Int. J. Appl. Math. Comput. Sci., 2005, Vol. 15, No. 4, 447-453

REALIZATION PROBLEM FOR A CLASS OF POSITIVE
CONTINUOUS-TIME SYSTEMS WITH DELAYS
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The realization problem for a class of positive, continuous-time linear SISO systems with one delay is formulated and
solved. Sufficient conditions for the existence of positive realizations of a given proper transfer function are established.
A procedure for the computation of positive minimal realizations is presented and illustrated by an example.
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1. Introduction

In positive systems, inputs, state variables and outputs
take only non-negative values. Examples of positive sys-
tems are industrial processes involving chemical reactors,
heat exchangers and distillation columns, storage systems,
compartmental systems, or water and atmospheric pollu-
tion models. A variety of models revealing the behaviour
of positive linear systems can be found in engineering,
management science, economics, social sciences, biology
and medicine, etc.

Positive linear systems are defined on cones and not
on linear spaces. Therefore, the theory of positive systems
is more complicated and less advanced. An overview of
the state of the art in positive systems theory is given in the
monographs (Farina and Rinaldi, 2000; Kaczorek, 2002).
Recent developments in positive systems theory and some
new results are given in (Kaczorek, 2003). The realization
problem of positive linear systems without time delays has
been considered in many papers and books (Benvenuti and
Farina, 2004; Farina and Rinaldi, 2000; Kaczorek, 2002).

An explicit solution of equations describing discrete-
time systems with time delays was given in (Bustowicz,
1982). The realization problem for positive multivariable
discrete-time systems with one time delay was formulated
and solved in (Kaczorek and Bustowicz, 2004). Recently,
reachability, controllability and minimum energy control
of positive linear discrete-time systems with time delays
were considered in (Bustowicz and Kaczorek, 2004; Xie
and Wang, 2003).

The main purpose of this paper is to present a method
of computing positive minimal realizations for a class of
positive continuous-time systems with one delay. Suffi-

cient conditions for the solvability of the realization prob-
lem will be established and a procedure for the computa-
tion of a minimal positive realization of a proper trans-
fer function will be presented. To the best of the au-
thor’s knowledge, the realization problem for positive
continuous-time linear systems with delays has not been
considered yet.

2. Problem Formulation

Consider a single-input single-output continuous-time lin-
ear system with one time delay:

x(t) = Aox(t) + A1z(t — h) + bu(t), (1a)

y(t) = cx(t) + du(t), (1b)

where v = z(t) € R", u = u(t) e R, y = y(t) € R
are the state vector, input and output, respectively, Ay €
R " k=0,1,beR", ce R"*", dcRand h € Ry
is a given delay. The initial conditions for (1a) are given
as

xo(t) for t e [—h,0]. 2)
Let R™™ be the set of n x m real matrices with non-
negative entries and R’} = R}* L

Definition 1. The system (1) is called (internally) posi-
tive if for every xo(t) € R, t € [~h, 0] and all inputs
u(t) € Ry, t > 0 we have x(t) € R and y(t) € Ry
for ¢t > 0.

Theorem 1. The system (1) is positive if and only if
Ay is a Metzler matrix (all off-diagonal entries are non-
negative) and

A R beRY, ceR deRy. (3)
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Proof. The solution z(t) of (1a) for ¢ € [0, h] is given by

z(t) = e?'z0(0)
t
+ / e [Aywo(t — h —7) + bu(r)]dr. (4)
0

It is well known (Kaczorek, 2002) that e4ot ¢ R*™,
t > 0 if and only if Ag is a Metzler matrix. From (4)
it follows that if Ay is a Metzler matrix, A; € R’frxn,
b € R, then z(t) € R’ forevery xo(t) € R’} and all
u(t) € Ry for t € [0, h].

From (1b) we have that if ¢ € Rf", d € Ry,
z(t) € R} and u(t) € Ry, then y(t) € Ry for
t € [0, h]. The deliberations can be repeated for the suc-
cessive intervals [h, 2h], [2h, 3h], and so on.

