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1. Introduction

In positive systems inputs, state variables and outputs take only non-negative
values. Examples of positive systems are industrial processes involving chemical
reactors, heat exchangers and distillation columns, storage systems, compart-
mental systems, water and atmospheric pollution models. A variety of models
having positive linear behavior can be found in engineering, management sci-
ence, economics, social sciences, biology and medicine, etc.

Positive linear systems are defined on cones and not on linear spaces. There-
fore, the theory of positive systems in more complicated and less advanced. An
overview of state of the art in positive systems theory is given in the monographs
of Farina and Rinaldi (2000) and Kaczorek (2001). The realization problem for
positive linear systems without and with time delays has been considered in
Benvenuti and Farina (2004), Kaczorek (2001, 2004, 2006a,b, 2007b).

The reachability, controllability to zero and observability of dynamical sys-
tems have been considered in Klamka (1991). The reachability and minimum
energy control of positive linear discrete-time systems have been considered in
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Bustowicz and Kaczorek (2004). The controllability and observability of Lya-
punov systems have been investigated by Murty and Apparao (2005). The
positive discrete-time and continuous-time Lyapunov systems have been consid-
ered in Kaczorek (2007b), Kaczorek and Przyborowski (2007a). The positive
linear time-varying Lyapunov systems have been investigated in Kaczorek and
Przyborowski (2007c¢). The Lyapunov cone systems have been considered in
Kaczorek and Przyborowski (2007b).

In this paper, the new necessary and sufficient conditions for the reachability,
controllability to zero and observability of the positive discrete-time Lyapunov
systems will be established, the notion of the dual positive Lyapunov system will
be introduced and the relationship between the reachability and observability
will be given. The considerations will be illustrated with numerical examples.

2. Preliminaries

Let R™*™ be the set of real n x m matrices with and R™® = R"*!. The set of
real n x m matrices with nonnegative entries will be denoted by R’*™. The set
of nonnegative integers will be denoted by Z .

Consider the discrete-time linear Lyapunov system (Kaczorek, 2007b) de-
scribed by the equations:

Xit1 = A X; + X; A1 + BU; (1&)
Y; = CX; + DU; (1b)

where X; € R™™" is the state-space matrix, U; € R™*" is the input matrix,
Y; € RP*™ is the output matrix, Ay, A; € R"*™, B € R"™*™ C € RP*™
D e RPX™ G € Z,.

The solution of the equation (1a) satisfying the initial condition X is given
by (Kaczorek, 2007b):

J
k i—k .
X; = § G T Aol +J§Ok§ok, A KBU,_; 1 AlTF i€ Z,. (2)

DEFINITION 1 The Kronecker product A® B of the matrices A = [a;;] € R™*"
and B € RP*? is the block matriz (Kaczorek, 1998):

A® B = [a;; B] 1,...m €RMP (3)
1

LEMMA 1 Let us consider the equation:
AXB=C (4)

where: A € R™*", B e R, C € R™*P, X € R™*1.
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Equation 4 is equivalent to the following one:

(A® BNz =¢ (5)
T T
where:x::[xl To ... xn] ,c::[cl Cc ... cm] , and x; and c;
are the i-th rows of the matrices X and C, respectively.

Proof. See Kaczorek (1998). L]

LEMMA 2 The Lyapunov system (1) can be transformed to the equivalent stan-
dard discrete-time, nm-inputs and pn-outputs, linear system in the form:

Tiy1 = Afi + B’ai (6&)
yi = Cz; + Dy, (6b)
where T; € R™ is the state-space vector, u; € R"™) s the input vector, §; €

R®) s the output vector, A€ R"%"z, B € R"2X("m), C e R(p")xn2, D e
R(pn)x(nm)

Proof. The transformation is based on Lemma 1. The matrices X,U,Y are
transformed to the vectors:

F=[ X X ... X,
j=[vi Yo ... Y ]"

"a=[U U ... Un]"

)

where X;, U;, Y; denote the i-th rows of the matrices X, U, Y, respectively.
The matrices of (6) are:

C=Cw®l,, D=D®1I,.

DEFINITION 2 The Lyapunov system 1 is called (internally) positive if and
only if X; € R*"™ and Y; € RE*™ for any Xo € R*™ and for every input
UyeR!", i€ Z,.

