.e., |u(¢)| < ug for ¢ > 0, then, for constructing an
estimate of the vector x (¢), we use the observer

X =% — k(% — y)

. (6.51)
Xn—1 = Xn —kp—1(X1 — )

)Lcn = —a1X] — - —apXn + uhi —kn(X1 — ).

Then the solution of the observation problem reduces to the provision of stability of
the system in deviations e = X — x described by the equation

6= Age + 5(uh~e —ae), (6.52)
where
-k 1 0 .0 0
- -k, 01 ... 0 - .
Ak: . . . . ’ b: 0 ’ a=(a17"'aan)'
-k, 0 0 ... O 1
The characteristic polynomial of the matrix A & has the form v (s) = det(s] — A k) =
s" 4+ kis""' + ... + k, and is defined by a requisite choice of parameters k1, .. ., ky, .
If we set .
ki = K'q;, K = const > 0, (6.53)

where K is the amplification factor and ¢g; are the coefficients of the arbitrarily defined
Hurwitz polynomial ¥o(s) = s" + q15" ! + ¢n = (s + A1) -+ (s + A,) whose roots
(—A;) satisfy the relations A = 1, A;j41 > A;, i = 1,...,n—1, then (—KA;) are
roots of the polynomial ¥ (s). We have the following theorem.

Theorem 6.15. Suppose that the following conditions are fulfilled for system (6.45)
for C e R1¥":
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()rank B = 1, B = hb,

(2) the pair { A, b} is controllable and the pair {C, A} is observable,

3)Ch=0,CAb=0,...,CA"2b =0, CA" b #£0,

(4) the control u(t) is bounded, i.e., |u(t)| < ug fort > 0.

Then observer (6.51) with coefficients (6.53) for K > K, where Ky = const, de-
pends only on the parameters of the original system (6.45) and on u, exponentially re-
constructs the phase vector of the system. For the estimation error e(t) = X(t) — x(t)
there is an estimate |e(t)] < Qle(0)|e" K=K \yhere O = const, depends on the
parameters of the system and on K (generally speaking, Q — +o0o as K — +00).

Proof. The expansion
n—1
Akt = Zai (t)ff}.C
=

holds for the matrix exponential oAkt
As was shown in Chap. 5, for the choice of coefficients k; indicated above, we have
estimates N
i —-K
o (1)) = 27 (6.54)
where N; = const > 0 do not depend on the amplification factor K. In this case, the
estimate

- t .
le(r)] < |e4¥ e(0)] + / e pi(r)dt
0

t e ~
< 016l + [ |eMT5 it~ )] de
0

t n—1

= 01eIe™ 4 [ 3o (0] |44 lite ~ )l d.
O i=o
where Q = const > O and 4 = uhe — ae, is valid for the phase vector e(f) of

the system in deviations (6.52). We can make sure by direct verification that Q; =
|ff}€15| >0@G = 0,...,n — 1) does not depend on the choice of the amplification
factor K either.

Without loss of generality, we set K > 1 and assume that the input function u(¢) is
bounded, i.e., |u(t)| < ug. Then

n—1 . t
le(t)| < Qle(0)|e X" + (Z Nl-Qi)(uo|h| + |a|)/0 e Ktle(t — 1) dt

i=0

t
— Q,e_Kt"l‘K()/ e—K(l‘—r)|e(T)|dT’
0
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where K does not depend on K and Q' = Qle(0)|. We multiply both sides of the
last inequality by eX? and obtain

le(t)]eX! < 0" + Ko /Ot le(r)|eXT d,
whence, by virtue of the Gronwall-Bellman lemma,
le@)]e®! = 0+ Q'(X" — 1) = Qe
The final estimate has the form
le(t)] < Q'e”K—Kox,

whence it follows that for K > K observer (6.51) solves the problem exponentially
precisely with any preassigned rate of convergence. Note, however, that the magnitude
of the constant Q' > 0 depends on K (in general, Q' grows with the increase of K).
The theorem is proved. O

If in system (6.45) the input u(¢) is unknown but bounded, then this approach is
suitable only in asymptotics as K — oo.

The proposed approach can be generalized to bilinear systems with a degenerate
matrix of bilinearity with an arbitrary relative order. Suppose, for instance, that the
relative order of system (6.48) is equal to r < n, i.e.,

Ch=0, CAb=0, ..., CA™2h=0 CA'b+#0,

and the numerator of the transfer function W(s), which is a polynomial B,,(s), is
a Hurwitz polynomial (in this case, m = n — r). Then system (6.48) can be reduced,
by a nondegenerate transformation, to the canonical form with isolation of zero dy-
namics

¥ =Anx"+ Ay
i =2
(6.55)
Vr—1 = Yr
_)./r:—a,x/—a”_);'i‘u(b/x,'i‘b//y), y:yl,
where X’ € R"™, 5 = (y1.....y,)", and the vectors a’, a”, b’ and b” of the
corresponding dimensions are defined by the parameters of the original system, and
A = (0,...,0,1)T. Moreover, det(s] — A1;) = PBm(s), and we assume in what

follows that A;; is a Hurwitz matrix.
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.X_/

5 ) is given by the observer

The required exponential estimate of the phase vector (

X = ApX + Ay
¥1=J2—ki(G1 — )

(6.56)
)Ljr—l = )7r - kr—l();] - y)
yr=—a'¥"=d"y +u®'x’ +b"3) —kr (51 — y).
where 7 = (J1,...,F,)". Its efficiency is based on the stability of the system in
deviations
é‘, = AHS/
él =€y — k1€1
(6.57)
er—1=er —kr_1e;
ér = —kre; — (a” +ub”)e — (@’ + ub’)e,
where ¢ = X' —x’ € R" 7, ¢ = y —y € R”. As before, we choose a stable
polynomial Yo(s) = (s + A1)+~ (s +A,) =" +¢q15"~' +--- + ¢, with roots (—1;),
where A = 1, A; 41 > A; fori = 1,...,r — 1 and set the coefficients of the observer

k; in the form k; = K'g;, K = const > 0. Then we have the following theorem.

Theorem 6.16. Suppose that conditions (1), (2), and (4) from Theorem 6.15 are ful-
filled for system (6.45), the relative order of the system is equal to r, and B/ (s) is
a Hurwitz polynomial. Then there exists a constant K, dependent on the parameters
of the system and on uy, such that for K > Ky observer (6.56) reconstructs exponen-
tially the phase vector of system (6.45).

The proof of Theorem 6.16 is similar to that of Theorem 6.15 with the only dif-
ference that the estimate now contains an additional exponentially decreasing term
connected with the estimate &’

Remark 6.17. If the relative order r < n, then the degree of stability of the system in
deviations (6.57) does not exceed the degree of stability of the polynomial B, (s), in
contrast to the case r = n.

Remark 6.18. Without essential changes we can generalize the described method of
estimation of the phase vector to systems with a degenerate matrix of bilinearity of the
form B = bh 4 dC. In this case, the problem is solved by observer of form (6.51)
with an additional term dy on the right-hand side, i.e.,



184 6 Observers for bilinear systems

6.2.3 Systems with a vector output and degenerate matrix of bilinearity

Additional possibilities for synthesizing observers for bilinear systems appear in the
case of vector output, i.e., for/ > 1, C € R rank C = I.

Let us consider the degeneration of a matrix of bilinearity of the form B = BH,
where B € R™™ H e R™" under the condition m < /. Under these assumptions
system (6.45) can again be written as a linear system with an unknown input. As
in (6.48), we have
{x = Ax + Bu (6.48')

y=Cx,

where & = u H x is an unknown input signal. The methods of synthesis of observers of
these systems are based on the algorithms of synthesis of observers for linear systems
with uncertainty which are described in detail in Chap. 5. We shall only indicate the
main results.

For constructing an exponential observer for system (6.48") it is sufficient that the
following conditions should be fulfilled:

(1°)rank C = [, rank B =m, m < I,

(2°) rank C B = m, C B € RI>™,

(3°) the invariant zeros of system (6.48") are absent or stable.

Under these conditions, system (6.48) can be reduced, by means of nondegenerate
change of coordinates, to the form

/ /
{X" = Anx' + Apy ] (6.58)
y' = Aux' + Apy’ + B'u,
where y’ are m coordinates from the output vector y, x’ € R"™™ is the remaining
unknown part of the phase vector, 4;;, B’ are matrices with constant coefficients of
corresponding dimensions, det B’ # 0.
Using the remaining (/ — m) components of the output y, we define a new output
y = C x' for system (6.58). For reconstructing the unknown part of the phase vector x’
we can use an observer of the form

¥ =An¥ + Ay’ - L(CX - ), (6.59)

where the matrix L € R@=™x*#=D) g chosen from the condition that A L=An —LC
is a Hurwitz matrix. It was shown in Chap. 5 that if system (6.48’) does not have
invariant zeros, then the pair {C' , A11} is observable, and if stable invariant zeros are
present, then this pair is reconstructible. Therefore, if condition (3°) is fulfilled, the
indicated matrix L exists.

The following theorem is valid.

Theorem 6.19. Suppose that for system (6.45) the matrix of bilinearity B has a de-
generation of the form B = BH, B € R™™. Suppose, in addition, that conditions
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(1°)—(3°) are fulfilled. Then observer (6.59) gives an exponential estimate of the un-
known part of the phase vector.

Remark 6.20. It should be emphasized that in contrast to a scalar output, we do not
use the information about the input u(#) when constructing the described observer.

Remark 6.21. The proposed approach can be generalized to the following classes of
bilinear systems.

1°. Systems with bilinearity matrix of the form B = BH + DC.

2°. Systems in which in addition to a bilinear component there is a linear compo-
nent, i.e., systems of the form

{x = Ax + uBx + Du’ (645"

y =Cx,

where D € R"*4, If the function u’(¢) is known, then, if we use the model

|

then the problem reduces to the construction of an observer for the system in deviations
e=X—x

AX +uBXx + Du’
C

=
I

<
Il
=

’

é = Ae + uBe,
e=Ce

which is identical to system (6.45).

3°. By analogy we can solve the problem of constructing an observer for a bilinear
system with a k-dimensional input in the case of the degeneration of the bilinearity
matrices. We shall explain this using the example of a system

k
X = Ax + ZuiB,-x
i=1

(6.45")
y=Cx

in which all bilinearity matrices B; are of a minimal rank (the case of degeneration
of bilinearity matrices with arbitrary ranks can be considered according to the scheme
described above)
B; = bih,', b,‘ S RnXI, hl' € Rlxn_
We set
M]hlx
B=(by,....by), U= :
uphpx
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and reduce system (6.45”) to the standard form (6.48")

X = Ax + B
y =Cx.

The observer of the system is constructed according to the scheme described above.