The necessity can be shown in much the same way as
for positive continuous-time linear systems without delays
(Kaczorek, 2002). [ |

The transfer function of the system (1) is given by
T(s) = c[Ins — Ag — Are "] 1b + d. 5)

Definition 2. Matrices

Ape M, A eRYP", beRY,
(6)
ceRY™  deRy,

where M stands for the set of Metzler matrices, are called
a positive realization of a given proper transfer function
T'(s) if they satisfy the equality (5). The realization (5)
is called minimal if the dimension n of Ay and A; is
minimal among all realizations of T'(s).

The positive realization problem can be formulated
as follows: Given a proper transfer function 7'(s), find
a positive minimal realization (6) of T'(s). Necessary
conditions and sufficient conditions for the solvability of
this problem will be established and a procedure for the
computation of a positive minimal realization will be pro-
posed.

3. Problem Solution

The transfer function (5) can be rewritten in the form

cAdjH(s)b
det H(s)

T(s) = +d= +d, )

where Adj H(s) denotes the adjoint matrix for H(s),
H(s) = [I,s — Ag — Ajw], w=e "
n(s) = cAdjH(s)b = by_15""" 4+ bys + by, (8)

d(s) = det H(s) = s" + dp—15""" + -+ + dis + do,

and the coefficients b, = b, (w) and dy, = di(w), k =

0,1,...,n — 1 are polynomials in w = e~"* with real
coefficients.
From (7) we have
d= lim T(s) 9)

§—00

since limg_,oo H!(s) = 0. The strictly proper part of
T(s) is given by

Tsp(s) =T(s) —d = %

(10)
Therefore, the positive realization problem has been re-
duced to finding matrices

ce R™ (11)

Ape M, A, eRY", beRY,

for the given strictly proper transfer function (10).

Let us assume that the given proper transfer function
T'(s) has the form (7) with the denominator d(s) with co-
efficients di, k = 0,1,...,n — 1, which are first-degree
polynomials in w, i.e.,

d(s) = s" — (agp—1w + Aop_2)s"

— (agn—3w + a2n74)8n_2

— = (azw + a2)s — (1w + ag), (12)

and with the numerator n(s) of the form (8) with coeffi-
cients

1 —2
br = Qrn—1W" "+ Q2w

+ qr1w + qro, k:0517"-7n_1- (13)

Lemma 1. The coefficient ag of (12) is equal to zero, i.e.,
ag = 0, if and only if

det Ag = 0. (14)
If d(s) has the form (12) and n > 2, then
det A, = 0. (15)

Proof. Note that the substitution of s = w = 0 into d(s)
(defined by (8)) yields det[—Ag] = —ap. From (8) we
have

det[—Ag—Ajw] = w" det[—Aq]+- - -+det[—Ap]. (16)

If d(s) has the form (12) and n > 2, then from (16) it
follows that (15) holds. [ |
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Lemma 2. If the pair (Ao, A1) has one of the following then

