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Abstract

The realization problem for positive fractional hybrid 2D linear systems
is addressed. A method for computation of positive fractional realizations
of a given proper 2D transfer matrix is proposed. Sufficient conditions
for the existence of positive fractional realizations of a proper 2D transfer
matrix are established. A procedure for computation of positive fractional
realizations is proposed and illustrated by a numerical example.
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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 in-
volving chemical reactors, heat exchangers and distillation columns, storage
systems, compartmental systems, water and atmospheric pollution models.
A variety of models having positive linear systems behaviour can be found
in engineering, management science, economics, social sciences, biology and
medicine, etc.

* This work was supported by the Ministry of Science and High Edu-
cation of Poland, under Grant NN 514 1939 33.
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Positive linear systems are defined on cones and not on linear spaces.
Therefore, the theory of positive systems is more complicated and less ad-
vanced. An overview of state of the art in positive systems theory is given
in the monographs [2], [3] and in [29]. The realization problem for pos-
itive discrete-time and continuous-time systems without and with delays
was considered in [1], [2], [3]-[7], [12], [15], and for positive fractional 2D
hybrid systems in [14].

The realization problem arises in many applications when knowing the
transfer function (obtained as a result of the identification procedure) we
are looking for the state space description of the system.

The reachability, controllability and minimum energy control of positive
linear discrete-time systems with delays have been considered in [16], [8].

The relative controllability of stationary hybrid systems has been inves-
tigated in [19] and the observability of linear differential-algebraic systems
with delays has been considered in [20]. A new class of positive 2D hybrid
linear system has been introduced in [11], and of positive fractional hybrid
2D systems in [13]. The new class of positive 2D hybrid systems is described
by two vector equations in two independent variables, continuous and dis-
crete ones. The first equation is a differential one and the second one is a
difference equation.

The first definition of the fractional derivative was introduced by Liou-
ville and Riemann at the end of the 19" century, see [21], [17], [23], [24].
This idea has been used by engineers for modelling different processes in
the late 1960s, as for example in [28], [30]. Mathematical fundamentals of
fractional calculus are given in the monographs [17], [21], [26], [23], [24].
A generalization of the Kalman filter for fractional order systems has been
proposed in [27]. Some other applications of fractional order systems can
be found in [23], [21], [28], [30]. Positive fractional continuous-time linear
systems have been introduced in [10] and cone fractional systems in [9].

In this paper a method for computation of positive fractional realizations
of a given proper 2D transfer matrix of hybrid linear system is proposed.

The paper is organized as follows. In Section 2 the solutions of state
equations of 2D linear hybrid systems and the necessary and sufficient con-
ditions for the positivity of the hybrid systems are recalled. The realization
problem for positive fractional 2D hybrid linear systems is formulated in
Section 3. The solution of the problem for the m-inputs and p-outputs
positive fractional systems is presented in Section 4. Sufficient conditions
for the existence of positive fractional realizations of a proper 2D trans-
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fer matrix are established and a procedure for computation of the positive
fractional realizations is proposed. An example illustrating the procedure
is presented in Section 5. Concluding remarks are given in Section 6.

To the best knowledge of the author, the realization problem for positive
fractional 2D hybrid linear systems has not been considered yet.

2. Positive fractional 2D hybrid systems

Let ™™ be the set of n x m real matrices. The set of n X m matrices
with nonnegative entries will be denoted by R, and R" := R, Let
Z+ be the set of nonnegative integers. The n x n identity matrix will be
denoted by I,,.

Consider the hybrid fractional 2D system

d*zy(t,1)

G = Anai(t0) + Awea(t,i) + Bru(t,i), t€ Ry =[0,+00], (la)

APay(t,i+1) = Agyay(8,4) + Agpaa(t, i) + Bou(t,i), i€ Z.,  (1Db)

y(t,1) = Crzy1(t, i) + Caxa(t, i) + Du(t, i), (1c)
where o (0 < v < 1) is the order of the fractional derivative, 5 (0 < 8 < 1) is
the order of the fractional difference, z1(¢,7) € R, za(t,i) € R"2, u(t,i) €
R™, y(t,i) € RP and Aj1, A19, A1, Az, B1, Ba, C1, Ca, D are real matrices
with appropriate dimensions. The boundary conditions for (1a) and (1b)
have the form

