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Abstract: In this paper the explicit necessary and sufficient
conditions for the existence of Luenberger reduced order observer
are established. In particular, it is proven that for the given linear
time-invariant system of order n, having p linearly independent out-
puts and m inputs, a Luenberger observer of order (n — p) can be
constructed if and only if the given system is detectable. Further-
more, a procedure is given for the construction of the observer. Our
approach is based on the properties of real and polynomial matrices.
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1. Introduction

The work of Luenberger (1963) initiated the theory of observers for the state
estimation of linear time-invariant systems. Then, in Luenberger (1964) the
reduced order observer was proposed. Later on, in Luenberger (1966) and Lu-
enberger (1971) the following result was proven: corresponding to a completely
observable linear time-invariant system of order n, having p linearly independent
outputs, a state observer of order (n — p) can be constructed having arbitrary
eigenvalues. This result can now also be found in any standard book on linear
control theory.

From the above it immediately follows that observability is a sufficient con-
dition for the existence of the Luenberger reduced order observer. Thus, it is
natural to pose the following question: What are the necessary and sufficient
conditions that ensure the existence of a Luenberger reduced order observer? As
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far as we know, the above question is still open. This fact motivates the present
study. In this paper, using basic notions and basic results from linear systems
and control theory as well as from the theory of matrices, explicit necessary and
sufficient conditions for the existence of Luenberger reduced order observer are
established. In particular, it is proven that for the given linear time-invariant
system of order n having p linearly independent outputs and m inputs a Lu-
enberger observer of order (n — p) can be constructed if and only if the given
system is detectable. Furthermore, a procedure is given for the construction of
the Luenberger observer of order (n — p).

2. Basic concepts and preliminary results

This section contains lemmas, which are needed to prove the main results of
this paper, as well as some basic notions from linear systems and control theory
and the theory of matrices that are used throughout the paper. Let R be the
field of real numbers. Also, let R[s] be the ring of polynomials with coefficients
in R. Further, let C be the field of complex numbers, also let C* be the set of
complex numbers A with Re(A\) > 0. All nonzero finite real numbers are called
units of R[s]; see Mc Duffee (1946). A matrix, whose elements are polynomials
over RJ[s] is termed a polynomial matrix. A polynomial matrix U(s) over R[s]
of dimensions (k x k) is said to be unimodular if and only if

det[U(s)] = p (1)

where p is a unit of RJs|; therefore, every unimodular polynomial matrix has
a polynomial inverse. Every polynomial matrix M(s) of size (m X p) with
rank[M(s)] = r, can be expressed as, see Kucera (1991),

vieMEU) = | YT 0. @)

0 0
The non-singular polynomial matrix M,.(s) of size (r x r) in (2) is given by
M, (s) = diaglai(s), az(s),- - .,a,.(s)]. (3)

The nonzero polynomials a;(s) for i =1,2,..., r are termed invariant polyno-
mials of M(s) and have the following property:

ai(s) divides a;+1(s), for i =1,2,--- ;r — 1. (4)

The relationship (2) with M,.(s) given by (3) is called Smith-McMillan form
of M(s) over R[s]. Since the matrices Uy (s) and Us(s) are unimodular and the
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polynomial matrix M,(s), given by (3), is non-singular, from (2) and (3) it
follows that

rank[M(s)] = rank[M,(s)] = r. (5)

Let A(s) and B(s) be matrices over RJ[s] of appropriate dimensions. If there
is a matrix Q(s) over RJ[s] of appropriate size such that

A(s) = B(s)Q(s), (6)

then the matrix Q(s) is called a right divisor of the matrix A(s) and the matrix
A(s) is called a left multiple of the matrix Q(s), see Wolowich (1974). Let A(s)
and B(s) be matrices over R[s] of appropriate dimensions. If there are matrices
D(s), A1(s) and By (s) over R[s] of appropriate dimensions, such that