6.2.4 Systems with vector output and known input

Let us consider system (6.45) with an arbitrary (not necessarily degenerate) matrix of
bilinearity. For a sufficiently large /, for this system to be observable for a given u(¢),
it may be sufficient that the condition dim(Q(¢), Q2(¢)) = n is satisfied. Since
01(t) =C and Q,(t) = CA 4 CBu(t), the sufficient condition of observability
assumes the form

C
rank (CA " CBu(t)) =n, t>0. (6.60)

Note that in this condition the continuity or differentiability of the function u(¢) is
not required. Since C € R'*”, condition (6.60) can be fulfilled only for / > n/2. Let
us consider system (6.45) under this condition.

Since rank C = [, it follows that, without loss of generality, we can assume that

C = (I1x1, 01xr) -

Consider a nondegenerate change of coordinates of system (6.45)

(2)=()+

where the matrix H € R™*" (r = n — ) is chosen from the condition det ( g) # 0.
For this purpose, it suffices, for instance, to choose H = (I:I, Irxr) for any H e R™,
It is clear that for solving the original problem it suffices to obtain an estimate of the
vector z € R”.

Let us write the matrices A and B of the original system (6.45) in block forms

_ A1 A2 _ Bl B2
A_(AS A4)’ B_(Bs 34)’
where A, By € R/*! and A4, By € R™7. Then the equation for the component z

assumes the form

z=(Pr+uP)y+ (R +uRy)z,
where Py = HA; + A3 — HAH — AsH, P, = HBy, + B; — HBH — B4H,
R, = HA; + A4, R, = H By + By. For the known u(t) we construct an observer

for z in the form
Z=(Pi+uPy)y+ (R +uRy)z. (6.61)
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In this case, the observation error e = Z — z satisfies the equation
é = (R; + uRy)e,

and if R, = 0 and R; is a Hurwitz matrix, then e — 0 exponentially. Let us now
choose a matrix H from the conditions

Ry=HBy+ By=0
2 152 + B4 (6.62)
where A’ is an arbitrary Hurwitz matrix with a defined degree of stability.
A solution of equations (6.62) for given A4 By, and A’ exists [4] if
_ B, Ay
rank(B,, Ay) = rank (—B4 A A’) . (6.63)

Thus we have the following theorem.

Theorem 6.22. Suppose that condition (6.63) is fulfilled for system (6.45) for a cer-
tain Hurwitz matrix A'. Then there exists a matrix H € R™! such that observer
(6.61) reconstructs the phase vector of the system exponentially for any known input
Sfunction u(t).

Remark 6.23. If [ > r,i.e.,[ > n/2 and rank B, = r, then there exists H satisfying
the first equation (6.62). For such an H the equation for the observation error does
not depend on the control u(¢) but the stability of the matrix R; = HA + Ay is
not guaranteed and is defined by the parameters of the system and by the degree of
arbitrariness in the choice of solution H.

Remark 6.24. For condition (6.63) to be fulfilled for any A4, B4 and any preassigned
matrix A’ (which defines the asymptotics of observer (6.61)), it is sufficient that the
condition

rank(B,, Ay) = 2r

be fulfilled. Taking into account that (B,, 4A,) € R!>*2"_for this condition to be fulfilled
it is necessary that the relation [ > 2r = 2(n — [) be satisfied, i.e.,

2
[ > —n.
3

Remark 6.25. In the case under consideration, we have
C _ I; 0
CA + CBu(t) " \A; +uB, Ay +uB;

and the sufficient condition of observability assumes the form

rank(A, +uBy) =r =n—1.
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The following sufficient condition of uniform observability holds and the following
theorem is valid.

Theorem 6.26. Let rank C = [, | > 2(n —I) (i.e., | > 3n), and rank(4,, By) =
2(n —1). Then

rank ¢ =n
CA+ CBu(t))

for all u(t), i.e., system (6.45) is observable uniformly with respect to u(t).

6.2.5 Asymptotic observers on the basis of the decomposition method

Asin Sec. 6.2.4, we shall consider system (6.45) with an arbitrary matrix of bilinearity.
Assuming that rank C = [ (C € R’*"), we pass to coordinates

yy _(C
()= (5)-
where the matrix H € R®~D*" js chosen from the condition of nondegeneracy of the
indicated transition.
As in Sec. 6.2.4, after the change of coordinates, the system can be written in block
form
p = A1y + Arz +u(B1y + Baz
{y 1y + Az (B1y + Byz) (6.64)

Z = A3y + A4z + u(Bzy + Byz).

Since the output y(¢) of the system is known, we can regard this system as a linear
system with the unknown input f = (uz) € R”~! and the known input u’ = (uy) €

R’ ie.,
(y.) — A (y) +BW +B"f (6.65)

z z

_ Al A2 r Bl " o__ BZ
A_(A3 A4)’ B_(B3)’ B" = By) (6.66)

Let us consider the case where [ > n —1[,1.e.,] > % Under this condition, system
(6.65) can be regarded as a linear stationary hyperoutput system with an input f(¢)
without certainty, and, consequently, for solving the observation problem we can use
the methods of synthesis of observers for hyperoutput systems which were described
in detail in Chap. 5.

Here are the main results.

For constructing an observer in accordance with Theorem 5.3, the following condi-
tions must be fulfilled:

(i) the pair {C, A} is observable, the pair {4, B} is controllable,

(i) rankC = [, rank B =r < I,rank CB" = r,

where
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(iii) the invariant zeros defined by the Rosenbrock matrix

R(s) = (SIEA —(l)i’ )

either are absent or lie in C_.

Taking into account the block structure of the matrices A and B” in system (6.65) as
well as the form C = (I;y;; 0) for this system, we can write the indicated conditions
in explicit form.

Let us consider in greater detail condition (i). By virtue of the Rosenbrock ob-
servability criterion (Theorem 2.11), the pair {C, A} is observable if and only if the
condition

S]l — A] —A2
rank (SIn L A) =rank| -4y sl,_;—As]| =n
C
I 0

is fulfilled for all s € C. Obviously, this condition is fulfilled if and only if

rank (SI"_ZA_ A4) =n—1, (6.67)
—A;

i.e., if the pair {A;, A4} is observable. Note that A, € R!*(=1) and therefore, for
condition (6.67) to be fulfilled, it is sufficient that the condition rank A, = n — [ be
fulfilled.

Let us now consider condition (ii). For the indicated structure of the matrix C and
for I > n — [ the first two conditions are automatically fulfilled. The third condition,
since CB” = B, has the form

rank(B,) = rank (Bz) . (6.68)
By

Note that if rank B, = n — [, then, by virtue of the dimensions of the matrices B, €
RI*n=D B ¢ R®*(*=1) and the condition / > n — [, condition (6.68) is fulfilled for
any matrix By.

Let us now consider condition (iii) for which purpose we write the Rosenbrock
matrix in block form

sl — A] —A2 —Bz
R(S) = —A3 sl — A4 —B4
1 0 0

It is obvious that the invariant zeros of this matrix coincide with the invariant zeros of

the matrix
’ _ sl — A4 —B4
R(s)—( 4 —Bz)'
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For the original system to have no invariant zeros, it is required that the condition

rank R'(s) = rank (”__AZA“ :g;) =n—l+r (6.69)

should be fulfilled for all s € C.
From the obtained conditions we have the following theorem.

Theorem 6.27. Let rankC = [, [ > %, for the bilinear system (6.45). Then, by the
nondegenerate change of coordinates, the matrices A, B and C can be reduced to
block form (6.66). Also suppose that the following conditions are fulfilled:

(i) the pair { Ay, A4} is observable, and the pair {A, B"} is controllable,

(ii) rank(B;) = rank(gi) =r(r<n-=I),

(iii) condition (6.69) is fulfilled for all s € C (s € C_).

Then, for system (6.45), we can construct an exponential observer with any preas-
signed rate of convergence (with the rate of convergence defined by the invariant zeros
of the Rosenbrock matrix from condition (6.69)).

Conclusion

In Chap. 6 we considered the problem of synthesis of observers for one class of non-
linear systems, namely, for bilinear systems. We considered the conditions of observ-
ability of systems of this kind and obtained some sufficient conditions of uniform, with
respect to u(t), observability of these systems (Theorems 6.4, 6.14).

We considered in detail the case of planar bilinear systems where algorithms of
synthesizing observers were proposed under different constraints imposed on the pa-
rameters of the system (Theorems 6.6-6.12)

For bilinear systems of arbitrary dimensions we considered different cases of degen-
eration of the bilinearity matrix (Theorems 6.15, 6.16) and also considered algorithms
of synthesis of observers for systems with vector output (Theorems 6.19-6.27).



Chapter 7

Observers for discrete systems

The theory of observers for discrete systems is much similar to the theory of observers
for continuous systems although it differs by certain specific features. Therefore, in
this chapter we consider briefly only the main ideas and methods which were discussed
in detain in the preceding chapters.

7.1 Mathematical models of discrete objects

In the theory of discrete observation of the state of stationary linear objects we deal
with regressive models

Yntk T anYntk—1 + -+ a1V = bmpprthmgr + -+ + brug (7.1)
or with dynamical models in the space of states
Xk+1 = Axg + Bug, yr = Cxg, (7.2)

where v}, is the input of the object at the time moment k = 0,1,2,... and yi is the
output of the object, xj is the phase vector or the vector of state of the object from
R™; (ay,...,an), (b1,...,bm+1), or {A, B, C} are parameters of the object, scalar or
matrix respectively. Here n is the order of the object, r = n — m 1is the relative order
of the object, for physically realizable models satisfying cause and effect relations we
always have r > 1.

Generally speaking, models (7.1) and (7.2) are not equivalent since (7.1) does not
always imply (7.2).

Every model for the defined input sequence {uy } and the arbitrary initial state

(Yn—1,Yn—2,....¥0) or xo € R”

generates a unique solution, namely, a discrete sequence of the output {yj }° or the
state {xg }o° respectively.

The discrete sequence {£}5° which grows not faster than the degree of a certain
positive number A, i.e., |&;| < Ak k =0,1,2,..., can be associated with the func-
tion of the complex variable £(z), z € C, by means of the Z-transformation via the
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expression

E()=Z[&] =Y &z 7% for |z > A

k=0

After the substitution z = e2$ , A = const > 0, the Z-transformation passes into
the so-called Laplace discrete transformation. It can be immediately seen from this
formula that for obtaining the inverse Z ~!-transformation it suffices to decompose the
function £(z) according to the degrees 2% The coefficients in these degrees form the
required sequence {£x }7°.

By means of the Z-transformation the recurrence equation which connects the input
and output of the object reduces to an algebraic equation. For equation (7.1) under zero
initial conditions we have a relation

Y(z) = W(z) U(z2), (7.3)

where Y(z) = Z[yi], U(z) = Z[ug], and W(z) is a transfer function of the object in
the form of a ratio of two polynomials'

W(Z) _ Oln(Z) _ (bm+1Zm + .+ bl)

C Bm(z) @+ apz" V4 4ay) (7.4)

By analogy, the transfer function is defined for an object given in the space of states.
From (7.2) under the zero initial condition xy = 0 we have

W(z) = C(zE — A)"'B. (1.5)

For the so-called scalar object the output y and input u of the object are scalars and
its transfer function is a scalar function of the complex variable z. Otherwise, W(z) is
a matrix transfer function.