forms: det[l,s — Ay — Ayw] = det[[,s — Ay — Ajw]
[0 0 0 i PO -
=det[l,s — Ag — A1w]| = det[[,,s — Ay — Ajw
a0 0 ... 00 0 [ n 0 1 ] [ n 0 1 ]
1 ... =det[I,,s — A} — A\w] = det[l,s — A) — Ajw
Ay = as 0 0 0 . (17a) [n Ao A1 ] [n ~0 ~1 ]
............................. :det[Ins_A(/)_ llw]:det[InS_A(/)_ Ilw]
A2n—6 0o --- 1 0 0
azn—a 0 0 1 asnm_o = 5" —(agn1w—agn-2)s"" —(azn3w— a2n41)5n72
C o 0 .o 0 — - — (asw + a2) — (@1w + ap). (18)
ay 0 --- 0 0 Proof. The expansion of the determinant with respect to
as 0 .. 0 0 the first row for (17a) and (17b) yields
Ay = , (17b)
......................... det [InS — Ay — Alw]
aon—5 0 0 0
e s 0.0 0 -1
azn—3 0 0 azn—1
—ap—a1w s -0 0 0
~ ~ B —ao—asw —1--- 0 0 0
Ay = Ag? Ay = Afv (17¢) [
Ay = PAP, Ay, = PALP, (17d) —2n6—0gn5w 0 o =1 0
—a2p4—a2p3w 0 .-+ 0 —1 s—ag, 2—ag,qw
0o 0 --- 01 ="l = (s — agn—2 — agp—1w) + (—1)"+2
0 0
p_ (17¢) —ag — a1 w s - 0 0
................ , s — ayw 0 0
0 1 0 0
X e e
1 0 0 0
—agp—¢—azp-sw 0 -+ —1 s
Ag= A7, A= AT, (171 —agp—4 —azp—3w 0 -~ 0 -1
0 0 - 00 1 ] = =57~ (azp1w+azn2)s" "~ (azn3w+azn-4)s"
ao 0 -~ 0 0 O — o — (azw + az) — (a1w + ag).
Al = @2 b0 0 ,  (17g) Taking into account that det X7 = det X in (17c), we
............................. Obtaln
wzno 0 U e det[Lps — Ay — Ayw] = det[Lns — Ao — Ayu]”
L 0 0 0 1 asp—o et[ ns — A0 — 1w] - et[ nS — A — 1’(1)]
— - = det[[ns—Ao —Alw].
0 0 0 0
ag 0 - 0 0 Note that P~! = P and
Al = az 0 -+ 0 0 ’ (17h) det[I,s — Ag — Ayw] = det { P7'[I,s — Ay — Ajw]P}
......................... — det{ls — Ao — Ayul.
aop_s5 0 0 aon-—3
0 0 -+ 0 asng The proof for the pair (17f) is similar to that for the pair
B B (17¢). The proof for the pairs (17g)—(17k) proceeds in
_ _ much the same way. [ |
Ay = (AY)T, A= (A7, (17i)

. . Remark 1. The matrix Ag is a Metzler matrix and the
Ay =PAyP, A} =PAP, 7)) matrix A; has non-negative entries if and only if the co-
efficients ax, k =0,1,...,2n — 3, 2n — 1 of the poly-
nomial (12) are non-negative and as,_o is arbitrary.

Ay = (AT, A = (AT, (17k)
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Remark 2. The dimension n x n of the matrices (17) is
the smallest possible for (10).

_ =1 _ n-2
If the pair (Ao, A;) has the form (17a) and (17b), fin-1n-1(s) = s s" 7 (0an-1w + azn-2)

then the adjoint matrix Adj H(s) has the form — 5" 3 (agn_3w + azn_4),
hHES; thES; hlnES; hn—l,n(s) — Sn—S(GQn_5w T a2n—6)
. ho1(s haa (s < han(s
AdPH(s) =\ N +oots(agw + az) + a1w + ao,
hnl(s) hn2(8) hnn(S)
(19) hna(s) = Sn_Q(GQn—Bw + agn-—4)
where
hia(s) = s s”_Q(agn,lw + azn_2), + -+ s(azw + az) + aw + ag,
hn = S5, hn = 2, cey
hia(s) = 1, his(s) =s, ..., hin(s) = s"2, 2(5) = 5 3(s) =
Bppo1(s) = 8”72, hpyp =s""1.
ho1(s) = 8" [s— (agn—1w+azn—2)] (arw+ag), n-1(s)
1 ., The substitution of (19) into (7) yields
hgg(s) =s" =" (agn_lw + agn_g) )
cAdjH(s)b 1 ler e en ]
— 5" (agn-sw + azn—4) detH(s)  d(st 72 ™
— o — (aqw + a s
(a3 2) hi(s) his(s) -+ hin(s) by
has(s) = a1w + ao, .. ., y hor(s)  haa(s) -+ han(s) bo
h27n_1(s) — 5n—4(a1w+a0), ............................ :
hpi(s)  hna(s) hrn(s) b
hon(s) = 8" (a1w + ag), "
hsi(s) = s"*[s — (azn—1w + azp—2)] = % (20)
. [s(agw +az) +arw + ao} ' From the comparison of the coefficients at the same pow-
haa(s) = g2 sn_g(@ (W + azn_s) ers of s and w of the numerators of (20), we obtain
32(8) = — e e
Gr =q, 21
— 5" Hazn—sw + azn—4) e @
where
_..._(a5w+a4)7
gi1 T 9in?2
Rac :Sn71_8n72an7w+an7 G = ,
s(8) (G20 n=2) gml G
— - —=slasw +aq), ..., _ T
5 (5 4) x—[l‘lxg...l‘,ﬂ} (22)
n—
h37n_1(5) =5 [S(a3w+a2) +a1w+a0}’ = [blcl bica ... bicn,bacy, ..., bycy ]T,
hgn(s) = g4 [s(agw + ag) +a1w + ao} T
: ¢=[a . - gn]
hp-11(s) = [5 — (agn_1w + a2n_2)] The entries g;; of G depend on the entries of the matri-
’ ces Agp and Ajp, and the entries ¢; of ¢ depend on the
% [s”_B(agn_5w + asn—¢) coefficients gj; of the polynomial (13).