A(s) = Ai(s)D(s), B(s) = Bi(s)D(s), (7)

then the polynomial matrix D(s) is called a common right divisor of polynomial
matrices A(s) and B(s), see Wolowich (1974). The greatest common right
divisor D(s) of two polynomial matrices A(s) and B(s) is a common right
divisor, which is a left multiple of every common right divisor of the matrices
A(s) and B(s), see Wolowich (1974) and Mc Duffee (1946), that is

A(s) =P(s)D(s) (8)
B(s) = Q(s)D(s) (9)
D(s) = F(s)C(s) (10)

where A(s), B(s), P(s), Q(s), F(s), as well as C(s) are matrices over R][s| of
appropriate dimensions, with C(s) being any greatest common right divisor of
the polynomial matrices A(s) and B(s).

Let A(s) and B(s) be the matrices over R of size (p x m) and (g x m), with
rank[A(s)] = m. Then, there always exists a unimodular matrix U(s) over
R[s], such that (see Wolowich, 1974)

As) | _ Vi(s)
{ B(s) } = Ul(s) { N : (11)
The non-singular polynomial matrix V(s) of size (m x m) is a greatest common

right divisor of the polynomial matrices A(s) and B(s), see Wolowich (1974).

DEFINITION 1 The nonzero polynomial c(s) over R][s] is said to be strictly Hur-
witz if and only if c(s) #0, Vs € CT.

DEFINITION 2 Let V(s) be a non-singular matriz over R[s], of size (nxn).
Further, let ¢;(s) fori =1,2, ...,n be the invariant polynomials of the polynomial
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matriz V(s). The polynomial matriz V(s) is said to be strictly Hurwitz if and
only if the polynomials c;(s) are strictly Hurwitz for every i =1,2,...,n, or,
alternatively, if and only if det[V(s)] is a strictly Hurwitz polynomial.

DEFINITION 3 The matriz A over R of size (nxzn), is said to be Hurwitz stable
if and only if all eigenvalues of the matrix A have negative real parts or, alter-
natively, if and only if the characteristic polynomial of matrix A is a strictly
Hurwitz polynomial.

DEFINITION 4 Let A and C be matrices over R of size (nzn) and (pxn),
respectively. Then the pair (A, C) is said to be detectable if and only if there
exists a matriz K over R of size (nx p) such that the matriz [A+KC) is Hurwitz
stable, see Wonham (1968).

DEFINITION 5 Let A and C be matrices over R matrices of size (nxn) and
(pxn), respectively and C not zero. Then an eigenvalue A of the matriz A is
said to be observable, see Tredelman, Stoorvogel and Hautus (2002), if and only
if the following condition holds:

k C =
rank | g A | T

Let A be a real matrix of size (n x n). The spectrum of the matrix A is
the set of all its eigenvalues and is denoted by o(A). An eigenvalue X of A is
called a stable eigenvalue if and only if Re(\) < 0. Otherwise, the eigenvalue A
of the matrix A is said to be unstable. The following Lemma 1 is taken from
Tredelman, Stoorvogel and Hautus (2002).

LEMMA 1 Let A and C be matrices over R of size (naxn) and (pxn), respec-
tively, and C not zero. Further, let c(A) be the spectrum of the matriz A. Then
the pair (A, C) is observable if and only if the following condition holds:

(a) rank [ } =n, VA€ o(A).

C
LA-A

LEMMA 2 Let A and C be matrices over R of size (naxn) and (pxn), respec-
tively, and C not zero. Further, let 0(A) be the spectrum of the matriz A. The
pair (A, C) is detectable, see Zhou, Doyle and Glover (1996), if and only if one
of the following equivalent conditions holds:

(a)rank{l sC—A ] =n,VseCT
(b) rank { I )?—A ] =n, VYA € o(A) with Re()\) >0.



On the existence of Luenberger reduced order observer 185

From condition (b) of Lemma 2 it follows that the pair (A, C) is detectable
if and only if all unstable eigenvalues of the matrix A are observable, see Zhou,
Doyle and Glover (1996).