LEMMA 3 The Lyapunov system (1) is positive if and only if:
Ao, A1 € RV, Be RY*™, C € R, D € R*™. (8)

Proof. See Kaczorek (2007b). L]

3. Reachability

DEFINITION 3 The positive Lyapunov system (1) is called reachable if for any
given Xy € RY*™ there exists g € Z4, ¢ > 0 and an input sequence U; € R}*™,
i =0,1,...,9 — 1 that steers the state of the system from Xo = 0 to Xy, i.e.
X =Xy.
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THEOREM 1 The positive system (1) is reachable:

a) For Ay satisfying the condition XAy = A1 X, i.e. Ay = al,, a € R, if and
only if the matriz

R,=[B AB ... A}7'B] (9)

contains n linearly independent monomaial columns, Ay = Ag + 4.

b) For Ay # al,, a € R, if and only if the matriz B contains n linearly inde-
pendent monomial columns.

Proof. From Kaczorek (2007b) it follows that positive Lyapunov system is reach-
able if and only if the matrix:

R.2 = [BOL, (Ao®L+L,@AT)(BRL,) ..., (As®Li+L,0AT)" ~Y(BL,)]
(10)

contains n? linearly independent monomial columns.

The following three cases will be considered:
a) For A; satisfying the condition XA; = A1 X, i.e. 41 = al,, a € R, ma-
trix (10) has the form:

Rp=[B®1I,, (A®L)B&IL), ..., (Ag®L)" YB&I,)
=[B®I,, (AB®1,), ..., (A" 'B®I,)]
= (B, 4B, ..., A¥'B|®1,.

This matrix contains n? linearly independent monomial columns if and only if
the matrix:

R, =[B, AB, ..., A;7'B]

contains n linearly independent monomial columns.
b) For Ag = al,,, Ay # bl,,, a,b € R the matrix 10 has the form:

Rp2=[B®I, (Lo AD)B®L), ..., I, AT)" " (B®IL,)
=[B&I,, (BoAT), ..., (Ba(AT)" ).

If B contains n linearly independent monomial columns then the matrix
R,» contains n? linearly independent monomial columns, and the system is
reachable. If B contains r < n linearly independent monomial columns, then
(B ® I,,) contains r - n linearly independent monomial columns and each of
matrices (B® AT),..., (B® (Arir)"z_l) contains not more than r - n linearly
independent monomial columns, but they are linearly dependent with monomial
columns of the matrix (B ® I,,). Therefore, the matrix R, contains less than
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n? linearly independent monomial columns, and the system is not reachable. In
this case the system is reachable if and only if the matrix B contains n linearly
independent monomial columns.

¢) For Ag # al,,, Ay # bl,,, a,b € R the matrix 10 has the form:

R, =[B®1I,, (A)B®I,+ B ® AT),
(AAB® I, +2A0B® A{ + B® (A])?), ...
o (A L+ 1, @ AT YB eI,

The block elements of the matrix R,2 are equal to:

k—1
Ry (k) =) ( k; L ) AiB® (AT)F=170 fork =1,...,n%
=0

If B contains n linearly independent monomial columns then matrix R,,2
contains n? linearly independent monomial columns, and the system is reach-
able. If B contains r < n linearly independent monomial columns then (B® I,,)
contains r - n linearly independent monomial columns and each of matrices
R,2(1,k), for K = 2,...,n? contains not more than r - n linearly independent
monomial columns, but they are linearly dependent with monomial columns of
the matrix (B ® I,,). Therefore, the matrix R,,> contains less than n? linearly
independent monomial columns, and the system is not reachable. Thus, in this
case the system is reachable if and only if the matrix B contains n linearly
independent monomial columns. [

ExaMPLE 1 Consider the positive Lyapunov system (1) with:

11 1 0 10
w=ls o) ao 3] -0 2]
In this case n = 2 and the system is reachable, since B contains two linearly
independent monomial columns.

The matrices of the equivalent standard system have the form

2 010 10 0 0
- 0 4 0 1 = 01 00
A= 0 0 3 0 » B= 0 0 2 0
0 0 0 3 0 0 0 2
and the reachability matrix
1000 2 02 0 4 0 10 0 8 0 38 0
R_010004020160180640122
10020006 0 0 0 18 0 0 0 54 0
0002000 100 0 0 50 0 0 0 250
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contains 4 = 7 = n? linearly independent monomial columns. Therefore the
system is reachable.

ExaMPLE 2 Consider the positive Lyapunov system (1) with:

o[ 4] [ 3] a3

In this case n = 2 and the system is not reachable, since B contains only 1 < n
linearly independent monomial column.
The matrices of the equivalent standard system have the form

2 01 0 1 0

- 0 4 0 1 _ 0 1

4= 0 0 3 0|’ B = 0 0

0 0 0 3 0 0

and the reachability matrix

10 2 04 0 8 0

R, — 01 0 4 0 16 0 064
100000 0 0 O

0 00 0OO O O O

contains 2 < 7 = n? linearly independent monomial columns. Therefore the
system is not reachable.