21(0,1) = 21(7), 7 € Zy and x2(t,0) = xa(t), t € R, . (2)

Note that the fractional 2D hybrid system (1) has a similar structure as the
Roesser model [25], [3]. The following Caputo definition of the fractional
derivative [24], [17]

t

diitc(v - /tf(:a T <x(n)(7):%> (3)

0
n—l<a<neN={12 .}

= / ettt at (4)
0

will be used, where

is the Gamma function.
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The fractional difference of the order 3 of x; is defined by

K =3 (1) (7)o 0<s<ricz, (5)
where
3 1 for k=0
( k ) — 4= 1)...}{(?—1{—1—1) for k=1,2,... (6)

Using (5), we may write the equation (1b) in the form

i+1
$2(t,i+1) = Aglxl(t,i)-i-AQQﬂ?Q(t,i)-f-Z C]cxg(t,’i—k-f-l)—f—Bgu(t,i), 1€ Z+,
k=1
7
where (™)
= aul8) = (-0F () k=12 ®)

REMARK. From (6) and (8) it follows that the coefficients ¢ strongly
decrease when k increases. Therefore, in practical problems it is assumed
i+1
that ¢ is bounded by a natural number L and > cpxe(t,i — k + 1) =
k=1
L+1
Z Ck.%'2<t,i —k+ 1).
k=1
THEOREM 1. ([13]) The solutions to the equations (la) and (7) with
the boundary conditions (2) have the forms

t

[0 ] _ 5o Taaao, [ pyrntugr, gar

p=0 ¢g=0

0
oo [ B t
K 1001 ap—
3030 [ (4= ) (e g)ar Q
p=0 gq=0 0

%

- Tpi—q pa z1(0, ) - Tp,i _ _\px 0
2.2 Taprn 7 DIy (i P K

p=0g=

where
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Iy 4n, for p=q=0
A Agg _ _
[ 0 0 for p=1,q=0
Thy = 0 0 (10a)
for p=0,q=1
[ A1 Agx + Inyar ] P 1
TwoTp-1,4+To1Tpg—1 for p+q>0
( 0 for p<0 or/and ¢q <0,
| B 10
B10—[ 0 ]7 301—[32},
and
Ty =@+ o 0| 0= (100)
0 Ih,cq
LEMMA 1. ([13]) If 0 < 8 < 1, then
ck =cp(f)>0fork=1,2,.. (11)

LEMMA 2. ([13]) If 0 < 3 < 1 and Ag; € R1?*™, Aoy € R1?*"2, then

Ty, € RimTm2XmEn2) g0 — 93 (12)

DEFINITION 1. ([13]) The fractional 2D hybrid system (1) is called (in-
ternally) positive, if and only if z1(t,7) € R}, x2(t,9) € R, t >0, i € Z
for any boundary conditions

21(0,i) = 21(4) € R}, i € Zy and 2(t,0) = xo(t) € R, t >0 (13)
and all inputs u(t,i) € R, t >0, i € Z.

Let M,, be the set of n x n Metzler matrices (real matrices with non-
negative off-diagonal entries).

THEOREM 2. ([13]) The fractional 2D hybrid system (1) is (internally)
positive, if and only if

All GMnla A12€§R7}r1><nz’ A21 E%i2><nl, A226§RT+L2><TL2
By € RV, By e R, Cp e REM, Cr e REF™ D e R
(14)
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3. Problem formulation

Using the Laplace transform with respect to ¢t and Z transform with
respect to i to the equations (1) it is easy to show that the transfer matrix
of the system has the form

-1
I, s® *AH *Alg :| |: Bl :|
T(s,2)=| C1 C e +D,
( ) [ ! 2 ] |: —A12 In2 (z — C) — AQQ BQ
(15)
where
1+1 i+1 6
c= Z et R = Z:(—l)k—1 (k) 21k, (16)
k=1 k=1
The transfer matrix T'(s, z) is called proper, if and only if
lim T(s,z) = K e R®RP>*™
§—00, 2—00
and it is called strictly proper, if and only if K = 0.
The transfer matrix (15) is proper since
lim L, 8% — A —A1 _0
§—00, 2—00 —A12 In2 (Z - C) - A22
and
lim T(s,z)=D. (17)

S§—00, 2—00

DEFINITION 2. Matrices (14) are called a positive fractional realiza-
tion of a given transfer matrix T'(s, z), if they satisfy the equality (15). A
realization is called minimal, if the dimension of Ay, (k,I = 1,2) is minimal
among all realizations of T'(s, z).