LEMMA 3 Let A and C be matrices over R of size (n x n) and (p X n),
respectively. Then the pair (A, C) is observable if and only if for every monic
polynomial ¢ (s) over R[s] of degree n there exists a matriz K over R of size
(n x p), such that the matriz [A + KC] has the characteristic polynomial c(s),
see Kucera (1991).

The standard decomposition of unobservable systems, given in the following
lemma, was first published by Kalman (1963) and can also be found in any
standard book on linear systems theory.

LEMMA 4 Let A and C be matrices over R of size (n z n) and (p z n), respec-
tively. Further, let the pair (A, C) be unobservable and C not zero. Then there
exists a non-singular matriz T of size (nxn) such that

A 0
T'AT=| "
[ Ajy Ay ]

CT = [C,, 0.

The pair (A, C1) is observable and the eigenvalues of the matriz Asy are
the unobservable eigenvalues of the pair (A, C).

LEMMA 5 Let A and C be matrices over R of size (n x n), (p x n), respectively,
and C not zero. Further, let

A11 0

A=T
[A21 Ao

]Tl, C=[Cy,0T!
with Aq1, Cy1) observable. If the pair (A, C) is detectable, then the matriz Ass

is Hurwitz stable (i.e., all eigenvalues of the matriz Aqo are stable), see Zhou,
Doyle and Glover (1996).

The following lemma and its proof are based on the results of Kucera (1991).

LEMMA 6 Let A and C be matrices over R of size (nx n), (p x n), respectively,
and C not zero. Further, let the pair (A, C) be detectable. Then there exists
a matriz K over R of size (n X p) such that the matriz [A + KC] is Hurwitz
stable.

PROOF Let the pair (A, C) be detectable. Detectability of the pair (A, C)
implies that the pair (A, C) is either observable or unobservable with stable
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unobservable eigenvalues. If the pair (A, C) is observable, then from Lemma 3
it follows that there exists a matrix K of appropriate size over R such that

det[I,s—A—KC] = ¢(s) (12)

where ¢ (s) is an arbitrary monic, strictly Hurwitz polynomial over R[s] of degree
n. Since the notion of observability is a dual of controllability (i.e., observability
of the pair (A, C) implies controllability of the pair (AT, CT)), Luenberger
(1971), the matrix K can be calculated using known methods for the solution
of pole assignment problem by state feedback, see Kucera (1991). From the
relationship (12) and Definition 3 it follows that the matrix [A+KC] is Hurwitz
stable.

If the pair (A, C) is unobservable with stable unobservable eigenvalues, then
from Lemmae 4 and 5 it follows that there exists a matrix T such that

A11 0

A=T
[A21 Ay

] T !, C=[C.,0]T L (13)

The pair (A;;, Ci) is observable and the matrix Age is Hurwitz stable.
Hurwitz stability of the matrix Ass and Definition 3 imply that the polynomial

x (s), given by
det [Is— Ags] = x (s) (14)

is a strictly Hurwitz polynomial. Observability of the pair (A;;, C1) and Lemma
3 imply the existence of a matrix K; over R of appropriate dimensions, such
that

det[Is — A11—K1Cq]=¢p(s) (15)

where ¢(s) is an arbitrary monic, strictly Hurwitz polynomial over R[s] of appro-
priate degree. Since the notion of observability is a dual of controllability (i.e.,
observability of the pair (A,;, C;) implies controllability of the pair (AlTl, CcTy),
the matrix K; can be calculated using known methods for the solution of pole
assignment problem by the state feedback, see Kucera (1991). Let

K:T[If)l] (16)

Using (13) and (16), we obtain that

A; O -1 [ K, } -1

A 4KC =T T 4T C, 0T ! =
{ Ay Ap ] 0 [C1, 0]

T { A +KiCp O ] -1

17
Ay Ay (17)
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From (14), (15) and (17) we obtain
det[(Is — A — KC| = p(s)x(s). (18)