4. Controllability to zero

DEFINITION 4 The positive Lyapunov system (1) is called controllable to zero
if for any given nonzero Xo € RI™" there exists ¢ € Z4, ¢ > 0 and an input
sequence U; € R’_f_xm, 1=0,1,...,9g — 1 that steers the state of the system from
Xo to Xy =0, t.e. X;=0.

THEOREM 2 The positive Lyapunov system (1) is controllable to zero:

a) in a finite number of steps (not greater than n?) if and only if the matriz A
is nilpotent, i.e. has all zero eigenvalues.

b) in an infinite number of steps if and only if the system is asymptotically
stable.

Proof. From the equivalence of the systems (1) and (6) it follows that the po-
sitive Lyapunov system (1) is controllable to zero if and only if the pair (A, B)
(defined in (7)) is controllable to zero.

For the equivalent system described by the equation (6a) we have:

Unp2_1
ﬂn2,2

Aag=-|B AB ... A"B|| T (11)
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Forw; =0,i=0,1,... ,n? —1 the equation (11) is satisfied if and only if the
matrix A is nilpotent. Thus, the positive Lyapunov system (1) is controllable
to zero in a finite number of steps if and only if the matrix A is nilpotent.

In case (b) the equation (11) may be satisfied for @; = 0,4 € Z only if
lim A'zg = 0 for every 7y € Rf, that is—when the system is asymptotically
stable. [

From the theorem we have the following important corollary.

COROLLARY 1 The positive Lyapunov system (1) is controllable to zero only if
it is asymptotically stable.

ExAMPLE 3 Consider the positive Lyapunov system (1) with:

Aoz[gé],m:[gg] (12)

In this case n = 2 and the matrix

A=(Ag® I, +1,2 AT) =

OO OO
O O O N
o O o
O N = O

is nilpotent, since A3 = 0. Therefore, the system is controllable to zero in three
steps from every X # 0 with zero inputs.

LEMMA 4 If the matrices Ay and Ay are nilpotent then the matriz A is also
nilpotent with the nilpotency index vz < 2n.

Proof. By induction it is easy to show that:

AP = (Ag @ I, + I, ® AT)*"
2n—1

- Z il 2n_ AQ" CQAT+ AR, + 1, @ (AT)*". (13)

Taking into account the fact that if Ap and A; are nilpotent then Af = 0 and
(AT)™ = 0 and from (13) we have A?" = 0. "

THEOREM 3 If the matrices Ay and Ay are nilpotent then the positive system (1)
is controllable to zero in number of steps equal to vz < 2n.

Proof. The proof follows immediately from Theorem 1 and Lemma 4. For the
matrices (12) and vz = 3 the hypothesis of Theorem 2 holds. L]
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5. Observability

DEFINITION 5 The positive Lyapunov system (1) is called observable in ¢-steps,
if Xo can be uniquely determined from the knowledge of the output in the g
following time instants: Yy, Y1,...,Y,_1, generated by initial instant Xy € Rixn
and U; =0,1€ Z.

DEFINITION 6 The positive Lyapunov system (1) is called observable if there
exists a natural number ¢ > 1, such that the system is observable in q-steps.

THEOREM 4 The positive system (1) is observable if and only if:

a) For Ay satisfying the condition XAy = A1 X, i.e. Ay = al,, a € R, if and
only if the matriz

CAy
cap

contains n linearly independent monomial rows, Ay = A + A

b) For Ay # al,,, a € R, if and only if the matriz C contains n linearly inde-
pendent monomial rows.

Proof. The positive Lyapunov system is observable if and only if the equivalent
positive standard system (6) is observable, or equivalently the matrix:

C®I,

(C®I,)(Ay® I, + I, ® ATy ~1

contains n? linearly independent monomial rows.
The following three cases will be considered:

a) For A; satisfying the condition X A; = A1 X, i.e. A1 = al,, a € R, the
matrix (15) has the form:

Cer, Cel, c
(C®I,)(Ay®1,) (CAy® I,) CA,
On2 = : = . = . ®1,.

(C® 1) (Ao ® I,)"" ! (CAX ' @1,) CcAnt
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This matrix contains n? linearly independent monomial rows if and only if the
matrix:

c
CAp
O, = }
CAp~!
contains n linearly independent monomial rows, Ay = Ag + A;.
b) For Ay = al,,, A1 # bl,, a,b € R the matrix (15) has the form:

C®I, cC®I,
o (C® I,)(I, ® AT) - (C ® AT)
(C® L)1, ® AT)» =1 (C® (AT)"*-1)

If C contains n linearly independent monomial rows, then matrix O,2 contains
n? linearly independent monomial rows, and the system is observable. If C
contains r < n linearly independent monomial rows, then (C'®I,,) contains r-n
linearly independent monomial rows and each of matrices (C ® AT),...,(C ®
(A?)"Ll) contains not more than r - n linearly independent monomial rows,
but they are linearly dependent with monomial rows of the matrix (C ® I,).
Therefore, matrix O,,2 contains less than n? linearly independent monomial rows
and the system is not observable. Hence, in this case, the system is observable
if and only if the matrix C' contains n linearly independent monomial rows.