The positive fractional realization problem of the 2D hybrid linear sys-
tems can be stated as follows. Given a proper transfer matrix 7'(s, z), find
its positive fractional realization (14).

In this paper sufficient conditions for the existence of the positive frac-
tional realization (14) of a given proper transfer matrix 7'(s, z) are estab-
lished and a procedure for computation of the realization is proposed.

4. Solution of the problem

From (15) it follows that the transfer matrix of fractional 2D hybrid
system (1) is a proper rational matrix in s* and (z — ¢).

The proposed method of solving of the realization problem for positive
fractional hybrid 2D systems is based on the following two lemmas.
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LEMMA 3. The transfer matrix (15) can be written in the form
T(s,z) =C(s)[Iny(z — ) — A(s)}*lB(s) + D(s), (18a)
or
T(s,z) = C(2)[In,s" — A(z)]_lB(z) + D(z2), (18b)
where
A(s) = Agg + Ao1[In, 8% — A1)t A1a, B(s) = Ao [In,s* — A11]7 1By + B,
C(S) = 02 + Cl[InISa — All]_lAlg, D(S) = Cl[Inlsa — All]_lBl +D

(19a)
and
A(z) = A1 + Ara[In, (2 — ¢) — Ago] T Agy,
B(Z) = Alg[InQ(z — C) — AQQ]_lBQ + By, (19b)
C(Z) =Ci+ CQ[In2 (Z — C) — A22]71A21,
D(Z) = Cg[[nz(z — C) — AQQ]_IBQ + D.

P r oo f. Using the Laplace transform to ¢ and the Z transform to ¢ for
the equations (la) and (7) with zero boundary conditions (2) we obtain

s“X] = A1 X1+ A1 Xo + BU, (20&)
(Z — C)X2 = A1 X1 + Ay X9 + ByU, (20b)
Y =C1 X1+ Cy Xy + DU, (20(3)

where
Xk = Xi(s,2) = Z{L[zk(t,0)]}, k=1,2;
U= U(Sa Z) = Z{L[u(t,z)]}, Y = Y(Sa Z) = Z{L[y(t7z)]}7
and c is defined by (16).
From (20b) we have
Xy = [In2 (z — C) — AQQ]_l(Angl + BQU) (21)
Substitution of (21) into (20a) yields

X1 = [Inlsa*AH*AlQ[InQ (Z*C)*AQQ]_I]_I(AQ [In2 (Z*C)*AQQ]_IngLBl)U
(22)
and after substituting (22) into (21) we obtain
Xo = [Iny(2 — ¢) — Ago] " A1 {[I, 8% — A1 — Arg
X [In2 (Z — C) — AQQ]_I]_I(Alg [In2 (Z — C) — AQQ]_IBQ + Bl)U} (23)
+ [Iny (z — ¢) — Aga] "' BoUU.

Finally substituting of (22) and (23) into (20c) yields (18b).
The proof of (18a) is similar (by interchanging the role of s* and (z—c)).
(]
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LEMMA 4. Let A(s), B(s), C(s), D(s) and A(z), B(z), C(z), D(z) be
defined by (19a) and (19b). Then

o bwl=la B (24
| o) oo)=la 3] )
and
Jim s [ gsg):,g22 %((?)_—% ] = [ o } [An B (250)
Jim 2 [ o6 P } - [ o ] [ A Ba ). (25h)

P roof. From (19a) we have

2 5[4 -t o[ %]

(26)
Taking into account that lim [I,,,s* — A11]™! = 0, from (26) we obtain
S§— 00
(24a). The proof of (24b) is similar. From (26) we have

lim s A(S) — A22 B(S) — B2
§—00 C(S) — CQ D(s) - D
. A o _ A
—slgglos[ 0211 ] [Ln,8* —Aul ™' [ Aie By | = [ 0211 } [ A2 By, |
since lim s%[I,,s — A11]~! = I,,. The proof for (25b) is similar. [
S§— 00

It is well-known [3] that any 2D transfer matrix can be always written
in the form

th(z) Nth—l(z)saqlil+"'+N1(Z)SQ+NO(Z)