Since by (14) and (15) the polynomials x (s) and p(s) are strictly Hurwitz, the
polynomial p(s)x(s) is also a strictly Hurwitz polynomial and therefore, from
(18) and Definition 3 it follows that matrix [A+KC] is Hurwitz stable. This
completes the proof. [

LEMMA 7 Let A and C be matrices over R matrices of size (nxn) and (pxn),
respectively, and C not zero. Further, let the pair (A, C) be detectable. Also,
let V(s) be a greatest common right divisor of polynomial matrices [Is — A] and
C of size (naxn). Then the following condition holds:

(a) The polynomial matriz V (s) is strictly Hurwitz.

PROOF Let the pair (A, C) be detectable. Then, from Definition 4 it follows
that the matrix [A + KC] is Hurwitz stable, that is

det [Is—A—KC] = ¢(s) (19)

where c¢(s) is a monic and strictly Hurwitz polynomial over R[s] of degree n.
Since, by the assumption, the polynomial matrix V(s) is the greatest common
right divisor of the polynomial matrices [Is-A] and C, from (8) and (9) it follows
that

[Is — A] = X(s)V(s) (20)
C=Y(s)V(s) (21)

for polynomial matrices X(s) and Y (s) over RJs] of appropriate dimensions.
Using (20) and (21) and after simple algebraic manipulations, the relationship
(19) can be rewritten as

det [Is—A — KC] = det|X(s) — KY(s)]det V(s) = ¢(s). (22)
From relationship (22) it follows that
det[V (s)]divides (c(s)). (23)

Since, by assumption, ¢ (s) is a monic and strictly Hurwitz polynomial over
R[s] of degree n, from (23) it follows that det[V(s)] is a strictly Hurwitz polyno-
mial over R[s]; therefore, by Definition 2, the polynomial matrix V(s) is strictly
Hurwitz. This is condition (a) of the Lemma and the proof is complete. |

LEMMA 8 Let V(s) be a non-singular and strictly Hurwitz matriz over R[s] of
size (mxm). Then, for any matriz X (s) over R[s] of size (pxm), all invariant
V(s)

X(s) are strictly Hurwitz.

polynomials of the polynomial matriz
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PROOF Let Uy (s), Uz(s) be unimodular matrices such that

3w 50 v

The non-singular polynomial matrix V,, (s) of size (m x m) in (24) is given
by

Vi (s) = diag[vi(s),v2(8), -+, vm(s)]. (25)
The nonzero polynomials v;(s) for ¢ = 1,2,...,m are the invariant poly-
nomials of [ ngg } and the relationship (24) with V,, (s), given by (25), is

V(s)
X(s)
polynomial matrix V(s) is a non-singular and strictly Hurwitz matrix and the
polynomial matrix U;(s) is unimodular, from (11) and (24) it follows that the
matrix [V, (s)Usz(s)] is a greatest common right divisor of the polynomial ma-

trices V(s) and X(s); therefore, according to (8), there is a polynomial matrix
P(s) such that

the Smith-McMillan form of [ ] over R[s]. Since, by assumption, the

V(s) = P(s)[Vm (s) Ua(s)]. (26)
From (25) and (26) we have:

det[V(s)] =
= det[P(s)]det[V, (s)]det[Us(s)] = det[P(s)]det[Ua(s)][I12 v:(s)]  (27)

From (27) it follows that

[IT% ,v;(s)] divides {det[V(s)]}. (28)

Since, by assumption, matrix V(s) is a strictly Hurwitz polynomial ma-
trix, from Definition 2 it follows that the polynomial det[V (s)] is strictly Hur-
witz polynomial over RJ[s]; therefore, from (28) it follows that the polynomial
[T vi(s)] is also a strictly Hurwitz polynomial over R[s]. Since [II~ v;(s)] is
a strictly Hurwitz polynomial over R/[s], all polynomials v;(s) for i = 1,2,...,m
must be strictly Hurwitz.