For a scalar object formula (7.3) makes it possible to find a simple transition from
(7.1) to (7.2). Indeed, from the relation

_ B

w
(2) 2(2)
and equation (7.3) we can obtain a relation

Y(z) _ U@
B()  a(o)’

Employing this relation, we can introduce a scalar variable x ]i using the formula

_ Y _ U@
C ) a2’

IBelow, where it is not essential, we omit the subscript of the polynomial which indicates its degree.

X'(2)
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where X!(z) = Z [x,i] The latter is equivalent to the two equations

{a(z)Xl(z) = U(2) 76

Y(z) = B(2)X ' (2).
Using now the inverse transformation Z~!, we can pass from (7.6) first to the re-

gressive equations
1 1 I _
Xy TaAnXyp + o+ a1x, = ug

| . 7.7)
Yk = bmt1X,, g + 0+ bixy
and then, with the use of the new state variables x!, x2, x3, ..., x" related as
1 _ .2
Xe+1 = Yk
2 _ .3
Xe+1 = Yk
(7.8)
n—1 _ _n
Xe4+1 = Xk
to equations in the space of states
n
Xpp = —Za,-x,’c + uy
i=1
(7.9)

n
yk:Zbix,i, bi=0 for i>m+1.

i=1

The use of the vector-matrix notation

0 1 0 0 0
0 0 1 0 0
A= : , b= ,
0 0 0 1 0
—ay —a —az -+ —dy 1

Cc = (b],bz,...,bm+1,0,...,0)

makes the form of equations (7.8), (7.9) identical to that of equations (7.2). For this
reason, it makes sense to consider in the sequel models defined in the space of state.

7.2 Discrete observability and observers. Canonical forms

We shall begin with the following definition.
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Definition 7.1. The dynamical discrete system (the recurrence equation)

Xeg1 = flxg), x eR”
(NS) ;
vk =h(xg), yeR', k=0,12,...
is said to be
— observable if the finite output sequence {yo, ¥1,..., YN—1}» N > n, makes it pos-

sible to reconstruct the initial state x¢ of the system,

— uniformly observable with respect to k > 0 if the reconstruction is possible with
the use of the finite sequence {yx, k41, ., Yk+(n—1)) for any k.

Let us consider a scalar linear stationary Sp-system with zero input
Xi+1 = Axg
(So)
Ve =cxg, k=0,1,2,...
and write the obvious relations

Yo = CXo

y1 = cAxo

yn—1 = cAN Ixg

which form a system of linear algebraic equations for the unknown vector xq of the
initial conditions. In accordance with the Cayley—Hamilton theorem we can restrict
ourselves to the first n relations, i.e., N = n. Then the solvability of the obtained
system of equations is connected with the invertibility of the matrix

c

A
N(c, A) = C: (7.10)

cA™ !

which is known as the observability matrix. Thus, the Sp-system is observable if and
only if
rank N (c, A) = n. (7.11)

Relation (7.11) defines the criterion of observability in the form of the Kalman—
Krasovskii rank condition. This result is also valid for the standard S-system

Xg+1 = Axg + bug,
)]
Ve =cup, k=0,1,2,...,

for the known input .
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For S-systems with vector observers, i.e., when y € Rl and/ > 1,
Xp4+1 = Axp + buy
Vi = Cuy
with an additional natural assumption that
rank C =1,
the criterion of observability assumes the form
C
CA
rank N (C, A) = rank . =n. (7.12)
CA;'l—l
The nondegenerate change of coordinates
E=Mx, detM #0,
preserves the observability since
N(CM™', MAM™") = N(C, A)(M™"),
where N(CM ™', MAM ™) is an observability matrix for the transformed system
{ Eey1 = MAM™'g;
Yk =CM g

As in a continuous case, the observability index v for the observable pair {C, A} is
defined as a minimal number for which the rank condition

c

CA
rank N, (C, A) = rank . =n

CA.v—l

is fulfilled. For v the estimate v < n —/ + 1 holds, for / = 1 we have a relation v = n.

For discrete linear stationary observable systems we have the same canonical forms
of observability as for continuous systems (described in detail in Chap. 2). In par-
ticular, the scalar S-systems can be reduced, by means of a nondegenerate change of
coordinates, to the first canonical form of observability {c, A, b}:

¢ =(1,0,...,0).
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0 ch
4 0 0 1 (1) b= : ’
e -
—ay —a, —ajz —ap cA™b
or to the second canonical form of observability {c, A, b}:
0O ... 0 —daq b1
1 ... 0 —day b2
C=(07”"051)7 A= . . . . ) b= .
0 ... 1 —ay by,

The observability of the canonical pairs {c, A} can be easily verified.

The first and second canonical forms of observability and the Luenberger canonical
form also hold for vector S-systems (see Chap. 2). The methods of reducing systems to
canonical forms completely coincide with the corresponding methods for continuous
systems. We omit the details.

By analogy with a continuous case, we introduce the notion of detectability.

Definition 7.2. The dynamical discrete system

Xk+1 = f(xk), x eR”
(NS) ,
e = h(xx), yeR, £k=0,1,2,...,
is said to be detectable if the observable (latent) dynamics is asymptotically stable.
Let us consider in greater detail the linear stationary S-system
Xk+1 = AXk + Buk
(S)
Ve =Cxp, k=0,1,2,....
Suppose that the pair {C, A} is observable (not fully observable). Then we have a con-
dition
rank N(C, A) = g < n.
In this case, by means of the similarity transformation M (det M # 0)
&§=Mnx,
we can reduce the S-system to a set of subsystems S' and S2, where
(Sl): %-/i-l—l = Allgli + Bluk
(5%): §/§+1 = AZ]S]i + AzzS;ﬁ + B2uy,
vk = C'EL.
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Here the vector £' € RY, the vector £2 € R”79, the matrices A, A1, A»,B', B,
and C! have the requisite dimensions, and the pair {C LA, 1} is observable.

Thus, the nonobservable variables & 2 are isolated, as a result of the transformation,
into a S2-subsystem of “latent” motions. The variables £2 may depend on the observ-
able variables &' and on the input u.

The transfer function of the system can be written with the use of the initial equa-
tion (S)

W(z) =c(zE — A~ 'b = p)
a(z)
or with the use of the equation for subsystems (S), (S?)
1
Wiz) = M zE — Ay~ 15t = B @)
al(z)

The expression W () follows from W(s) after cancelling the (n — ¢) common zeros
of the polynomials 8(z) and «(z). This degeneration allows us to lower the order of
the S-system to ¢. Physically this cancelling of zeros and poles of the transfer function
is justified if they are stable, i.e., lie in a unit circle. The detectability implies that A»y
is a Hurwitz matrix.

Along with the problem of observation for discrete systems we shall consider a sta-
bilization problem. Stabilizability is one of the main properties of a controlled object.
We can give the following definition.

Definition 7.3. The system (NS)
Xe+1 = f(xg ug),  f(0.0) =0
(NS)
Yk =h(xg), k=0,1.2,...,

where /(-) and f(-,-) are some functions defined in R”, is said to be stabilizable® at
zero of R™ if there exists a feedback

ug = u(yi, X)
such that the closed control system
{xk+1 = S, u(yie, Xi))
Vi = h(xg)

is asymptotically stable at zero.

2Here and in what follows a system is stabilizable at zero, and we can do without stipulating this.
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Here and in what follows we understand the symbol u(y, x) as a feedback dependent
on each variable or the values of the variables at the preceding time moments. This
dependence may be static or dynamical respectively, the constructed feedback is static
or dynamical.

In particular, the S-system

{xk+1 = Axk + bug
Yk = CXg
is stabilizable at zero by its state if for the feedback
Up = —4qxg, 4 =(q1..-..4n),

the closed system
Xk+1 = (A — bq)xk
is asymptotically stable. To put it otherwise, A; = A — bq is a Hurwitz matrix.

The sufficient condition of stabilizability is the condition of controllability of the
system of object (N.S) which is introduced by the following definition.

Definition 7.4. The system
X1 = f Xk ug)
(NS)
Vi = h(xg)

is controllable with respect to its state in R if, for any pair of points x!, x in R”,
there exists a sequence of inputs ug, uy, ..., uy—; which reduces the system (NS)
from the state x! to the state x2 in a finite time interval N.

In order to analyze the controllability of the state of the S-system, we write the
following chain of obvious relations
x1 = Axg + bug

Xy = A2X0 + Abug + buy

XN = ANX() + AN_lbu() + -4+ buy_;.

1 2

Setting xo = x', Xy = x~, we obtain from the last relations an equation

Uo

x2:ANXI-F(AN_IIJ,AN—Z,W’b) U
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which must be solvable for the unknowns ug, u1, ..., uy for any x! and x? for which
purpose the vectors AN=1p AN=2p . b must form a basis in R”. Thus, the S-
system is controllable if and only if

rank K (A, b) = rank(b, Ab, ..., A" 'b) = n. (7.13)

This condition of controllability is known as a Kalman—Krasovskii rank criterion.
If it is fulfilled, the pair {A4, b} is said to be controllable.
If a linear system is a vector system, i.e., u € R™, y € R,

{Xk+] = AXk + Buk
Yk = Cxp,

where the matrix B is of the maximal rank m, then the Kalman—Krasovskii criterion
differs from (7.13) by the fact that the matrix K (A, B) is a rectangular n x [m(n —m +
1)]-matrix, but, as before,

rank K (A, B) = rank(B, AB, ..., A" ™B) = n.

For the controllable pair {4, B} the controllability index u is defined as the minimal
number for which

rank K (A, B) = rank(B, AB, ..., A*"'B) = n.

Inthiscase,u <n—m+ 1 andif m = 1, then u = n.
If the pair {A, B} is noncontrollable (not fully controllable),

rank K(A, B) = p <n,

then there exists a similarity transformation

1
()

which splits the S-system into two subsystems S| and S, with the motion equations
(S1) Epy = Ang

(S2) Eiin = Ak + Ak + Bug

y = (Cl,Cz) (g;),

where (n — p) is the dimension of the system S} and p is the dimension of the sys-
tem S, A1, A21, Az, B%, C', C? are matrices of the corresponding dimensions, with
the pair {A45>, B?} being controllable.
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We can see from these equations that the control u does not affect the component
£! of the vector £, and, consequently, the S-system is stabilizable if and only if A4; is
a Hurwitz matrix. To put it otherwise, the part of the dynamical system which cannot
be controlled must be asymptotically stable.

Thus, in an arbitrary S-system we can isolate the following subsystems:

(i) a controllable and observable subsystem (S'),

(ii) a controllable but not observable subsystem (S?),

(iii) a noncontrollable and nonobservable subsystem (S3),

(iv) a nonobservable and noncontrollable subsystem (S%).

