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ABSOLUTE STABILITY OF A CLASS OF FRACTIONAL POSITIVE
NONLINEAR SYSTEMS
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The positivity and absolute stability of a class of fractional nonlinear continuous-time and discrete-time systems are ad-
dressed. Necessary and sufficient conditions for the positivity of this class of nonlinear systems are established. Sufficient
conditions for the absolute stability of this class of fractional positive nonlinear systems are also given.
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1. Introduction

A dynamical system is called positive if its trajectory
starting from any nonnegative initial state remains forever
in the positive orthant for all nonnegative inputs. An
overview of the state of the art in positive theory is given
by Berman and Plemmons (1994), Farina and Rinaldi
(2000) or Kaczorek (2002). A variety of models having
positive behavior can be found in engineering, economics,
social sciences, biology and medicine, etc. (cf. Ait Rami
and Tadeo, 2007; Ortigueira, 2011; Zhang et al., 2014;
Xiang-Jun, 2008).

Mathematical fundamentals of fractional calculus
are given by Oldham and Spanier (1974), Ortigueira
(2011), Ostalczyk (2008) and Podlubny (1999). Positive
fractional linear systems were investigated by Kaczorek
(2018; 2011b) and Ostalczyk (2008). The stability of
linear and nonlinear standard and positive fractional
systems was addressed by Bustowicz (2008; 2012),
Bustowicz and Kaczorek (2009), Farina and Rinaldi
(2000), Kaczorek (2016; 2015a; 2015b; 2011b),
Ortigueira (2011), Ostalczyk (2008),  Podlubny
(1999) as well as Polyak and Shcherbakov (2002a).
The stabilization of positive descriptor fractional
systems was investigated by Kaczorek (2018; 2014),
Ortigueira (2011) and Ostalczyk (2008). Superstable
linear systems have been addressed by Polyak and
Shcherbakov (2002a; 2002b). Positive linear systems
with different fractional orders were introduced by
Kaczorek (2010; 2011a), while their stability was

analyzed by Bustowicz (2008; 2012) and Ortigueira
(2011). The notion of practical stability of positive
fractional linear systems was introduced by Kaczorek
(2002). Some recent interesting results in fractional
systems theory and its applications can be found in
the works of Berman and Plemmons (1994), Kaczorek
(2010), Zhang et al. (2014) and Xiang-Jun (2008).

In this paper, the positivity and absolute stability
of a class of nonlinear continuous-time and discrete-time
systems will be investigated. The paper is organized as
follows. In Section 2, some preliminaries concerning
the positivity and stability of linear systems are recalled.
The positivity and absolute stability of fractional positive
continuous-time nonlinear systems are investigated in
Section 3 and these of fractional positive discrete-time
nonlinear systems in Section 4. Concluding remarks are
given in Section 5.

The following notation will be used: R, the set of real
numbers; R™"*™ the set of n x m real matrices; Rﬂ;xm,
the set of n x m real matrices with nonnegative entries
and R} = Rﬁ“; M,,, the set of n x n Metzler matrices
(real matrices with nonnegative off-diagonal entries); I,,,
the n x n identity matrix; AT the transpose of matrix A.

2. Preliminaries

The following Caputo definition of the fractional
derivative will be used (Kaczorek, 2011b; Oldham
and Spanier, 1974; Ortigueira, 2011; Ostalczyk, 2008;
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Podlubny, 1999):

@1 g
a0 = r(n—a>/o TS T
n—l<a<neN={1,2,...},

where « € R is the order of the fractional derivative and

d’n
f(")(r) — ﬂ7
drn
while I'(z) = [~ e~*t*~!dt is the gamma function.
Consider a fractional linear system described by the
equations

(6%
(jit—f:Aa:—i—Bu, 0<a<l, (2a)
y = Cux, (2b)

where v = z(t) € R", u = u(t) € R, y = y(t) € RP
are the state, input and output vectors, respectively, and
Ac Rnxn, Be Rnxm, C € Rpxn,

Definition 1. (Kaczorek, 2011b) The fractional system
(2) is called an (internally) positive system if and only
if z(t) € R and y(t) € RY for ¢t > 0 for any initial
conditions zy € R’ and all inputs u(t) € R, ¢ > 0.