¢) For Ag # al,, A1 # bl,, a,b € R the matrix (15) has the form:

C®I,
(CAy® I, + C ® AT)
0, = (CAE® I, + 204 ® AT + C ® (AT)?)

(C & I,) (A ® I, + I, ® AT)n" 1
The block elements of the matrix O,z are equal:

k—1
Onz(k,l):Z( kzl )CAge;(AlT)k—l—i, fork =1,...,n°%

=0

If C' contains n linearly independent monomial rows, then matrix O,,2 contains
n? linearly independent monomial rows, and the system is observable. If C
contains r < n linearly independent monomial rows , then (C ® I,,) contains
r-n linearly independent monomial columns and each of matrices O,,2(1, k), for
k =2,...,n? contains not more than r - n linearly independent monomial rows,
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but they are linearly dependent with monomial rows of the matrix (C ® I,,).
Therefore, matrix O,,2 contains less than n? linearly independent monomial rows
and the system is not observable. Hence, in this case, the system is observable
if and only if the matrix C' contains n linearly independent monomial rows. m

EXAMPLE 4 Consider the positive Lyapunov system (1) with:

2 0 40 30
S ER T T I A

In this case n = 2, and the system is observable, since C' contains two linearly
independent monomial rows.

The matrices of the equivalent standard system have the form

6 0 1 0 3000
- 0 3 01 = 0 3 00
A= 10 5 0 » = 0 010
01 0 2 0 0 01
and the observability matrix
[ 3 0 0 0]

0 3 0 0

0 0 1 0

0 0 o0 1

8 0 0 O

0 9 0 0

1 0 5 0

0 1 0 2

O1=1108 0 0 o0

0 27 0 O

1 0 25 0

0 5 0 4

648 0 0 O

0 8 0 O

91 0 125 0

. 0 19 0 8]

contains 4 = 7 = n? linearly independent monomial rows. Therefore the system
is observable.

ExaMPLE 5 Consider the positive Lyapunov system (1) with:

AOZH ;],Alz[é g} c=[0 1].
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In this case n = 2, and the system is not observable, since C' contains only 1 < n
linearly independent monomial row.

The matrices of the equivalent standard system have the form

6 01 0
. 0301 ~ [00 10
A_1050’O_{0001}
010 2

and the observability matrix

0 0 1 0
0 0 0 1
1 0 5 0
0 1 0 2
Oi=111 0 2 o
0 5 0 4
91 0 125 0

| 0 19 0 8|

contains 2 < 7 = n? linearly independent monomial rows. Therefore the system
is not observable.

6. Dual positive Lyapunov system

DEFINITION 7 The positive Lyapunov system described by the equations:
Xiy1 = A(I;XZ + XZA{ + OTUZ (16&)
Y; = BT X; + DU; (16b)

is called the dual system of the positive system (1), with matrices Ay, A1, B,
C, D, X;, U;, Y; the same as in the system (1).

THEOREM 5 The positive Lyapunov system (1) is observable if and only if the
dual system is reachable.

Proof. The following two cases will be considered:

a) For A; = 0 the positive system (1) is observable if and only if the matrix O,
contains n linearly independent monomial rows. Upon transposing the matrix
0,, we obtain:

of =[cT cTaf ... cT(AD)]

that is, the reachability matrix R,, of the positive dual system (16). Therefore,
by Theorem 1, the positive system (1) is observable if and only if the positive
dual system is reachable.
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b) For A; # 0 the positive system (1) is observable if and only if matrix C' con-
tains n linearly independent monomial rows; taking into account the fact that
CT is the matrix of the dual positive system, which contains n linearly indepen-
dent monomial columns, by Theorem 1, the positive system (1) is observable if
and only if the positive dual system is reachable. [

7. Concluding remarks

New necessary and sufficient conditions for reachability (Theorem 1), control-
lability to zero (Theorem 2,3) and observability (Theorem 4) of the positive
discrete-time Lyapunov systems have been established. The notion of the dual
positive Lyapunov system has been introduced and the relationship between the
reachability and observability has been given (Theorem 5). The considerations
have been illustrated with numerical examples. Extension of these considera-
tions for positive continuous-time Lyapunov systems is an open problem.

The work was supported by the State Committee for Scientific Research of
Poland under grant No. 3T11A00628.
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