From the above it follows that polynomials v;(s) for ¢ = 1,2,...,m, which
V(s)
X(s)
the claim and so the proof is complete. [

are the invariant polynomials of [ ] , are all strictly Hurwitz. This proves
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Let A and C be matrices over R matrices of size (n x n) and (p x n),
respectively, with rank[C] = p. Then there exists a non-singular matrix L over
R of size (n x n) such that

CL=C, (29)

L 'AL=A;. (30)
The matrices C; and A; are given by

Cl = [Ipao] (31)

A Ayp
A_ =
! { Ay Ay }
where I, is the identity matrix of size (p x p), and A1, Aja, Aoy and Agy are
matrices over R of dimensions
(pxp), (px (n—p)), (n=p) xp)and ((n—p) x (n—p)),

respectively.

(32)

The following Lemma plays a central role in the proof of the main results of
this paper.
LEMMA 9 Let A and C be matrices over R of size (n x n), (p x n), respectively,
with rank[C] = p. The pair (A, C) is detectable if and only if the following
condition holds:

(a) The pair (Ass, A1) is detectable.

PROOF Let the pair (A, C) be detectable. Then, from condition (a) of Lemma
2 it follows that

C
I,s—A

From (29), (30), (31) and (32) we have that

rank [ } =n,VseCT (33)

C=[,,0lL7'=C L 'and A=LA L ! =L [ A A ] L.

A21 A22
(34)

Using (34) and performing some simple algebraic manipulations, (33) can
be expressed as follows:

C B , Cy 17 _
rank [ s A } = rank [diag[L,L] { Ls A, } L=
I, 0
= rank [diag[I,,L] | I,s—A1; —-Aq; L' =n,Vse€C" (35)

—Ao; In—pS — Ay
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Since the matrices diag[L,, L] and L™! are non-singular, from (35) it follows
that

I, 0
rank | I,s—A1 —Aqs =n, VseCT. (36)
—Ay L ps—Ax

Since the n columns of the matrix on the left-hand side of (36) are linearly
independent over C, Vs € CT, a subset of these columns, consisting of the
last (n — p) columns must also be linearly independent over C, Vs € CT; and
therefore

0

rank —Aqs = rank [ _Ali ] = rank [ A12A } =
I, ,5—A,, Lips—Ay Lnps—Ay
=(n—-p), VseC™ . (37)

Relationship (37) and condition (a) of Lemma 2 imply that the pair (Aag,
A,) is detectable. This is the condition (a) of the Lemma.

Now, to prove sufficiency, we assume that the pair (Agq, Aj2) is detectable.
Let I'(s) be a greatest common right divisor of polynomial matrices [L,_ s—A_ ]
and Ajs. Then, from (11) it follows that there exists a unimodular matrix U(s)
of size (n x n) such that

i | o[ &

We define the following matrices

[ I,s—A; - E(s)
—As ' ] = Uls) { Z(s) ] (39)
L, 0
v~ | 8 iy | )
X(s) = [Z(s), 0] (41)

where V(s), E(s) and Z(s) are polynomial matrices of sizes, respectively, (nxn),
((n —p) x p), (p x p). Using (31), (32), (38), (39), (40) and (41) we obtain:

I, 0
|: Isgkl :| = IpS—All —A12 = d’L(J,g[Ip,U(S)} |: V(S) :| .
—Ao In—pS — Ay
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Let Uy (s), Ua(s) be unimodular matrices such that

X ]mue [V ] v, (43

The non-singular polynomial matrix V, (s) of size (nzn) in (43) is given by
V., (s) = diag[vi(s),v2(s), -+, vn(s)]. (44)

The nonzero polynomials v;(s) for i = 1,2, ..., n are the invariant polynomials

of [ Vis) ] . The relationship (43) with V,, (s), given by (44), is the Smith-

X(s)
McMillan form of [ ng; } over R[s]. By substituting (43) into (42), we obtain:
{ ok, ] = diagL,, U (s)] Us(s) { Vale) } Us(s). (45)