Theorem 1. (Kaczorek, 2011b) The continuous-time frac-
tional system (2) is (internally) positive if and only if the
matrix A is a Metzler matrix and

AeM,, BeRY™, CeRE" 3)

Definition 2. (Kaczorek, 2011c) The positive fractional
system (2) is called asymptotically stable if

lim z(t) =0,

T—00

Vz(0) € RY. “)

Theorem 2. (Kaczorek, 2011b) The positive fractional
system (2) is asymptotically stable if and only if one of the
following equivalent conditions is satisfied:

(i) all the coefficients of the characteristic polynomial

pn(s) = det[l,s — A

n n—1 (5)
=s +an_18 +---+ais+ap
are positive, i.e., a; > 0fori =0,1,...,n—1;
(ii) there exists a strictly positive vector \T =
[ A1 - AT M\ >0,k=1,...,n, such that
AN<0 or MA<O. (©6)

If the matrix A is nonsingular, then we can choose
A = A~ 1¢c, where ¢ € R" is strictly positive.

Consider the fractional discrete-time linear system
(Kaczorek, 2011b; Ostalczyk, 2008)

A%y = Ax; + Bu;, 1€7Z4 = {071,...}, (7a)
yi = Cw;, (7b)
‘ o
A%, = c-xi_l,c-z(—l)j<,>
jz:g §Li—jsCj ]

B 1 for j =0,
- (_]_)]w forj =1,2,...,
(7c)

z; € R", u; € R™, y; € R? being the state, input and
output vectors, respectively, and A € R"*™, B € R"*™,
C € RP*™,

Definition 3. (Farina and Rinaldi, 2000; Kaczorek,
2011b; 2002) The fractional discrete-time linear system
(7) is called (internally) positive if x; € R}, y; € Rﬂ,
t € Z, for any initial conditions zo € R’} and all inputs
u ERY, 1€ Zy.

Theorem 3. (Farina and Rinaldi, 2000; Kaczorek, 2002)
The fractional discrete-time linear system (7) is positive if
and only if

AeRY", BeRY™, CeRY™ (8)
Definition 4. (Farina and Rinaldi, 2000; Kaczorek,
2011b; 2002) The fractional positive discrete-time system
(7) is called asymptotically stable if

lim T = O,
i—00

Vg € err 9)

Theorem 4. (Farina and Rinaldi, 2000; Kaczorek, 2011b;
2002) The fractional positive discrete-time linear system
(7) is asymptotically stable if and only if one of the follow-
ing equivalent conditions is satisfied:

(i) all the coefficients of the characteristic polynomial

pn(2) = det[I,(z + 1) — 4]

n n—1 (10)
=2z"+an_12 + -+ a1z+ag

are positive, i.e., a; > 0fori=0,1,...,n —1;

(ii) there exists a strictly positive vector AT =
[ A1 - AT A >0,k=1,... nsuchthat

(A—I)AN<0 or MN(AT —1I,)<0. (1)

If the matrix (A — I,,) is nonsingular then we can choose
A = (A — I,,)"tc, where c € R™ is strictly positive.
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3. Absolute stability of positive
continuous-time nonlinear systems

Consider the fractional nonlinear continuous-time system
shown in Fig. 1 and described by the equations

d%z
5= = Ar+ Bu, u=f(e), 0<a<l1, (12a)
y=Cuz, (12b)

where v = z(t) € R", u = u(t) € R™, y = y(t) € RP
are respectively the state, input and output vectors of
the system A € R"*" B € R*"¥!, C € R'™" and
the characteristic f(e) of the nonlinear element (Fig. 2)
satisfies the conditions

ke < f(e) <0, if e<0, (13a)
0< fe<ke if e>0, (13b)
f(0)=0. (13¢)

Definition 5. The fractional nonlinear system (12) is
called (internally) positive if z(t) € R, y(t) € RE,
t > 0 for any initial conditions z(0) € R and all inputs
u(t) Ry, t > 0.