T2 = 3.0 T oom 1 dy 1 (29 T o+ i) + do()) 2T

Py Ne() | N (e = 7 bk Ni(s)(z = )+ Nos)
’ dg,(8) (2= ¢)2 4+ dg—1(s)(z — )21 +...+ di(s)(z — ¢) + do(s)’
(27b)

where
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N (2) € RP™[z], Nyy(s) € RP™[s],  dg,(2) € R[2],  dgy(s) € Rls],

Ni(z) € RP*™(2), dr(2) € R(z), k=0,1,...q1 — 1
Ni(s) € RP*™(s), di(s) € R(s), 1=0,1,....,q2 — 1,

and RP*™[z] (RP*™[s]) is the set of p x m polynomial matrices in z (s).

Using one of the well-known methods [3], we can find a realization A(z),
B(z), C(z), D(z) of (27a) and a realization A(s), B(s), C(s), D(s) of (27b).

For example, it is easy to verify that the matrices

0 0 0 —do(2), No(2)
I, 0 .. 0 —di(2), Ni(z)
A)=| 0 L 0 —da(2)p . B(z)= Na(z)
L 00 Iy —dg—1(2)Ip | | Ng—1(2) |
Ny, (2
C=[00 .. 0 L], D@ =355
C : (28a)
are a realization of (27a), and the matrices
[ 0 0 0 —do(S)Ip ] i No(s) i
Ip 0 0 —dl(S)Ip Nl(s)
Ais)=1 0 Ip 0 —dy(s)Ip , B(s)= Na(s)
| 0 0 ... Iy —dg-1(s)lp | | Ngo—1(s) |
Ny, (s
Cls)=[0 0 . 0 L], D(s)= 52
28b
are a realization of (27b). (28b)
Let us define
Too= lm T(s,2) = lim o= lim Gui
dioo = — lim dk(z)a dioo = lim (Z - C) [dk(z) - dkoo]a
Nkoo = lim Nk(z), k:(),l,...,ql —1 (29)
dioo = — lim di(s), dioo = lim s¥[d;(s) — dio),

Nioo = lim Ny(s), 1=0,1,..,q2 — L.
S—00



362 T. Kaczorek

THEOREM 3. There exists a positive realization of T'(s,z) given by (28),

if
Tw € RE™ (30a)
droo € Ry for k=0,1,...,q1 —2 and dg -1, s arbitrary (30b)
Nioo € RE™ for k=0,1,...,q1 — 1 (30c)
dico € Ry, Niow € REX™ for 1=0,1,...,q2 — 1 (30d)
dioo € Ry for k=0,1,...,q1 —1 and djoo € Ry for 1=0,1,...,q0 — 1.
(30e)
Proof If T € R™, then D € RE™ since Toe = lim T'(s,z).

§,2—00
From (24b) and the form of A(z) it follows that if the condition (30b) is
met, then Aj; is a Metzler matrix, i.e. Ay € M,,. If the condition (30c)
is satisfied, then by (24b) By € R*™™. Similarly, if (30d) holds, then by
(25a) we have Ay € RY?™™ and By € R*™™. From (25) it follows that
Az € RV™ and Agy € R?*™, if the condition (30e) is satisfied. n

If the assumptions of Theorem 2 are satisfied, then a positive fractional
realization (14) of (27) can be found by using the following procedure.

PROCEDURE.

Step 1. Write T'(s, z) in the forms (27).

Step 2. Knowing di(z), Ni(z) for k = 0,1,...,q1 — 1 and di(s), Ni(s)
for [ =0,1,...,q2 — 1 and using one of the well-known methods
find realizations A(z), B(z), C(z), D(z) and A(s), B(s), C(s),
D(s), for example - the realizations (28).

Step 3. USiIlg (24) find matrices A].].v A22, Bl, Bg, Cl, 02 and D.

Step 4. Using (25a) (or (25b)) find matrices A1 and Ag;.

5. Example

Find a positive fractional realization (14) of the transfer matrix
1
- )((z—02—2(z—c)—1) |
s%((z—¢)?+2(z—¢c)+3)—4(z—c) —4(s*—1)((z — ) +2(z —c) +2)
(5 —1)((z—e)?+4(z—c)+ 1) (s* = 1)((z —e)> +3(2 — ¢) + 2) '
In thiscase m=p=2, ¢ =1 and ¢o = 2.

