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Abstract

A novel linear time-invariant (LTI) system model with fractional de-
gree generalized frequency variables (FDGFVs) is proposed in this paper.
This model can provide a unified form for many complex systems, includ-
ing fractional-order systems, distributed-order systems, multi-agent sys-
tems and so on. This study mainly investigates the stability and robust
stability problems of LTI systems with FDGFVs. By characterizing the
relationship between generalized frequency variable and system matrix, a
necessary and sufficient stability condition is firstly presented for such sys-
tems. Then for LTI systems with uncertain FDGFVs, we present a robust
stability method in virtue of zero exclusion principle. Finally, the effective-
ness of the method proposed in this paper is demonstrated by analyzing
the robust stability of gene regulatory networks.
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1. Introduction

The linear time-invariant (LTI) system with a generalized frequency
variable (GFV) means that its transfer function has the form G(s) =
G(¢(s)), where G(s) = C(sI A)"'B+ D is the traditional transfer func-
tion of a state-space linear system

x(t) = Az(t) + Bu(t),
y(t) = Cx(t) + Du(t),

and ¢(s) is a scalar function about variable s. ¢(s) is called the GFV, since
¢(s) replaces the traditional frequency variable s in the transfer function
G(s). The concept of LTI systems with GFVs was firstly came up by Hara s
research group for providing a unifying theoretical framework of analysis
and synthesis of multi-agent systems [6, 7]. In recent years, LTI systems
with GFVs have appeared in a variety of areas including gene regulatory
networks [17, 20], biomolecular communication networks [11], multi-robot
formation control problems [6] as well as the control torque distribution of
electric vehicles [35].

Due to the wide application of LTI systems with GFVs, many re-
searchers have begun to investigate their fundamental properties includ-
ing controllability /observability [33], stability [10, 34] and stabilization [9].
However, GFVs mentioned so far are all integer degree rational functions.
In fact, GFVs can be generalized to be fractional degree rational func-
tions or even some complex functions. For example, from the view-point
of the frequency variable, the LTI fractional-order system [18, 23, 27, 38]
can be regarded as an LTI system with GFV, since its transfer function
G(s) = C(p(s)I  A)"'B+ D, where ¢(s) = s%, a (0,2); the multiple-
orders fractional system [14, 15, 31] can also be regarded as the LTI system
with the GFV ¢(s) = r1s® + 1982 + -+ + rp s, ag, a9, -+ ,ap,  (0,1);
when fractional-order multi-agent systems are concerned, the GFV ¢(s) can
be generalized to be fractional degree rational function [37]; the distributed-
order system [16] essentially belongs to a class of LTI systems with GFVs,
because its transfer function G(s) = C (5,11 A)~'B+D. However, to the
best our knowledge, few literatures have studied fractional-order dynamical
systems from the perspective of LTI systems with GFVs.

On the other hand, gene regulatory networks (GRNs) have attracted
wide attention in the biological and biomedical science. This network can
describe the interaction between DNA, mRNA and protein in genetic ex-
pression. Genes on a DNA molecule are firstly transcribed messenger to
mRNAs, then mRNAs are translated into proteins, these proteins activate
or repress the transcription process. Many pioneering works have witnessed
the modeling and analysis of dynamical properties of GRNs. Chen et al. in
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[4] provided a mathematical model for homogeneous GRNs with functional
differential equations and they analyzed the local stability and bifurcation
properties of this model. A sufficient condition was presented in [32] to
ensure the stability of GRNs with heterogeneous nominal systems. Wang
et al. in [36] modelled GRNs by a differential equation with polytopic un-
certainties, they presented a stability condition in terms of linear matrix
inequalities (LMIs). The robust stability problem was investigated in [17]
for large-scale GRNs with parametric or unstructured uncertainties. Very
recently, Hare et al. in [8] further presented robust stability conditions
for MIMO GRN systems with three types of perturbations. However, the
GRN systems addressed by these paper are all characterized by integer-
order differential equations. Ji et al. in [13] built GRN model based on
a fractional-order differential equation and experiment results showed that
the fractional-order differential equations were more suitable to model ge-
netic regulatory mechanism. In recent years, fractional-order GRNs have
aroused great research interest and some criteria on stability analysis have
been established by using the fractional Lyapunov method [12, 28]. How-
ever, till now, no efforts were made on modeling fractional-order GRNs
using LTI systems with fractional degree generalized frequency variables
(FDGFVs).

In this paper, we provide an LTI system model with FDGFVs, while
the GFVs are generalized to be fractional degree rational functions. The
stability and robust stability problems will be investigated for such model.
Although the stability and robust stability problems of LTT systems with
fractional degree frequency variable have been investigated in many refer-
ences [1-3, 5, 19, 22, 24-26, 29], the stability analysis methods provided
in these references are mostly given for the case that frequency variable
#(s) = s* a (0,2). For more generalized frequency variables, we will
establish stability conditions by analyzing the relationship between GFVs
and system matrix. Based on the zero exclusion principle, robust stabil-
ity conditions are given for LTI systems with uncertain FDGFVs. Finally,
the incommensurate fractional-order GRN systems are modelled as an LTI
system with FDGFV, the stability and the robust stability problem of this
kind of GRN systems are studied by using the GFV method proposed for
the first time in this paper.