Theorem 5. The fractional nonlinear system (12) is pos-
itive if and only if
AeM,,

BeRY, CeRY", (14)

and the conditions (13) are satisfied.

Proof. Tt is well known (Kaczorek, 2011b; Bartosiewicz,
2017) that, if u = f(e) > 0,t > 0, then z(t) € R, ¢ > 0
for 2(0) € R if and only if A € M, and B € R"*".
From (12b) for t = 0 we have y(0) = Cx(0) € R for
z(0) € R if and only if C' € RY*". ]

Definition 6. The fractional positive nonlinear system
(12) is called absolutely stable if x(t) € R, t > 0, and

lim z(t) =0,

t—o0

vz(0) € R”. (15)

The Metzler matrix A € M, is called a Hurwitz
Metzler matrix if all its eigenvalues Ay satisfy the
condition R\, < 0, k=1,...,n.

Theorem 6. The positive fractional nonlinear system
(12) is absolutely stable if

(i) A € M, is the Hurwitz Metzler matrix,

BeRY, CeRP™ (16)

(ii) the nonlinear characteristic f(e) satisfies the condi-

tion (13).

v=0

Fig. 1. Fractional nonlinear continuous-time system.

b u
ke

f(e)

Fig. 2. Characteristic f(e) of the nonlinear element.

Proof.  The proof is based on the Lyapunov method
for fractional positive systems. As a candidate for the
Lyapunov function the following linear function of the
state vector x(t) € R}, ¢ > 0, is assumed:

V(z(t) = A a(t),
M=[M 0
M >0, k=1,...,n. (17)

Using (I7) and (12a), we obtain

d*V(z) \T dex(t)
dte dte (18)
= \T[Az(t) + Bf(e)] <0

since, by (I6) and (6),
MA<0and f(—e) <Ofor —e<0andt>0. (19)

Therefore, the fractional positive nonlinear system
(12) is absolutely stable if both the conditions of Theorem
6 are satisfied. [ |

Remark 1. The absolute stability of the fractional
positive nonlinear system is directly independent of the
transfer function of its linear part (and also of its fractional
frequency characteristics).

Example 1.
(11) with

Consider the fractional nonlinear system

[ ) 0|

1
A
0}’ (20)
c=[0 2].

[t
|
w
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The fractional positive nonlinear system is absolutely
stable for the characteristic f(e) satisfying the condition
(13D since the matrix A € My is asymptotically stable and
its characteristic polynomial

s+2 -1

det[Irs — A] = 1 s43

’232+5s+5 (1)

has positive coefficients (Theorem 2, Condition (i)).
The same result follows from Condition (ii) of

Theorem 2 since, for
1
=[]
we have

-2 1 1 -1
A)\z{l _3}{1}2[_2]<0. (22)
Therefore, by Theorem 6 the fractional nonlinear

system with (20) is absolutely stable for all nonlinear
characteristics f(e) satisfying the condition (I3). ¢

4. Absolute stability of fractional
discrete-time nonlinear systems

Consider a fractional nonlinear discrete-time system
shown in Fig. 3 and described by the equations

A%x; 1 = Ax; + Bug, (23a)

y; = Cuxy, (23b)

uizf(ei), 1€2y = {071,...} (23c)

where x; € R", u; € R™, y; € R are respectively the

state, input and output vectors of the system A € R"*"™,

B € R™¥1, (O € R'*", and the characteristic f(e;) of the
nonlinear element (Fig. 4) satisfies the condition

0< f(e)) < ke, 0<k<oo, (24)

and

A%, = Z(—l)j (?)xi_j, 0<a<l, (25)

Q@ 1 for 7 =0,
<j> :{—“(a‘”';fa‘”” for j=12.. %

is the fractional a-th order difference of x;.
Substitution of (25) into (23a) yields
i+1
Tit1 + Z CiTi—j+1

=2
= Aami + Bf(el)a i€ ZJrv (272)
where

«

Ay =A+T,a, Cj=(-1) <;> . (27b)

Fig. 3. Fractional nonlinear discrete-time system.

u;
ke;

fle;)

Fig. 4. Characteristic f(e;) of the nonlinear element.