This decomposition of a S-system is known as a Kalman decomposition; the S'-
system corresponds to the so-called minimal realization of the S-system which has
physical meaning when the eigenmotions of the S3- and S*-subsystems are asymptoti-
cally stable. The following motion equations correspond to the Kalman decomposition
of the S-system:

(Sh) &'=Ang + A + Blug

(S?) & = Ani§, + Akl + Ak} + AuEl + BPuy
(8% &Py = Ang
(5% §£+1 = A43§1i + A44§/i

&1
y=(ho,c}o|:|=C'e +C3¢,
54

where éi € R"% withn; < min(p, q); n1+ny = p;ni+ns = q;n1+ny+n3+ngs = n.
It is obvious that the case of the general position is associated only with the minimal
realization of the §-system.
Controllability and observability, stabilizability and detectability are dually con-
nected, namely, the expressions for the matrices of controllability and observability of
the S-system immediately imply identities

K(A,B)=N" (BT, A")
N(C,A)=K"(AT,cT).
The left-side matrices are connected with the system

Xg+1 = Axg + Buyg
(S)

Vi = Cxg



7.2 Discrete observability and observers. Canonical forms 201

and the right-side matrices with the S T-system

™) b= ATE+CTE
Ee=B&

known as a dual system. The indicated identities introduce the so-called duality rela-
tions which give, in particular, two significant inferences.

1°. The S-system is controllable (observable) if and only if the S T -system is observ-
able (controllable).

2°. The S-system is stabilizable (detectable) if and only if the S T-system is de-
tectable (stabilizable).

The notions of observability and detectability are convenient for estimating the state
of a dynamical system from the measurements of the output of the system.
The following definition introduces the notion of a discrete observer.

Definition 7.5. The dynamical system

k1 = F(Xk, yi)
is said to be an asymptotic observer of an N S-system of the form
X1 = J(xk)
Ve = h(xg), k=0,1,2,...,

if

lim ||xg — %] = 0.

k—o00

If there exists a number k£ * such that
Xp = Xk

for all k > k*, then the observer is said to be finite.

For S-systems the problem of estimating the phase vector is solved by the linear
observer
Sp+1 = A% — L(CXx — yk) = ALXg + LCyg, (7.14)

where L is the (n x [) feedback matrix of the observer. The estimation error ¢ = x — X
satisfies the equation

Ek+1 = ALk
and the observer solves the estimation problem asymptotically if A7 is a Hurwitz ma-
trix or finitely if Az is a nilpotent matrix. As was shown in Chap. 2, if the pair {C, A}
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is observable, the spectrum of the observer spec{Ay} may be defined arbitrarily. If
the pair {C, A} is detectable, then the part spec{Ar } of the spectrum of the observer
is fixed and coincides with the spectrum of the nonobservable subsystem and the re-
maining part of the spectrum spec{Ay } is defined arbitrarily (it stands to reason that
the arrangement of the spectrum relative to the real axis must be symmetrical).

The dimension of the observer can be diminished by the dimension of the output
if rank C = [. Observers of lowered order of this kind are traditionally called Luen-
berger observers on the basis of the following statement.

Lemma 7.6. Suppose that in the vector discrete Sy-system

Xg+1 = Axg
ye =Cxg, k=0,1,..., x eR", yeRl,

the pair {C, A} is observable. Then, by a nonsingular transformation this system can
be reduced to the form

X, o= Anx; + Ay
k+1 k (7.15)
Vi1 = Auxp + Apye, k=0.1,..., X’ eR" yeR!

where the (n — 1) X (n — l)-matrix Ay; has any predefined spectrum.

A constructive proof of this lemma can be obtained with the use of the method of
pseudoinputs (see Sec. 5.3), we do not give it here. This lemma can also be generalized
to the case of detectability of the pair {C, A}.

Under the conditions of Lemma 7.6 the observers which solve the observation prob-
lem for Sy-systems are given by the equations

Xpp = Ay + Anyk (7.16)
_ Xy :
Xp=M y , (7.16")

k

where ¥’ € R"! and M is the transformation matrix which is mentioned in Lemma
7.6. The estimation error ¢ = X — x’ is defined by the equation

ek+1 = Anek, k=0,1,2,..., (7.17)

and, for the requisite choice of the transformation matrix which is mentioned in the
conditions of the lemma the error g5 asymptotically or finitely becomes zero.

Note that equations (7.16)—(7.16’) for the observer are also valid for the case of the
detectability of the pair {C, A}, the only difference is that the spectrum of the matrix
A11 has a fixed Hurwitz component of the latent dynamics.
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We have thus shown that the dimension of the observer which reconstructs the full-
phase vector cannot be smaller than the number r = n — [, where [ is the dimension
of the output.

Note that for a vector system an observer of any intermediate dimension higher than
(n — I) can be constructed according to the same scheme. This fact is based on the
following lemma.

Lemma 7.7. Suppose that in the vector discrete So-system
Xg+1 = Axg, k=0,1,...
yk =Cx;, xeR" yeR/,

rank C = [, and the pair {C, A} is observable. Then, for any number p, 1 < p < I,
there exists a p-dimensional output y* = Cpy € RP and a similarity transformation

( ;;) = M,x such that (n — p) x (n — p) is the matrix Ay in the transformed system

/ / o
Xe+1 = Allxk + A]zyk

o / 0 (7.18)
Vegr = Aaxg + Anyp, k=0,1,....

This matrix is a Hurwitz matrix and has a predefined spectrum (here x' € R"~P).
In this case, the observation problem is solved by the observer

Xy = Anxy + A12y1€
=/
so=myt |k
Yk

It is useful to note that under the condition rank C = [ for system (7.18) the (I — p)-
dimensional output y/=° = Cj—px' is also defined (it is defined with the use of the

of dimension (n — p).

output y € R’ and yP € RP). Then we can rewrite equation (7.18) as a state equation
with the known external signal y* and the new output y! =, i.e., as a set of equations

Xy = Anxg + Apyp. k=0.1,...
I—p ’ (7.19)
yk = Cn—pxk.

It is important to emphasize here that under the conditions of Lemma 7.7 the pair of
matrices {C;_,, A11} is observable. This fact will be used in the synthesis of observers
under the conditions of uncertainty.

Note that if we deal with a controllable S-system, i.e., with a system which has an
input, then, for this system, instead of (7.14), we take an observer in the form

X1 = AXg — L(CXg — yk) + Bug. (7.20)
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7.3 Method of pseudoinputs in the problem of synthesis
of functional observers

Consider a problem of estimation of a p-dimensional linear functional
o=Fx (7.21)
from the measurements of the /-dimensional output (! < n)
e = Cxg (7.22)
of the stationary discrete system
Xp+1 = Axg, k=0,1,2,..., (7.23)

using an observer of the order as minimal as possible.
Here all matrices are assumed to be known, F and C are matrices of full rank, and
the pairs {C, A} and {F, A} are observable.

7.3.1 Scalar system, scalar functional

As we did in Chap. 4, we shall begin with considering the case of a scalar functional
and a scalar observer, i.e., where / = p = 1, and use the method of pseudoinputs for
solving the problem. This means that along with (7.23) we also consider a system

Xkp1 = Axg + Lvg; k=0,1,2,..., (7.24)

with a “pseudoinput” vi and with a vector of the input L. The latter approach is only
a convenient methodical technique and makes it possible to introduce, in a natural way,
two transfer functions

Wy(z) = C(zl — A)7'L = M’

i (7.25)
Wo(z) = FzI — AL = Pe?)

a(z)

with the same polynomials in the denominator which coincide with the characteristic
polynomial of the matrix 4, i.e.,

a(z) =det(zl — A) =z" + apz" '+ 4 ay,

and, in general, different polynomials in the numerator in (7.25) (we can naturally
assume that C } F).

By virtue of the assumptions that we have made, the polynomials 8, (z), By (z) and
a(z), are coprime, we can also achieve the same for the polynomials 8, (z) and B (z)
by a requisite choice of the vector L.
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Under these conditions, the transfer function Wy(z) of the required observer
o= Wy(2)y (7.26)

is embedded into the family of transfer functions defined by the ratio of polynomials

Bo(z) and B, (2), i.e.,
Bos(2)

By (2) .
The physically realizable transfer functions of functional observers form in this family
of transfer functions a subset distinguished by the conditions

Wo(z) = (7.27)

deg B (z) < deg By (2),

By(z) is a Hurwitz polynomial.

(7.28)

Since the order of the required observer is defined by the number deg 8, (z), we have
to isolate, in the subset (7.28), transfer functions (7.27) for which the degree deg 8,(z)
is minimal.

It should be emphasized that the problem of minimization of the degree deg By (z)
of the polynomial is solved under the degree restriction (7.28) and is, therefore, a non-
classical problem of optimization.

Let us formulate this problem in a more customary algebraic form, for which pur-
pose we note that the polynomials S,(z) and B, (z) are of a degree not higher than
(n — 1) and can be written with the use of Markov parameters of the triplets { F, A, L}
and {C, A, L} respectively by the expressions

Bo(z) = 2"V (FL) + 2" 2(FAL + a, FL)

+ 2" 3(FA’L + a, FAL + a,_FL) +---
By(z) = z""N(CL) + z""*(CAL + a,CL)

+ 2" (CA’L + ayCAL + ay— CL) + -+

(7.29)

where ay,as, ..., a, are parameters of the characteristic polynomial
a(z) =z"4+apz" M+ ta.

Suppose that x is the required minimal degree of the Hurwitz polynomial B, (z)
which provides a solution of the problem under consideration, and then, obviously, the

relations
CL=CAL=---=CA" 2L =0

(7.30)
FL = FAL =--- = FA" 72 =0

should hold simultaneously, with

cA"* L £ 0. (7.31)
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Thus, the polynomial By (z) responsible for stability of the observer is defined by
the equation

Bi(z) = 2X(CA"*7'L) + 271 (CA" L 4 anCA"*7'L) + -+ (7.32)
and, without loss of generality, we can set
CA"™* L =1.

Then, instead of saying that B5(z) is a Hurwitz polynomial, we can say that the
column

L' _
L":(l)z(...,CA” L+ an, )T (7.33)
is a Hurwitz column consisting of coefficients of the polynomial ﬁ;f (z) (here L* €
R’H_l, L e Rk)

The determining of the conditions of solvability of this problem and the synthesis of
the observer can be conveniently carried out in a special basis with a minimal number
of free parameters. Such a natural basis is the basis in which the pair {C, A} has
a canonical form of observability, i.e.,

0 0 —a

1 0 —da)
c=1(0,...,0,1), A= ,

0 1 —a,

and we shall suppose that in this basis the vectors F and L have components
F=(fi,fo-sfu)y L=U,l....In)".
Then it follows from the first relations in (7.30) that
lp=lh1=-=lx2=0,

i.e., the vector L has the structure

L* T
L=("g )=l k1,0 0T,

and the set (n — x — 1) of the second relations in (7.30) is equivalent to the system of
linear equations

S L o fx Iy St
[ %
aar=| fiooo e 2 _ f:+2 — h,  (134)
fn—x—l fn—x e fn—2 l;c fn.—l

which, of course, is equal to system (4.18) in Chap. 4.
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Since the components (/1, [, ..., L) T of the vector are the parameters of the poly-
nomial B3 (z), i.e.,

Br(z) = 2% + Lz o 4 11,

the presence, for a certain x, of a Hurwitz solution of system (7.34) is a necessary and
sufficient condition of existence of a functional observer of order ». In the terms of
Z-transformation the equation for such an observer which forms an estimate o of the
functional o has the form

= Bo(2)
o= v, (7.35)
B3 (2)
and the estimation errors
E=0—0
satisfy respectively the equation
Br(2)e =0,

and this solves the observation problem since ;f (z) is a Hurwitz polynomial.