Since the polynomial matrices [diag[I,, U (s)|U1(s)] and Us(s) are unimo-
dular matrices, from (45) it follows that

C, o Vn(S) _ _
rank [ Is_ A, } = rank [ o = rank[V, (s)] = n. (46)

Since, by assumption, the pair (Aaa, Ajz) is detectable, from Lemma 7 it
follows that the matrix I'(s) in (38) is a strictly Hurwitz polynomial matrix.
From (40) it follows that

det[V(s)] = det[T'(s)]. (47)

Since the matrix I'(s) is strictly Hurwitz, from Definition 2 it follows that the
det| I'(s)] is a strictly Hurwitz polynomial and therefore from (47) and Definition
2 it follows that the polynomial matrix V(s) is strictly Hurwitz. Since V(s) is
a strictly Hurwitz matrix over RJ[s], from Lemma 8 it follows that the invariant
polynomials (i.e., the polynomials v;(s) for ¢ = 1,2,...,m) of the polynomial
V(s)

x| Y10

} are all strictly Hurwitz; therefore, from Definition 1 it follows

that
vi(s)) #0,Vs€c Ct,Vi=1,2,---,n. (48)
From (44) and (48) it follows that

rank[V ,(s)] = rank[diag[vi(s),va(s), -+ ,vn(s)]} =n, Vs € CT. (49)
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From (46) and (49) it follows that

rank [ =n,VseCt. (50)

1
IS—A1

Relationship (50) and condition (a) of Lemma 2 imply that the pair (A, Cy)
is detectable. Since the pair (A, Cp) is detectable and the detectability is
invariant under similarity transformation, see Zhou, Doyle and Glover (1996),
from (34) it follows that the pair (A, C) is detectable. This completes the proof.

]

3. Main results

Theorem 1, provided in this section, is the main result of this paper and it gives
the explicit necessary and sufficient conditions for the existence of a Luenberger
reduced order observer.

Consider a linear time-invariant system described by the following state-
space equations

X (t) = Ax(t) + Bu(t) (51)
y(t) = Cx(1) (52)

where A, B and C are real matrices of size (n x n),(n x m) and (p X n),
respectively, x(t) is the state vector of dimensions (n x 1), u(t) is the vector of
inputs of size (m x 1), and y(t) is the vector of outputs of size (p x 1). In what
follows, we assume without any loss of generality that

rank[C] = p. (53)

Relationship (53) implies the existence of a non-singular matrix M over R,
having size (n x n), such that

CM = [1,,0]. (54)
By introducing the following similarity transformation
x(t) = Maz(t) (55)

and taking into account (54) and (55), the state-space equations (51) and (52)
of the given system can be expressed as

a0 ] [An an ][0 ][ & Jw -

() =0 | 200 | (57)

Zo (t)
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where
{ A A }_M_lAM, M-1B — { & ]
and
2(t) = M~ 'x (t) = { ZEB } (58)

while Aq1, A1, Ao and Aoy are matrices over R of dimensions, respectively,
(pxp), (px (n=p)), (n—p) xp) and ((n —p) X (n—p)), and z, (t) and z5(t)
are vectors of dimensions (p x 1) and ((n — p) x 1))), respectively. From (54) it
is obvious that z;(t) denotes the states that are measurable and z2(t) denotes
the states that are not measurable. Using (58), equations (56) and (57) can be
rewritten as, see Shafai and Saif (2015):

Zl(t) = Anzl(t) + Algzg(t) + Glu(t) (59)

ig(t) = A21Z1(t) + Ay9zo (t) + Go ll(t) (60)

y(t) = 7(0) (61)
From (61) we have that

§(0) = m(0) (62)

Upon substituting (61) and (62) into (59) and (60) and after some algebraic
manipulations we obtain, see Shafai and Saif (2015),

ig (t) = A22Z2 (t) + Dll1 (t) (63)
yi(t) = Apz(t). (64)
The vectorsuy (t), y1(t) and the matrix D are given by
_ | y(®
u(t) = [ u(t) ] (65)
y1(t) = §(t)Any (t)Gru(t) (66)
D =[A2,G3]. (67)