For example, if
+ -+ s(azw + a2) + ayw + ao],

0 1 0 0
hn-12(8) = 8% — s(azn—1w + az,—2) Ay = , A= ] ;
ag Qs ay as
— (agn—sw + agn_4), then
ho-13(8) = 8° — 5% (azn_1w + az,_2)
, — 1
Adj H(s) = Adj[Ts—Ag-Ayu] — | * (@@ az) 1]
— s(a2p—3w + azn—4), a1w + ag s
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The comparison of the coefficients at the same powers of
s and w in the equality

s — (asw+az) 1 b1
[6162] aiw + ag S:||:b2
=n(s) = qs+q@w+gs
yields
b
1 0 0 1 Lot @
b162
—a3 a1 0 O =1 ¢
bgCl
—a2 Qo 1 0 qs3
bQCQ
By Lemma A of Appendix, if
rank G = rank [ G, q }, (23)

then (21) has a non-negative solution x € Rf if

T T OT )
ZMZO forall s, >0, i=1,...,7, (24)

s
i=1 v

where r = rank GTG, s; is an eigenvalue of GT@G and
u; 1is the corresponding eigenvector, i.e.,

GTGu; = sjuy, i=1,...,n% (25)
|us|| = 1. From the structure of the vector = defined
by (22) it follows that

TiTkpn = TkTitn for i #k and i,k =1, ..., n.
(26)

Knowing the solution = of (21), we may find b € R”} and
c€E R}FX” if the conditions (26) are satisfied. Therefore,
the following result has been proved:

Theorem 2. There exists a positive minimal realization

(6) of T'(s) if the following conditions are satisfied:

(i) T(00) = lim,s—oT(s) € Ry,

(ii) the coefficients ai, k =0,1,...,2n—3,2n—1 of
the polynomial (12) are non-negative, i.e.,

ap >0 for k=0,1,...,2n—-3,2n—1, (27)

(agn—2o can be arbitrary),
(iii) the conditions (24) and (26) are satisfied.
If the conditions of Theorem 2 are satisfied, then a positive

minimal realization (6) of T'(s) can be found using the
following procedure:

Procedure

Step 1. Using (9) and (10), find d and the strictly proper
transfer function T (s).

is1 JEE
k —

Step 2. Knowing the coefficients ag, =
0,1, ..., 2n —1 of the polynomial (12), find the
matrices (17a) and (17b) (or (17¢)—(17k)).

Step 3. Comparing the coefficients at the same powers of
s and w of (20), find the entries of G and q.

Step 4. Find the solution x € Rf of (21).
Step 5. Knowing z, find b and c.