The question concerning the minimal order »* of the functional observer (7.35)
remains open. The computation of x™* is possible in the framework of the following
iteration procedure:

e first, from the equation
rank H,, = rank(H, h,) (7.36)
we find the minimal number »x,, for which system (7.34) is solvable; if, for this
%m, among the solutions of (7.34) there exists a Hurwitz vector L*m,

1 =,

then the problem is solved,

 otherwise, we must increase x;, by unity, and, since for any » > ,, condition
(7.36) is fulfilled, we should repeat the procedure; after a finite number of itera-
tions we will find the required minimal order x* of the functional observer,

¢ the formula

Bs(2)
By (2)

should be used to synthesize the required observer.

o= y

We have thus proved the following theorem.
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Theorem 7.8. For the observable n-dimensional system with a scalar output
Xk41 = Axg, Yk =Cxx, k=0,1,2,...,

and a linear scalar functional
o=Fx

such that F } C and the pair {F, A} is observable, there exists a functional observer
of order x of form (7.35) which reconstructs the functional o if and only if the system
of linear equations defined in the canonical basis of observability by relation (7.34)

H)‘lx - _h)‘,

has a solution 1’ such that L”* = (11” ) is a Hurwitz vector.

Remark 7.9. The requirement that the pairs {C, A} and {F, A} should be in the gen-
eral position is not necessary, the detectability of these pairs is sufficient for solving
the problem.

7.3.2 Scalar observations, vector functional

The synthesis of a functional observer of the smallest order by the method of pseudoin-
puts for systems (7.22) and (7.23) can be generalized, without any essential changes,
to p-dimensional vector functionals

o= Fx

where, it stands to reason, it is relevant to suppose that

F
rank F = p, rank (C) =p+1, p>1 (7.37)
For the measurable output yj of the system and each i-component 6/ = Fix (i =
1,2,..., p) of the functional 0 we shall determine the transfer functions from the
pseudoinputs v (see (7.24)) to the corresponding output y or oj, i.e.,
_ i
ol = Fi(zI —A) 'Lv = Mv, =1,2,...,p. (7.38)
a(z)
V= Cl — ALy = 22D (7.39)
a(z)

This makes it possible to determine, in the general form, the transfer vector function
of the observer, i.e., transfer functions from y to each component of the functional, in
the form )

i Be(2)

N NES

y, i=12....p. (7.40)
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If we use now the vector of the pseudoinput L so that the conditions
deg,Bf, <degp, forall i=1.2,...,p, (7.41)

By(z) is a Hurwitz polynomial,

will be fulfilled, then the observation problem is solved by the observer with a vector
transfer function |
Bs(2)

PO\

i.e., the estimate ¢ of the functional o satisfies the equation

B3 (2)

W(z) =

1
By(2)

o =

N 2 (7.42)
B5 (z)

and, as we can see from (7.42), the degree of the observer is equal to deg By, (z).
Among all observers satisfying conditions (7.41) we have to find an observer of the
minimal order just as in the scalar case for which purpose we use the iteration proce-
dure. To describe this procedure, we introduce notation

x = deg By (2).
and this means that
CL=CAL=---=CA"™ 2L =0, CA"™ 'L #£0; (7.43)
and, in addition, foreveryi = 1,2,..., p we have relations
F'L=FAL=--=F A" L =0. (7.44)

As in the preceding section, when solving systems of equations (7.43) and (7.44) we
shall consider the original system in the canonical basis of observability. As before,
we introduce vectors and matrices

T_(L* T
LT= (") =ab o 0T,

VA .
. . . ; l
A ] R e I TP

i

i i : i n—1
n—x—1 fn—x : n—2
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where fji (j = 1,...,n) are components of the ith row F' of the functional o =
Fx in the canonical basis. We also define the matrix H, and the vector /4, by the
expressions

i 5

H h

He=| " =" (7.45)
HY hy

In these terms, the following statement is valid which generalizes Theorem 7.8 to
the case of vector functional.

Theorem 7.10. For the observable n-dimensional system
Xk+1 ZAXk+1, k=0,1,

with a scalar output
Yk = Cxg

and a linear p-dimensional vector functional
o=Fx

such that rank F = p, rank ( g ) = p+ 1, and the pair { F, A} is observable, there ex-
ists a functional observer of order x of form (7.42) which reconstructs the functional o
if and only if in the canonical basis of observability the linear equation

H”l}f == _h;( (7.46)
has a solution 1* = (11,1, ... ,l},)T such that L* = (lf ) is a Hurwitz vector.

The algorithm of computing the minimal » described in the preceding section is
also suitable for the case under consideration.

Remark 7.11. The requirement of observability of the pairs {C, A} and {F, A} can be
lowered to detectability.

Scalar functional, vector observation. We shall restrict the consideration to the
description of the main ideas of the synthesis of a functional observer in the present
case and omit the details since they can be easily found from the material given above.
Thus, we consider an n-dimensional system

Xg+1 = Axg, k=0,1,2,...
with a vector /-dimensional output

Yk = Cxg
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which must be used for estimating the scalar functional
o=Fx, FeR"

We assume that rank C = [, the pair {C, A} is observable, and v is its observability
index, i.e., v is a minimal number such that

C
CA

rank . =n.
CA;—I
On these assumptions, by means of nonsingular transformations of the state and output

Xx=Px, y=My, detP #0, detM #0,

the system under consideration can be reduced to the Luenberger—Isidori canonical
form consisting of a set of / subsystems with scalar outputs y* of the form

!
Xy = Aiixp + Z aij Vi
j=1,i) (7.47)

y,i=c,~x,i, k=0,1,2,...,

wherei =1,2,...,.1;x* e RY, vy +vy+---+ v, =n, v = max; v;;
0 .. 0=
x! y! 1o 0%
x=:], v=(:]: ¢=(0,...,01), A;=|. ..
x! I RN
0 ... 1=x

Upon this transformation, in the new basis the functional 0 = Fx can be repre-
sented as the sum of /-functionals of the form ¢! = F'x', i.e.,

) 1
o= Z Fixi = Za’. (7.48)
i=1 i=1

It is easy to verify that if the pair { ', A} is observable (and this fact will be assumed),
then all pairs {F', Aji}i=1,...,; will be similar.

This means that the problem under consideration can be reduced to a set [ of sub-
problems of the estimation of scalar functionals

ol = Fix!
also with the use of scalar outputs

o=l
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of the systems
X = Aiixe, k=0,1,2,....

Note that on the right-hand side of each ith equation there is a known input
Zl —1,i) dij yk, but, as was repeatedly emphasized, this does not affect the synthesis
of the kernel of the observer.

However, precisely with a problem of this kind we deal in the method of pseudoin-
puts, and its solution, as has been established, is an observer of the form

5 = B (7.49)
By (2 2’
where B (z) and ﬁ;, (z) are numerators of transfer functions of the system
xlic+l = Ai,-x}; + Livi
from the pseudoinputs vlic acting along the vectors L’ to the outputs 0/ = F’x’ and
yi =clix respectively, i.e.,
&= /30(2) yi = ﬂ;./(Z)vl
wi(z)" al(z)
where o/ (z) = det(z] — A;;).
Thus, the general form of the required observer is given by the sum
SRV AC
g=) 6 =) 2Ty (7.50)

The order of observer (7.50) coincides with the order of the largest common multiple
of the polynomials in the denominator, and, consequently, the observer has the minimal
order when its zeros of polynomials ﬁ; (z) coincide (i.e., ,8; (z) = By(z) foralli =
1,...,1), are stable, and the degree of the polynomial 8 (z) is minimal.

In this case, the final form of the required functional observer is defined by the
operator expression

1
By(2)o = Br(2)y', (7.51)
i=1

we should only take into consideration here that y’ are components of the transformed
vector y = My where y are measurable variables of the output.
Observer (7.51) is physically realizable if

deg BL(z) < degBy(z), i=1,2,...,1 (7.52)
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These inequalities and the conditions under which the polynomial By (z) is a Hur-
witz polynomial presuppose the conditions of choosing the vectors of the pseudoinputs
L' which, for x = deg 8, (z), must have the same structure

I

: ll
| .
L'=]1]eRY, L*=]" is a Hurwitz vector,
0 L
_ 1
0
and the vector [* = (Iy,...,! ;,)—r is a solution of the set of linear equations

ijx _ i P
HI"=—-h,, i=12..,1L
In this system of equations the matrix H )’{ and the vector hgf have the familiar form
1 R St
Hy= + | k=
vl,'—il—l fvl,'—z vl,'—l

In order to calculate the minimal order of the observer, we should use the iteration
procedure indicated above, beginning with the value x* for which the conditions

rank(H}i*) = rank(H}’;* , hi*)

are fulfilled.

7.4 Method of scalar observers in the problem of synthesis
of a minimal order functional observer

We shall again consider a problem of synthesis of a minimal order observer which
reconstructs a linear p-dimensional functional

o= Fx,
from the measurements of the /-dimensional input
Ve =Cxr, k=0,1,2,...,
of the n-dimensional stationary linear system

Xg41 = Axg, k=0,1,2,....
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We assume that F and C are full-rank matrices, i.e.,
rank F = p, rankC =1,

the rank of the extended matrix ( g ) being maximal, i.e.,

rank(g) =p+!<n,

in addition, the pairs of matrices {C, A} and {F, A} are observable.
On these assumptions it is clear that the problem of synthesis of the functional ob-
server of minimal order x is substantive if

p<x<n-—I,
and, consequently, the strict inequality
p+l<n

should be valid.
We shall give an example where p = [ = 1 to explain the idea of the method of
scalar observers.

7.4.1 Scalar functional, scalar observation

Assume that the row of F satisfies the equation
FA=AF + uC (7.53)

for the real and stable number A, i.e., |A| < 1, and a certain . Then it is obvious that
the asymptotic estimate o of the functional o = Fx is given by a scalar observer of
the form

Ok+1 = A0k + Wy, k=0,1,2,.... (7.54)

Since, in the general case, the row of F' does not satisfy equation (7.53), the observa-
tion problem under consideration cannot be solved by a scalar observer of form (7.54).
However, it can be solved by a set of scalar observers of form (7.54). Let us demon-
strate this.