Consider also a linear time-invariant system, described by the following state-
space equations

75(t) = [Ago — KA15)25(t) + Ky (t) + Duy(t). (68)

THEOREM 1 The system (68) is a Luenberger observer of order (n—p) of system
(51) and (52) if and only if the following condition holds:

(a) The pair (A, C) is detectable.
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PROOF Let the system (68) be a Luenberger observer of order (n — p) of system
(51) and (52). Further, let Z3(t) be an estimate of z5 (t). We define the state
estimation error e(t) as follows

e(t) = 22 (t) — 22(t). (69)

Then, by taking the derivative of (69) and using (63), (64), (68) and (69),

we obtain

é(t) = [Ag22z2(t) + Duy(t)] — {[A22 — KA12]22(¢t) + Ky1(¢) + Duy(t)}
= [Ag2z2(t) + Duy(t)] — {[Ags — KA12)22(t) + KA1222(t) + Duy(¢)}
= [Ag — KA12]zs (t) — [Age — KA 12]Z5(1)
= [Agy — KA 5][Z2(t) — 22(1)] = [Aaa — KAs]e(t). (70)

The solution of the system of differential equations (70) is given by
e(t) = elAz—KAnltg (), (71)

The estimation error e(t), given by (71), approaches zero in the sense of
limy 400 €(t) = 0 if and only if all the eigenvalues of the matrix [Ags — KA 5]
are stable, equivalently, according to Definition 3, if and only if the matrix [Ags—
KA 5] is Hurwitz stable, see Trinh and Fernando (2012). Hurwitz stability of
the matrix [Agz — KAj3] and Definition 4 imply the detectability of the pair
(Agz, Ajg). Detectability of the pair (Ass, Ajz) and Lemma 9 imply the
detectability of the pair (A, C). This is condition (a) of the Theorem.

In order to prove sufficiency, we assume that the pair (A, C) is detectable.
Detectability of the pair (A, C) and Lemma 9 imply detectability of the pair
(A2, Ajz). Since the pair (Agqe, Ajz) is detectable, from Lemma 6 it follows
that there exists a real matrix K of appropriate dimensions such that the matrix
[A22 — KA ;5] is Hurwitz stable. The matrix K can be calculated as in the proof
of Lemma 6. Now, since the matrix [Ags — KA13] is by construction Hurwitz
stable, from (71) we obtain

for any e(0). Hence, from (69) and (72) it follows that Zy(¢) is an estimate
of z5(t). The vector Z(t) can be calculated by solving the system of differen-
tial equations, given by (68) (i.e., the state-space equations of the Luenberger
observer of order (n — p)).

Using relationships (55) and (61) one can always find an estimate x () of
the state vector x(¢) of the system (51) and (52) as follows

fc(t):M{ y(t) } (73)
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This completes the proof. [

The sufficiency part of the proof of Theorem 1 provides a construction of
the matrices K and D of Luenberger observer of order (n — p) (68). The major
steps of this construction are given below.

Construction
Given: A, B and C
Find: K and D

Step 1: Check condition (a) of Theorem 1. If this condition is satisfied, go
to Step 2. If condition (a) is not satisfied, then construction of the Luenberger
observer of order (n — p) is impossible.

Step 2: Find a non-singular matrix M over R of dimensions (n x n) such
that
CM =[I,, 0].

Step 3: Calculate the following real matrices

Ay A G
M-1AM = 122 L1 =M"1B,D = [Ay, Go |.
|: A21 A22 9 G2 1) [ 21, 2 ]

Step 4: Detectability of the pair (A, C) and Lemma 9 imply detectability
of the pair (Agg, Ajz2). Since the pair (Agq, Aj2) is detectable, from Lemma 6
it follows that there exists a real matrix K such that the matrix

[Azy — KA/,

is Hurwitz stable. The matrix K can be calculated as in the proof of Lemma 6.