Example 1. Given the transfer function

253 — 2ws? — (2w + 1)s — 2w

T(s) = $3— (w+1)s2 — (w+2)s — (2w + 1)

, (28)

find its positive minimal realization (6).
Solution. Using the above procedure, we obtain the fol-
lowing:
Step 1. From (9) and (10) we get
d= lim T(s)=2 (29)

5§— 00

and
Top(s) =T(s)—d

_ 2s? + 35+ 2(w + 1) 30
N 53—(w+1)52—(w+2)s—(2w—|—1)'( )

Step 2. Taking into account the fact that d(z) = s* — (w+
)s? —(w+2)s— 2w+1) (ap = a3z = ag =
as =1, a; = az = 2), and using (17a) and (17b),

we obtain
o0 0 -
Ao=1|1 0 0|,
2 1 1
- Z (3D
0 0 O
Air=12 0 0
|1 0 1]

Step 3. In this case, we get (32a) and (32b).

The comparison of the coefficients at the same powers of
s and w of (32) yields (21) with

1 000 100601 2
-1 210-10000 0
-1 120-11100 3
G: ,q:
0 100 00000 0
0-320-100260 2
0-111-20010] |2 ]
(33)

For (33), the conditions (23) and (24) are satisfied.
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s2—(w+1)s 1 s
Adj[Is — Ag—Aw] = | Qu+1Ds—(w+1)Qw+1) ?—(w+1)s—(w+2) w+1 |, (32a)
(w+2)s+ 2w+1) s 52
2 —(w+1)s 1 s by
cAdj[Is —Ag— Aywlb=[ec1 ez c3 ]| Qutl)s—(w+1)2w+1) s2—(w+1)s—(w+2) 2w+1 bo
(w+2)s+ (2w+1) s 52 b3
=25 435+ 2(w + 1). (32b)

Step 4. Equation (21) with (33) has the solution

z=[1 0110110 1]. @4

It is easy to check that the solution (34) satisfies the con-
ditions (26).

Step 5. The matrices b and ¢ have the form

1
b=1|1],
1

c=[10 1] 35)

The desired minimal positive realization is given by (29),
(31) and (35). ¢

4. Concluding Remarks

The realization problem for a class of positive single-
input single-output continuous-time systems with one de-
lay has been formulated and solved. Special forms (17)
of the pairs of matrices were introduced. Sufficient con-
ditions for the existence of a positive minimal realiza-
tion (6) of a proper transfer function 7T'(s) were estab-
lished. A procedure for the computation of a minimal
positive realization of a proper transfer function was pre-
sented and illustrated by an example. The deliberations
can be extended to multi-input multi-output continuous-
time linear systems with many time delays. An exten-
sion to singular linear systems with time delays is also
possible.
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Appendix
Consider the matrix equation
Ax =0, (A1)
where A € R"*", b e R".
It is assumed that (A1) has a solution, i.e.,
rank [A, b] = rank A. (A2)

Lemma A. Let the assumption (A2) be satisfied. The
equation (A1) has a non-negative solution x € R'} if

zr: ul ATbu,

Si

>0 forall s;>0,i=1,....7, (A3)

i=1

where r = rank AT A, s; is an eigenvalue of AT A and

u; s the associated eigenvector, i.e.,
T .
A" Au; =siuy, i=1,...,n, (A4)

and ||u;|| = 1.
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Proof. Premultiplying (A1) by A7, we obtain
AT Az = ATb.
The premultiplication of (A5) by u! yields
ul ATV Ae =ul AT, i=1,...,n,

and using (A4) we obtain

siul's = uiTATb, 1=1,...,n.

i

(AS5)

(A6)

(A7)

Taking into account the fact that s; = 0, ¢ =
1, ..., n, from (A7) we obtain
T T T AT
u; At bu,
T = Zu?muz = Z - ” - (A8)
=1 i=1
forall s; >0, ¢« =1, ..., r. Therefore, Eqn. (A1) has

a non-negative solution x € R} if the condition (A3) is
satisfied. [ |