Suppose that the vector L provides the matrix

Ap = A—-LC
with a real distinctive Hurwitz spectrum

spec{AL} = {A1, A2, ..., A1), 0},
)&i#kj, l';éj; |)ti|<1, i=12,...,n—1.
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We denote by g; the left-hand eigenvectors of the matrix Az associated with the
eigenvalues A;. Then the set of vectors g,...,gn—1, C forms a basis and the row
of F is uniquely decomposable according to this basis. Each functional & = g;x is
reconstructed by a scalar observer similar to observer (7.54), i.e.,

Eppr =Mkl + wive. i =giL. (7.55)

and y = Cx is a known output. Therefore we can state that the required functional o
can be reconstructed by the set of scalar observers (7.55), i.e.,

n—1

ok = Y wikl +wayk. k=0,12,..., (7.56)

i=1

and

It is precisely this circumstance that defines the name of the method>.

In order to find the minimal number of scalar observers which can solve the problem
under consideration, we must find a basis g1,..., gn—1, C in R” such that the vector
w = (Wi, ..., wy) in decomposition (7.56) would have the maximal number of zero
components. This choice depends on the vector L (or the set {A,...A,—1}), and,
consequently, by using the requisite choice of the vector L. we can solve the problem
being considered.

Therefore the necessary and sufficient condition of existence of a functional ob-
server of order x is the condition of existence of a “Hurwitz” solution of the system of
linear equations

H,l* = —h,, (7.57)
where
fl f2 cee fx fx-l—l
f2 f3 fx—H th—|—2
H, = ) ) ) ) , hy = ) (7.58)
fn—x—l fn—x v fn—z fn—l
in the canonical basis of observability. Here f; are the coordinates of the row of F
in the indicated basis, i.e., F = (f1, f2,..., fu). In order to find the minimal x*, we

should use the iteration procedure described in the preceding subsections, with
¥ <n-—1.

The given arguments sum up the analog of Theorem 7.8 whose formulation we omit.

3Note that the given arguments justify the Emelyanov—Taran hypothesis of the sixties about the pos-
sibility of replacement of the output differentiators by inertial links in the synthesis of feedback.
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Remark 7.12.

1°. The synthesis of a family of scalar observers which reconstructs the given
functional is carried out in the following sequence: after determining the minimal
order of »x* we find [*, which is a solution of system (7.57), the component of the
Hurwitz vector L* = (llx ), then we determine the diagonal » X x matrix A* =
diag(Ai, A2, ..., Ay), and find the eigenvectors g; and, together with them, the esti-
mates of the functionals § !. Finally, the required observer is defined by the relation

Ok+1 = W*E + wn Yk

i (7.59)
EEp =N+ 1y, k=0,1,2,...

where w”* = (wy, ..., Wwy).

2°. In the case under consideration instead of the observability of the pairs {F, A},
{C, A} we can only require their detectability.

3°. The spectrum spec{Ar} = {A1,A2,...,A,—1,0} can contain coincident roots
or complex-conjugate pairs, and then the basis g; will consist of eigenvectors and root
vectors. We omit the details.

7.4.2 Scalar observations, vector functional

The technique of synthesis of minimal order functional observers described in the
preceding subsections is preserved in the large, and therefore we shall only point out
the main items. Thus, letrank F = p > 1, rank (£) = p + 1 and let G € R("=D*n
be a matrix consisting of left-hand eigenvectors g; of the matrix Ay, i.e.,

Ap = AG.

The matrix F is uniquely “decomposed” according to the rows of the matrix G and

the row of C, i.e.,
F=vG + w,C,

where w’ = (wy, ..., wy—1), and therefore
ol
o=|: |=wé+wyy, &=0Gnx.
o'p

We denote A = diag(Ay,...,A,—1). Since
i1 = A& +GLy,, k=0,1,2,...,
the generalized equation of the observer has the form
§k+1 = A + GLy

ok = W + wayk
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and now we should carry out the minimization, with respect to L, of its order (i.e., L is
chosen such that among w; the number of zeros should be maximal).

Let ¥ < n — 1 be the order of the functional observer, and then the necessary and
sufficient condition of solvability of the problem for the given x is formulated in the
form of existence of a “Hurwitz” solution [* of the systems of linear equations

H.* =—hi, i=12,....p

where H/, and h!, has the form indicated in (7.58) for each row F' of the matrix F in
the canonical basis of observability. In the large, the analog of Theorem 7.10 is valid,
it has a strict formulation which we omit.

7.5 Synthesis of observers
under the conditions of uncertainty

Let us consider a problem of observation of a phase vector in an n-dimensional linear
stationary system
Xg+1 = Axg + Dfy, k=0,1,2,..., (7.60)

from the measurements of its /-dimensional output
v = Cxp. (7.61)

Pay attention to the fact that the observed system is subjected to the action of the
external signal fj about which we know nothing a priori except of its dimension m,
ie., f k € R™,

Further, for full observability of the pair {C, A}, and in what follows we assume this
property to be fulfilled, the standard full-dimensional observer

Xk+1 = ArXp + Lyg

does not solve the posed problem since the right-hand side of the equation for the
estimation error € = X — x, i.e., the equation

ekp1 = Arex — Dfy, AL =A—LC, k=0,12,...,

includes, in general, the unknown disturbance { f} which hinders the solution of the
problem. However, under some additional conditions, it is possible to formulate the
solution of this problem. These conditions will be formulated as the following as-
sumptions:

(A.1) system (7.60), (7.61) is a hyperoutput system, i.e., / > m, or square when
Il =m,

(A.2) the matrices C, D, and CD are full-rank matrices, i.e., rank C = [, rank D =
m,rank CD = m (I > m),
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(A.3) the triplet {C, A, D} is in the general position, i.e., the pair {C, A} is observable
and the pair {4, D} is controllable,

(A.4) the triplet {C, A, D} is of minimal phase, or, to put it otherwise, the invariant
zeros of the matrix of the Rosenbrock system, i.e., the (n + ) x (n + m) matrices

zly—A | =D
Ro=[ - - -1].
C |0

are stable or absent.

Note that the indicated set of assumptions is standard in observation theory under
uncertainty.

7.5.1 Square systems

We begin the consideration with the square systems (7.60) and (7.61) when [ = m. In
this case, there exists a nondegenerate change of coordinates M, det M # 0,

/
()
y

such that in the new coordinates x’ € R"™™, y € R™ of the motion equation the
system decomposes into two subsystems of equations

Xpq = Anxg + Ay
Vik+1 = A21x,’c + Apyr + CDfr, k=0,1,2,...,

(7.62)

the first of which does not depend explicitly on the external disturbance f; which
affects only the second component whose state variable y; can be immediately mea-
sured.

Thus, if the matrix A;; in (7.62) is stable, then the observation problem is solved by
an observer of dimension (n — m) of the form

)z//c—i—l =A11)_C];+A12yk, k=0,12,..., (7.63)
with a static transformer
)E/
=M TF). (7.64)
Yk

However, as was already pointed out, the spectrum of the matrix A consists of the
set of all invariant zeros of the Rosenbrock matrix of system R(z) which, in turn,
are stable if the triplet {C, A, D} is of minimal phase (A.4). We have the following
theorem.
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Theorem 7.13. Suppose that the square (i.e., | = m) minimal-phase triplet {C, A, D}
is in the general position, rank CD = m. Then the problem of observation of the full-
phase vector of system (7.60), (7.61), with the presence of disturbance f, is solved by
observer (7.63) and (7.64) of dimension (n — m), the convergence of the estimate Xy,
to Xy being fully determined by the zeros of the Rosenbrock matrix R(z) of the system.

As concerns the synthesis of the functional observer (of the minimal order inclu-
sive), here the possibilities are not very extensive and consist in the following.
The functional 0 = F x being estimated is represented as the sum

=/
3;) = F'y + F//y

o:FM*(
whose second component is known, and therefore the posed problem reduces to the
estimation of the functional

o = F'x' F ¢ Rlx(n—m)‘

This is possible in principle. Thus, for instance, for the matrix A;; of simple struc-
ture in R™”™™ there exists a basis consisting of its left-hand eigenvectors h' (i =
1,2,...,n —m) corresponding to its eigenvalues {11, As,..., Ay—m}, i€,

WAy = MK, i=1,2,....,n—m.

The vector F’ is uniquely decomposed with respect to this basis

n—m
F' = Z wih',

i=1

the number of nonzero factors of the decomposition defines the minimal order of the
functional observer. By the known technique (see Chap. 5) this result can be gener-
alized to the matrix A;; which is of an arbitrary structure. In any case, it is impos-
sible to influence the order of the observer or the rate of convergence of the estimate
to the original, the former and the latter are defined by the property of the original
triplet {C, A, D}. The situation is different in the so-called hyperoutput systems where
> m.

7.5.2 Hyperoutput systems

In this case, when assumptions (A.1)-(A.4) are fulfilled in the equations of the system
under consideration, we have to carry out the following transformations: we should
begin with dividing the vector y into two components ¥’ and y” of dimension m and

(I —m)
(Y'Y _(C'x\ tm
y - (y//) - (C//x) }l —m
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so that
detC’'D # 0.

Note that for this purpose we may require not only an interchange of rows in the
matrix C’, as was pointed out above, but also a nonsingular transformation of the
output vector. However, this is a technical problem and does not affect the essence
of the matter (for details see Chap. 5). After this transformation we have to consider
a “square” system

Xg+1 = Axg + Df
v = C'xg,

for which we should carry out a change of variables indicated in the preceding item,

namely,
_ x"\ tm
x=M (y,) Vi —m

Xpyq = Auxg + Ay
yllc—l-l:A21XIIC+A22yI/€+(C/D)fk’ k=0,1,2,....

and obtain a system
(7.65)

The significant difference between systems (7.65) and (7.62) is that in the case of
systems (7.65) the first subsystem is followed by the output

/
V' =C'x=C"M ()y‘,) =C/'x' +Cy (7.66)

in whose equation the second component is known, and therefore, when solving ob-

servation problems with the presence of disturbance, we may deal with an (n — m)-

dimensional system with an output of dimension (I —m) > 0, i.e., a system of the
form

/ / /

Xy = Anxg + Ay

{ k+1 k k (7.67)

Fr=Cl'xy, k=01,2,....

Of fundamental importance for the further use of system (7.67) in the estimation
problem under consideration is the question concerning the generality of position of
the pair {C/’, A11}. This question is answered by the following lemma.

Lemma 7.14. Suppose that the minimal-phase triplet {C, A, D} is in the general po-
sition, rank CD = m. Then there exist nonsingular transformations of the output
and state of the system such that in the transformed system (7.63) and (7.64) the pair
{C", A1} is observable (reconstructible) when the Rosenbrock matrix of the system
does not have invariant zeros (there are stable invariant zeros).
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We can prove Lemma 7.14 with the use of the arguments employed in the proof of
Theorem 5.1 in Chap. 5.