T(s,z) = (31)
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Using Procedure, we obtain the following.

Step 1. The transfer matrix in the form (27a) is

T(s,z) = S T e - X (32a)
|:(Z—C)2+2( —e)+3(2—c¢)? +2(z—c)+2}
(z—e)24+4(z—c)+1(z—c)?+3(z—c)+2

1 1 0
+5“ -1 [ 0 0 ] ’
where
di(z)=(z—¢)?=2(z—¢) -1,

[ GE=0*+2z—c)+3 (z—0)*+2(z—c)+2
Nl(z)[(z—c)2+4(z—c)+l (z—c)2+3(z—c)+2]’
we=-1. M= o]

and in the form (27b) is
1 s s¢—1
T(s,2) = s* —1 [sa—l s*—1 }
1 s (4(z—c):;4214(z—c)—4 4(2 _ C) +3
+(z—c) —2(z—¢)—1 6(z—c)+2 5(z—¢)+3
(32b)
where
dQ(S)_Sa_L NQ(S): |: Sas_l zaii :| )
45 —1
==z Me)=| 7 ]
4sa"’71 3
do(S) = —1, NO(S) = |: s 21 3 :|
Step 2. Using (28) we obtain
A =an =y ] BE == ).
1 0 Ni(z) 1
C(Z)_[O 1}’ D(Z)_dll(z - z—¢)?=2(z—c¢)—1 (33a)
2
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and
0 0 1 O
. 0 —do(s)lg . 0 0 0 1
Als) = [ Iy —di(s)I ] 10 2 0]’
0 1 0 2
= 3]
_ | No(s) | _ 2 3
B = | o] = et 3] (33b)
6 5
0 0 1 0 _ Na(s) 1 s s —1
Cls) = {0 0 0 1]’ D(s) = do(s) s*—1[s*—1 s*—1

Step 3. From (24) and (33) we have

AH:limA(z):[(l] (1)}, B1:limB(z):[(1) 8},
1 0 1 1 (342)
Cl:zlir&o(z):[o 1]’ DZZIEEOD(z):[l 1]’
and
0 0 1 0 4 3
. 0 0 0 1 . 2 3
AQQZSEIEOA( ): 1 0 2 0 ) BQZSIL)IEOB(S): 4 4 )
0 1 0 2 6 5
. 0 0 1 0O
CQZSILTOC(S):{O 0 0 1]'
(34b)

Step 4. Using (25) and (34) we obtain

. . A(Z)—All B(Z)—Bl T (Z—C)
Jirm (= 0){ C(x)—Ci D) —D |~ Am (z—c)2—2(z—c) -1
0 0 0 0 0 0 0 0
|00 0 0 o 0 0 o0
0 0 4z—c)+4 4(z—c)+3 | |0 0 4 4
0 0 6(z—c¢)+2 5(z—c)+3 00 6 5
Aqg 4 3
_ A12 ............ 2 3
_[C][AHBQ]_ 0010l 4 4
0001 6 5

(35a)
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and
[0 0 0 0 07
0O 0 0 0 O
lim s A(s)— Ay B(s)—By | |0 0 0 0 O
§—00 C 8) — 02 D(S) - D 0 0 0 0 0
O 0 0 1 0
0000 0 o (3P
Aoy
Aoy |, 7 | e 1 0
—|:Cl:|[A12Bl]— 10 [Am 0 0
01
From (35) we have
0O 0 0 O
A12—|:0 0 0 0], App = (36)

0 O
0 0
0 0
0 0
The desired realization of (31) is given by (34) and (36).

6. Concluding remarks

A method for computation of a positive fractional realization of a given
proper transfer matrix of 2D hybrid systems has been proposed. Sufficient
conditions for the existence of a positive realization of a given proper transfer
matrix have been established. Note that there exists a positive fractional
realization (14) only if the given proper transfer matrix has the special form
(27). A procedure for computation of a positive fractional realization has
been proposed. The effectiveness of the procedure has been illustrated by a
numerical example. An open problem is the formulation of the necessary and
sufficient conditions for the existence of solution of the positive realization
problem for 2D hybrid systems in the general case. Extensions of those
considerations for 2D hybrid systems described by models with structures
similar to the 2D general model [18], or the 2D second Fornasini-Marchesini
model [3], are also open problems.
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