Definition 7.  The fractional nonlinear system (23) is
called (internally) positive if z; € R, y; € R, , i € Z,
for every initial condition zy € Rﬁ and all inputs u; €
Ry,i€Z,.

Theorem 7. The fractional nonlinear system (23) is pos-
itive if and only if

A, eRY, BeRY, CeRY”, (28)

and
fle)) 20 for e; =0, (29)
f(—=e;)) <0 for —e; <0 (30)

foralli € Z,.

Proof. 1Tt is well known (Kaczorek, 2011b) that, if u; =
flei) > 0,4 > 0, then z; € R}, i € Zy, for every
z; € R7 if and only if A, € R’*™ and B € R} since

cj >0forj =1,2,... . From (23b), for i = 0 we have
yo = Cxo € Ry forzg € R if and only if C' € R}‘_X".
| |

Definition 8. The fractional positive nonlinear system
(23) is called absolutely stable if v; € R}, i € Z, and

limz; =0, VzoeRY. 3D
71— 00
The matrix A, € R} " is called a Schur matrix if all its
eigenvalues z;, ¢ = 1, ..., n, satisfy the condition
lzi| <1, i=1,...,n. (32)

Theorem 8. The fractional positive nonlinear system
(23) is absolutely stable if
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(i) Ay € RY*™ is a Schur matrix and

BeRY', CeRP™Y (33)

(ii) the nonlinear characteristic f(e;) satisfies the condi-
tion (29).
Proof. The proof is based on the Lyapunov method for
fractional positive nonlinear systems. As a candidate for
the Lyapunov function, the following linear function of
the state vector z; € R, 7 € Z,, is chosen
Va ((El) = )\Til'i,
M=1Xx 0 (34)
A >0, k=1,...,n.
Using (34) and (27a), we obtain
AQV(J??;) = Va(x7;+1) — Va(xz)
=M [2i41 — 1] (35)
=M [A, — L]+ MT'Bf(e;) <0
since, by (I1), we have
BeRY, A[A,-1,]<0
Bf(—e;) <0, i€Zy. (36)
Therefore, the fractional positive nonlinear system (23) is

absolutely stable. ]

Remark 2. The absolute stability of the fractional
positive nonlinear system (23) is directly independent of
the transfer function of its linear part.

Example 2. Consider the fractional nonlinear system
(23) with @ = 0.5 and

0.1 0.2 1
A:[oz 0.3]’ B:[z]’ ¢=[10]
(37)

and the characteristic of the nonlinear element satisfying
the condition (29). The matrix A € Riﬁ (defined by
(36)) is a Schur matrix since its characteristic polynomial

z+04 —0.2
-02 z+4+0.2 (38)

=22 4+0.62+0.04

det[Io(z + 1) — Ag] =

has positive coefficients. The same result can be obtained
by using the condition (I0) since, for AT = [ 0.8 1 ]

and
-0.4 0.2
[Aoz _IQ] - |: 0.2 0.2 :| ) (39)
we have
T | —0.12
AN Ay — L] = [ —0.04 } < 0. (40)

Therefore, by Theorem 8 the fractional positive nonlinear
system with (37) is absolutely stable for all nonlinear
characteristics satisfying the condition (24). ¢

5. Concluding remarks

The positivity and absolute stability of a class of fractional
nonlinear continuous-time and discrete-time systems have
been addressed. Necessary and sufficient conditions
for the positivity of the fractional nonlinear systems
have been established (Theorems 5 and 7). Sufficient
conditions for the absolute stability of fractional nonlinear
systems have been also obtained (Theorems 6 and 8). The
discussion has been illustrated by numerical examples.
The presented results can be extended to multi-input
multi-output nonlinear systems and nonlinear systems
with different fractional orders.
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