Thus, the full-dimensional observer for system (7.67) does not contain uncertainty,
can be taken in standard, for the theory of observability, form of an (n —m)-
dimensional system

Xp1 = ALE, + Lik + Ay, (7.68)
where the matrix
Al = 4y - L. (7.69)

Under the conditions of Lemma 7.14 the spectrum of the matrix AIL1 is a Hurwitz
spectrum and contains two components, namely, an unchangeable component consist-
ing of invariant zeros of the Rosenbrock matrix R(z) and a variable component defined
arbitrarily by the choice of the vector L in (7.69). Observer (7.68) together with the
transformation®

_ X,
=M|["k 7.70
Xk (y/) ( )

solves the posed problem of observation under uncertainty. We have thus proved the
following theorem.

Theorem 7.15. For the minimal-phase hyperoutput (I > m) triplet {C, A, D} of the
general position, under the condition rank CD = m, the problem of observation of
the full-phase vector, at the presence of the unknown disturbance { fr}, is solved by
observer (7.68)—(7.70) of order (n — m). In this case, the asymptotics of estimation
is defined by the matrix AIL1 = Ay — LC{" whose spectrum is formed by all invari-
ant zeros of the Rosenbrock matrix R(z) of the system and by the elements defined
arbitrarily by the requisite choice of the vector L C R®—mx(=m),

Thus, comparing Theorems 7.13 and 7.15, we can infer that the presence of addi-
tional outputs allows us to affect essentially the dynamics of the system of estimation,
and, in certain situations, we can define it arbitrarily.

In addition to full-dimensional (of order (n — m)) observer described above for
estimating the phase vector of system (7.67), we can also use a lowered order observer
of order (n —[). For this purpose we must use Lemma 7.6 from Sec. 7.2 according
to which by a nonsingular transformation equations (7.67) are reduced to a system of
equations of form

{xl/c/-i-l = Allx]/c, + Anyr + A,IZyI/c (7.71)

Vk41 = 1‘121)6]/(/ + 1‘122)7]c + A/1/2yl/c’ k=0,1,2,...,

where the first equation is of dimension (n — ) with matrix A;; with a spectrum
consisting of all invariant zeros of the Rosenbrock matrix R(z) of the system and

4Note that if we use the output transformation when solving equations (7.65), we have to change
in (7.70) the “transformed” component y]’c by its preimage.
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the elements of this spectrum defined arbitrarily. In (7.71) (A},) and A}, are matrices

obtained from the matrix A, as a result of the change of coordinates mentioned above.
Now, as before, an observer of form

X = Ak + Ay + Ay, k=012, (7.72)
is suitable for estimating the vector x;/ € R”~!. This observer, together with the
relation

_ )El/
Xx=M ( k) , (7.73)
Vi

for a certain nonsingular matrix M gives the required estimate of the full-phase vector
of the original system. We shall sum up what has been said as the following statement.

Theorem 7.16. For the minimal-phase hyperoutput (I > m) triplet {C, A, D} of the
general position, under the additional condition rank CD = m, the problem of obser-
vation of the full-phase vector with the presence of the unknown disturbance { fi} is
solved by observer (1.72), (71.73) of the minimal possible order (n — l). In this case,
the dynamics of estimation is defined by all invariant zeros of the Rosenbrock matrix
R(2) of the system and the other points of the spectrum are defined arbitrarily.

For full-dimensional observers the result established in Theorem 7.16 is the most
possible from the point of view of minimization of dynamic order of the observer. The
further lowering of the order is possible only for functional observers.

As applied to system (7.67), the synthesis of the observer which estimates the func-
tional®

o = F’x’, X e Rn—l’

reduces to one of the sequences of actions described above. For instance, for the ob-
servable pair {C ]/, A11} in the case where C 1/ e R/ , in accordance with the methods
of scalar observers, we should find the matrix H’ of the left-hand correspondingly
vectors of the matrix A{‘l = A — LC/,ie,

H' AL = AH',
where A = diag(A1,As,...,4,_;_1) is a matrix of eigenvalues of the matrix AlLl.
Then we should find the parameters w = (wy, ..., Wy_j_1, Wy—;) = (W, w,_;) of

the decomposition
F'=wH +w,_;C/

and reduce the problem of vector estimation to a set of scalar problems of estimation

of =h'x" (i=12...n-1-1),

5As was pointed out above, the estimation of the functional 0 = Fx by a change x = M ()_;/)

reduces to the estimation of the functional o/ = F’x’.
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where h' are rows of the matrix H' corresponding to the respective value A;. Then the
required estimate will be given by the sum of estimates

n—Il—1
6'= ) Wit} + wu_yy. (7.74)

i=1

where w; are components of the row w and &7 is the estimate of the functional 0] =
h' x’ formed by the scalar observer

(0)k+1 =A@k +diye. k=0,12,..., (7.75)

where d; is a row by which all outputs y; of the original system are acting. The
minimization of the number of components in decomposition (7.74) can be achieved
with the use of the iteration process. This minimization is reduced to finding the
minimal number x for which the system of linear equations

H, 1" = —h, (7.76)

has, as its solution, a vector [* which is a Hurwitz component of the vector L* = ( l 1” )
In (7.76) the matrices H,, and the vector /1, consist of the coordinates of the vector F’
in the canonical basis of observability of the pair {C|’, A;1}. We omit the details (see
Chap. 4). As before, in similar cases we shall indicate that the requirement of observ-
ability of the pair {C|’, A;;} can be weakened to the property of reconstructibility.

7.5.3 Method of pseudoinputs in the synthesis of state observer

The approach described in the preceding item, where, for obtaining a full-dimensional
state observer of minimal order, we require, in general, two arbitrary successive sim-
ilarity transformations, has an alternative which is the method of pseudoinputs where
we can use only one transformation of this kind.

Let us consider again the hyperoutput (i.e., [ > m) system (7.60) and (7.61) and
carry out its “squarefication” by adding (/ — m) new zero inputs acting on the system
via the matrix D’ so that the system is defined by the equations

(1.77)

{MH=AW+Dﬁ+Uﬂ=Am+Dﬁ,k=QLLm
Vi = Cxg.

It stands to reason that it is the preceding system since fk/ = 0 but in this case it is
immersed into the class of square (I x /) systems. The important difference of the
transformed system is that the Rosenbrock matrix of the extended system

zI,—A | D:D
Roy=| —— — — (1.78)
c | 0
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has new invariant zeros which depend on the matrix D’ and which are also zeros of
the characteristic polynomial of zero dynamics

B'(z) =detR'(z), degpB'(z) =n—1. (7.79)
In greater detail this is stated in the following lemma.

Lemma 7.17. Suppose that the minimal-phase triplet {C, A, D} is in the general po-
sition, rank CD = m. Then the set of (n — l) zeros of the characteristic polynomial of
zero dynamics of the extended system B'(z) consists of the set of invariant zeros of the
Rosenbrock matrix R(z) of the original system and a set of zeros defined arbitrarily
by a requisite choice of the pseudoinput matrix D', in this case rank(C(D ; D")) = L.

We omit the proof since it can be reconstructed with the use of arguments from
Chap. 5, see the proof of Theorem 5.3.
Proceeding from Lemma 7.17, we can realize a single nondegenerate transformation

()

of the original equation (7.60) (or, what is the same, of the extended equation (7.77)) in
order to reduce it to the form similar to the set of equations (7.65) and (7.71), namely,
to a system of equations of the form

X = Anxg + Anyk
Vi1 = Aaix, + Apyr +C(D: D) fr, k=0,1,2,...,

which, with due account of the fact that (D ; D’) fy = Df. finally assumes the form

: (7.80)
Vi+1 = Anxy + Anye + CDf, k=0,1,2,...,

{X,/CH = Anx, + Anyk
in which x” € R”~ and the spectrum of the matrix A;; coincides with the set of zeros
of the polynomial 8'(z) in (7.79), and if Ay, is a Hurwitz matrix, then the posed prob-
lem of estimation of the full-phase vector of system (7.60), (7.61), with the presence
of an unknown disturbance, is solved by an observer of the minimal possible order
(n—1)

X,'€+1:A11)E,/C+A12yk, k=0,1,2,..., (7.81)

and a static transformer

Yk

where M is the nonsingular transformation, mentioned above, of the original system
to form (7.80).
We have thus established the following theorem.

@:MGQ, (7.82)
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Theorem 7.18. For the minimal-phase hyperoutput (I > m) triplet {C, A, D} of the
general position, under the additional condition rank CD = m, the problem of obser-
vation of the full-phase vector with the presence of the unknown disturbance { fi }° is
solved by observer (7.81), (7.82) of the minimal possible order (n — ).

The following two circumstances may serve as a comment to this theory.

1°. Functional observers, of the minimal order inclusive, for system (7.60) and
(7.61) must be defined by the first equations from (7.80) and use the iteration proce-
dures described above.

2°. We should not always tend to the minimal dimension of the observer “cleaned”
of disturbance, we can use any dimension from (n —m) to (n —[) inclusive. The
following theorem gives the theoretical basis for this.

Theorem 7.19. Let p be any number such that 0 < p < | — m. Then, for any hyper-
output (I > m) minimal-phase triplet {C, A, D}, which is in the general position and
satisfies the condition rank CD = m, there exist nonsingular transformations of the
vectors of the system and its phase vector such that the system can be reduced to the
set of equations

(k41 = An(xpk + Ai2(ypk
(Vok+1 = Aa(xp)k + An(yp)k + CoDfi (7.83)
(yl—m—p)k = Cl—m—p(x;))lw k=0,1,2,...,

where x;, € R"™"P: y, € R™*P; yl=m=p ¢ RI=M=p is 4 part of the transformed
output of the system, y = P, (YI—yrZ—p) ; rank(Cp D) = m; Ay1 is a Hurwitz matrix,

for p > 0 its spectrum is partially defined arbitrarily.

In addition, the observer which solves the problem of estimation of the full-phase
vector of the system, is defined by the equations

Ekr1 =A@k + An(yp)k

v 7.84
w=M, %), k=012, (759
(Vo)k

where M), is the matrix of the transformation of the phase vector mentioned above.
Note that Theorem 7.19 also generalizes Theorems 7.16 and 7.18 in that part where

the pair {C;_,,—,, A11} is reconstructible or observable depending on the presence or

absence of stable invariant zeros of the Rosenbrock matrix R(z) of the system.

7.5.4 Some classical methods of synthesis of state observers under the
conditions of uncertainty

We shall briefly describe the classical schemes of synthesis of state observers under
the conditions of uncertainty restricting the discussion on the exposition (in contrast
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to the results considered in Chap. 5 for systems of continuous time) of the results for
square systems, i.e., systems of the form

{xk+1 = Axy + Dfy (7.85)

e =Cxg, k=0,1,2,...,
where x € R”, f and g € R™. These results can be generalized to hyperoutput
systems (/ > m) with the use of the arguments given in Chap. 5 or in original works.
In the sequel, without loss of generality, we shall assume that for the square triplet

{C, A, D} assumptions (A.1)-(A.4) are fulfilled, i.e., the triplet is of minimal phase
and of general position and det(CD) # 0.