4. Computational examples

ExaMPLE 1 Consider a linear system with state-space equations given by (51)
and (52), specified by:

0
A:

OO O =
o O =

oo o
O R~ O
O~ O
OO = O

1 0 0 0
aundC{O 10 0],

with n =4, m = 2, p = 2 and rank|[C] = 2.

The task is to find the matrices K and D of the Luenberger reduced observer
of order (n — p), which estimates the state vector of the given system.
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We shall follow the steps of the construction procedure, provided in the
preceding section. The eigenvalues of the matrix A of the given system are:
A1 = X2 =1 and A3 = A4 = 0. In order to execute Step 1 of the construction
procedure, we form the following matrices

10 0 O
01 0 0
C _ 00 -1 0
LA, —A 00 0 -1
0 0 1 -1
00 O 1
1 0 0 O
0 10 O
C | -1 00 O
Ioh, — A o 0 -1 0 O
-1 0 0 -1
0 -1 0 O
We have the following;:
10 0 0
0 1 0 0
C 00 -1 0
rcmk[b)\l_A} = rank 0 0 0 —1 =4
0 0 1 -1
0 0 O 1
1 0o 0 0
0 1 0 0
C -1 0 -1 0
mnk{ To\; — A ] = rank 0 —1 0 —1 =4.
o 0 0 -1
0o 0 0 O

The last relationships and the Definition 5 imply that the unstable eigen-
values A1, A2, A3 and A4 are observable; therefore, according to the condition
(b) of Lemma 2, the given system is detectable. Detectability of the pair (A,
C) and Theorem 1 imply the existence of Luenberger reduced observer of order
(n — p), which estimates the state vector of the given system.

In order to carry out Step 2 set
M=1,

where I, is the identity matrix of size (4 x 4).
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Step 3, for M = 1, yields

1 0 0 0 0 0 1
A11—|:0 1}, { 1} A21—[00}andA22—{0 0},

1 0 1 0 0 1 0
Gl_{o 1}’ Gz = [0 }andD_[oo 00]'

Detectability of the pair (A, C) and Lemma 9 imply detectability of the pair
(Asz, Aij2). The matrix K, given by

e [0

produces [Ags — KAj3] in companion form, see Kucera (1991),

0 1
S Y
with characteristic polynomial c(s) = s + 2s + 1. Since the roots s12 = —1

of the polynomial ¢(s) have negative real parts, the polynomial ¢(s) is strictly
Hurwitz and therefore, according to Definition 3, the matrix [Ags — KAqs] is
Hurwitz stable. This completes Step 4.

ExAMPLE 2 Consider a linear system with state-space equations given by (51)
and (52), specified by:

1 0 O

A=(0 1 0

0 1 1

with n =3, m =2, p = 2 and rank[C] = 2.

The task is to find the matrices K and D of the Luenberger reduced observer
of order (n — p), which estimates the state vector of the given system.

, B= andC:[

— O
o O
1

1
0

O O =
o = O

We shall follow the steps of the construction procedure, given in the preced-
ing section. For executing Step 1, we form the following matrix

1 0 0
C 0 1 0
|:138—A:| = s—1 0 0
0 s—1 0
0 -1 s—-1
For s =1 we have that
1 0 O
C 0 1 0
mnk[IA] = rank 0O 0 O =2<3.
3 0 0 0
0 -1 0
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The last relationship and condition (a) of Lemma 2 imply that the given
system is not detectable; therefore, according to Theorem 1, the construction
of Luenberger reduced observer of order (n — p) is impossible.

5. Conclusions

In this paper, the explicit necessary and sufficient conditions for the existence of
Luenberger reduced order observer are established. The proof of the main results
is constructive and furnishes a procedure for the construction of the Luenberger
reduced order observer. The main results obtained for linear continuous-time
systems also hold for linear discrete-time systems.
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