7.5.5 Method of exclusion of perturbation from the equation for the
estimation error

We choose an observer in the form of an n-dimensional dynamical system
Wg+1 =E'LUk+ka, k=0,1,2,..., (786)
and the static transformer
Xk = wg + Lyg. (7.87)
In this case, the motion equation for the estimation error
e=X—x
has the form
ek+1 = Eep + (EP + OC — PA)xy — PDfy, (7.88)
where the matrix P = I, — LC. The right-hand side of equation (7.88) does not
depend on the unknown functions x; and f; when the relations
PD =0

(7.89)
PA=EP + QC

are satisfied. If, in addition, E is a Hurwitz matrix, then the observer defined by
equations (7.86) and (7.87) solves the observation problem under consideration since
the equation

ek+1 = Eer, k=0,1,2,...,

is asymptotically stable. Let us consider conditions (7.89) in greater detail. It follows
from the relation PD = 0 that

P =1,—D(CD)'C, (7.90)
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i.e., P is a matrix of the operator of the nonorthogonal projection “along C onto
Dx = 0”. Postmultiplying now the second relation in (7.89) by the matrix D, we
obtain an equation for the matrix Q:

PAD = QCD
whose solution is the n x m matrix
Q = PAD(CD)™".
With due account of the last relation, the second relation in (7.89) assumes the form
PAP = EP, (7.91)

which implies a relation
CEP =0.

This means that as the matrix £ we can take any matrix satisfying the relation
CE = AC, (7.92)

where A is a diagonal (m X m) matrix.

Let us again consider equation (7.91) and assume that the (n — m) x n matrix H
is a matrix of other, differing from C, left-hand eigenvectors of the matrix E with
a diagonal matrix of the eigenvalues A, i.e.,

HE = A, H,

sothat (§) E = (%' 2,) (§)-
Then HP is a matrix of left-hand eigenvectors of the matrix AP since

(HP)AP = HEP = A,(HP).

This means that A, is a matrix of nonzero eigenvalues of the matrix AP, but the
latter is the spectrum of zero dynamics or, what is the same, invariant zeros of the
Rosenbrock matrix R(z) of the system.

We have thus proved the following statement.

Statement 7.20. Suppose that the square minimal-phase triplet {C, A, D} is in the
general position and detCD # 0. Then there exists a Hurwitz (n x n) matrix E
whose spectrum is composed of the whole spectrum of zero dynamics of the system
and the remaining part is defined arbitrarily and is such that the problem of estimation
of the full-phase vector of the system at the presence of unknown disturbance is solved
by observer (7.86), (7.87).
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Remarks. 1. A similar result can be formulated for the hyperoutput system (I > m)
when rank CD = m.

2. The dimension of the observer can be lowered to (n — m) when the dynamics of the
estimator is fully defined by a spectrum of zero dynamics.

3. Equations (7.86) can be used for synthesizing functional observers, we omit the
details.

7.5.6 Method of exclusion of perturbation from the equation
of the system
We shall again consider, under conditions (A.1)—(A.4), the square (m x m)-system
Xk+1 = Axg + Dfy
Yk = ka, k =0,1,2,...,

whose first equation is transformed by means of the nonorthogonal projection men-
tioned in the preceding item, i.e., we introduce a new variable

g=Px, P=1,—D(CD)’'C, (7.93)
and then we obtain an equation (since PD = 0)
§k41 = PAE + PAD(CD) ™'y (7.94)

whose right-hand side does not depend explicitly on the external disturbance f;. Note
that the employed change (7.93) is not invertible. Moreover, we have an obvious
relation C&, =0, k = 0,1,2,... . This means that (7.94) contains only (n — m)
linearly independent rows and, consequently, the number of equations in (7.94) can be
made smaller. For instance, this can be done in the following manner. Assuming that
in the decomposition

C = (Ch—m:Cnm)

the matrix C,, is invertible, we express, in the equation C¢ = 0, the last m-compo-
nents of the vector £ in terms of its first (n — m) components, i.e.,

E = Cp' Coeml ™. (7.95)

Then, in equation (7.94) we remove the last m rows and in the other rows make
a change (7.95). As a result we obtain an equation of order (n — m)

el =AnE "+ Apy, k=0,1,2,.... (7.96)
Note that y; cannot be expressed by & since

vk = Cxi = C(§ + D(CD) 'yg) = .
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Therefore, for obtaining full motion equations, we must complement (7.96) by an
equation for yg 4, i.e., equation

Vi+1 = C(Anxg + Dfi)lx=¢+p(cD)-1y = A6 " + Anyx + CDfy. (1.97)

For the minimal-phase triplet {C, A, D} the matrix A;; is a Hurwitz matrix, and
therefore the observer is the dynamical system

v = A€l + Ayk. k=0,1.2,..., (7.98)

and the static transformer

- En— “h— _
Xk :( A )s,’j ™ + D(CD) ' yg. (7.99)
Cm Cn_m
and this solves the posed problem of estimation of the phase vector under uncertainty.
Moreover, we have the following statement.

Statement 7.21. For the square minimal-phase triplet {C, A, D} of the general posi-
tion such that det CD # 0, the problem of estimation of the full-phase vector of the
system with an unknown disturbance { f;} is solved by observer (7.98) and (7.99) of
order (n — m). The convergence of the estimate is fully defined by the invariant zeros
of the Rosenbrock matrix R(z).

Remarks. 1. The described transformation method is known as the method of quasi-
splitting and was proposed in 1984 by S. K. Korovin. It is described, for instance,
in [6].

2. It stands to reason that this method can be generalized to hyperoutput systems when,
instead of (7.96) and (7.97), we have to deal with equations of the form

E]?—T—rln = A“Eg_m + Al2)’k
Vigr = A" 4+ Anyp + (C'D) fx (7.100)
W= CE k=012

where C’ is an m-row matrix such that det(C’'D) # 0 and C” is an (I — m)-row
matrix of the shortened output y”.

It is significant here that the pair {C”, A} is observable when the Rosenbrock
matrix R(z) of the system does not have invariant zeros and is reconstructible when it
has these zeros which, of course, under conditions (A.1)—(A.4), are stable.

Therefore, the equations of the observer which solves the problem under considera-
tion can be taken in the form

{%’;ﬁ" = ARE 4 Ay

_ (7.101)
X =HE™™ + Ny
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for certain matrices H and N. Here AlL1 = Ay; — LC" is a stable matrix whose spec-
trum is formed by all invariant zeros of the system and the remaining zeros are defined
arbitrarily. In this case the full analog of Statement 7.21 is valid whose formulation is
omitted here.

3. The dimension of an observer of form (7.101) can be lowered to (n — /).

4. For synthesizing functional observers we can use equations (7.100) or their an-
alogs.

7.5.7 Methods based on special canonical forms

The methods belonging to this group are based on two successive transformations
which give, as a result, equations similar to equations (7.100).
We begin with finding an invertible (n x n) matrix 7 such that

(0 }n—m
TD_(D) Y m

and carry out a change of variables

(X' yn—m
Tx = (x”) v m

which would make it possible to reduce the original system (7.60) and (7.61) under
conditions (A.1)—(A.4) to the form
Xy = Avg + oxy
Xy = Asx + Asx + D fi (7.102)
i =Cixp + Coxyl, k=0,1,2,...,
where det C; # 0. Removing from (7.102) the second recurrence equation and ex-

pressing in the first equation x” by y and x’, we can obtain standard equations which
do not contain, in explicit form, the unknown disturbance { f%}, i.e., equations

{X;c+1 = Anx;, + Anyk

o (7.103)
yk=C1Xk, k:O,l,z,...,

where the pair {C;, A1} is observable when the original system does not have in-
variant zeros and only reconstructible otherwise (recall that invariant zeros are stable
according to assumptions (A.1)—(A.4)). This means that the required observer may be
the dynamical system of order (n — m) of the form

{)_Cl,c-i-l = AlLlfllc + Anyk

(7.104)
X = HX,'{-l—Nyk, k=0,1,2,...,

where the matrix Aﬁ = Ay — LC| has a Hurwitz spectrum with ordinary properties.
Moreover, we have the following statement.
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Statement 7.22. For the hyperoutput (! > m) minimal-phase triplet {C, A, D} of the
general position such that det CD = m, the problem of estimation of the full-phase
vector of the system at the presence of the unknown disturbance { f; } is solved by an
observer of form (7.104) of order (n —m). The convergence of the estimate to the
original is defined by the matrix A{‘l whose spectrum is formed by all invariant zeros
of the Rosenbrock matrix R(z) of the system and the values defined arbitrarily.

Remarks.

1. The order of the observer can be lowered to (n — /) by a standard manner.

2. For synthesizing functional observers under uncertainty we can use equations
(7.103) and some other observers of this kind, we omit the details.

3. We can see that the methods described above can be used under the same con-
ditions and are based on similar ideas. The main difference between them is in the
computation methods which we have to use for solving problems of the synthesis of
observers.

Conclusion

In Chap. 7 we considered the methods of synthesis of observers for discrete systems.
The presented results are similar to the corresponding results described in Chaps. 2-5
for continuous systems.

In Sec. 7.1 we gave general information concerning the theory of discrete dynamical
systems.

In Sec. 7.2 we considered the concepts of observability and reconstructibility for
discrete systems and gave criteria of observability and canonical forms for discrete
systems.

In Sec. 7.3 we exposed the methods of synthesis of observers of a full-phase vector
for discrete systems.

In Sec. 7.4 we considered the problem of synthesis of functional observers and in
Sec. 7.5 the problem of synthesis of observers under uncertainty.
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controllability of the pair {4, B}, 10
controllable representation, 21
controllable system, 10

D
detectable system, 12

E
exponential observer, 2

F

finite observer, 1
full-dimensional observer, 38, 42
functional observer, 3

H
hyperoutput systems, 132

I
identifiability of the pair {C, A}, 6
input of the system, 1

K

Kalman’s controllability matrix, 10

Kalman’s decomposition of the
system, 12

Kalman’s observability matrix, 6

Kronecker index, 103

L

lowered order (Luenberger) observers,
50

Luenberger canonical form, 25

M

matrix of observability, 6
minimal-phase system, 136

N

noncontrollable system, 11
nonobservable system, 11

not completely controllable system, 11
not completely observable system, 11

(0]
observability index, 7
observability of the pair {C, A}, 6
observable representation

first, 17

second, 18
observable system, 2
output of the system, 1

|
principle of separability, 49
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problem of identifiability, 5
problem of observability, 2, 5
pseudoinputs method, 139

R

reconstructible system, 12
relative order, 17, 27
relative order vector, 30
Rosenbrock matrix, 26

S

square system, 151

stabilizable system, 12

system in the general position, 12

T

transfer function, 16
triple {C, A, B} in the general
position, 12

U

uniform observability (with respect
to 1), 169

uniformly (differentially) observable
pair {C(¢), A(?)},9

\Y%

virtual inputs method, 139

V/

zero dynamics, 26
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