Notations. We denote Z, R and C as the set of integer numbers, real
numbers and complex numbers, respectively. Denote C as the closed right
half of complex plane and C_ = C\ Cy. j = 1 denotes the imaginary
unit. For a square matrix A, the set of its eigenvalues is denoted by o(A).
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2. Problem formulation and preliminaries
Consider the following LTI systems with fractional degree GFVs
G(s) = C(¢(s)I, A)'B+D, (2.1)

where A R™w*™ B R™*L ¢ R and D  R?* are constant
matrices. ¢(s) is a FDGFV with the following form

o(s) n(s) by $Pm + b1 8Pm—1 4 - bysPo (2.2)
s) = = )
d(s)  aps + ap_18%-1 + -+ 4 aps®’
where a;, bj (i =0,---,n, 7 =0,---,m) are constant coefficients; o, 3;
(1t =0,---,n, 7 =0,---,m) are fractional degrees and we assume that
anp > ap_1>-->ap 0,and By, > Bt >--->pF 0.
The function ¢(s) is called commensurate-order if there exist pg, g~ Z
such that ay = pra, Br = qra, (0 < a < 1), that is, ¢(s) has the following
form:

ZZLZQ by s+
- D kg ARSPEY

The function ¢(s) becomes a strictly proper rational function when the
highest degree of the polynomial in the denominator is greater than that
of the polynomial in the numerator.

Now, let us recall the fractional calculus [27]. Without loss of generality,
we assume that the lower bound of the fractional integral is 0 throughout
this paper. The fractional-order integral is defined as,

1
(a

(s) (2.3)

D0 = /0 t 7 f (),

where (-) is the Gamma function. The Caputo derivative of function f(¢)
with order o (0, 1] is defined by

¢ pe = ! t )" *f(r)dr
sopre = 0 [ e (2.4

where f is the first-order derivative of function f. We denote D® instead
of § D§ for simplicity.

3. Stability analysis

In this section, we will investigate the stability of LTI systems with
FDGFVs. We say that the LTI system G(s) in (2.1) with FDGFV defined
by (2.2) is BIBO stable if G(s) has no pole in the closed right half complex
plane.
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Based on ¢(s), we define two domains:

+:={X C| s C4 such that ¢(s):= n(s) = A},
and

i = C\ + (31)
that is, ¢ = {\ C| s Cy, ¢(s) = 42 = A}. Then, a stability
criterion is stated as:

LEMMA 3.1. The LTI system G(s) defined by (2.1) with FDGFV
defined by (2.2) is BIBO stable if and only if A\ S, where A o(A) and
< defined in (3.1).

Proof Base on (2.1), it is easily known that all the poles of G(s)
satisfy the following characteristic equation

n(s)I  d(s)A| = 0. (3.2)

Thus all the zeros of (3.2) should lie in the left half plane to ensure that the
BIBO stability of system (2.1), which is equivalent to that A <, where
A o(A). O

From Lemma 3.1, we can know that the stability of LTI system G(s)
is closely related to the GFV ¢(s) and the eigenvalues of matrix A. In
the following, some examples are given to illustrate the stability region ¢

characterized by GFV ¢(s).

ExaMPLE 3.1.  Consider LTI system G(s) defined by (2.1) with FDGFV
#(s) = s a (0,2). It is obvious that G(s) = C(s®I A)"!B+ D is the
transfer function of commensurate fractional order system:

{ Dex(t) = Ax(t)+ Bu(t)

y(t) = Cx(t) + Du(t). (3.3)

From references [21, 30], one can know that the stability region ¢

characterized by ¢(s) = s* is
am
D, :={z:|arg(z)| > 5

The domains D, for 1 < o < 2 and 0 < a < 1 are depicted in Fig. 1 (a)
and Fig. 1 (b), respectively. Thus, fractional-order system (3.3) is stable if
and only if for all A o(A), A D,.

2 C} (3.4)
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Tm{spec(A)) Tmi{spec{Al)

=

7

(a) (b)

=
\

Re(spec(4)) Re{spec{A)

D, : =

FIGURE 1. Stability domain D, for: (a) 1 < a < 2;
(b)0<a<1.

EXAMPLE 3.2. Consider the LTI system G(s) defined by (2.1) with
GFV ¢(s) = Zizl ris®, a;  (0,1), (i = 1,2,---,1). From references
[14, 15, 31], one can know that G(s) is the transfer function of the multiple-
order fractional system as follows:

{ Yy riD%a(t) = Ax(t) + Bu(t) (3.5)
y(t) = Cux(t) + Du(t).

The stability region ¢ characterized by ¢(s) = 22:1 r;8% is the left side

of the curve defined by [, Jlp in the complex plane, where [, and [, are

symmetrical with respect to the real axis, and

log ={z+iy| z =z(w),y =yw),w [0,+ )},
where
z(w) = 22:1 riw® cos(a;m/2),
ylw) = le‘:l riw® sin(a;m/2).
Thus, the multiple orders fractional system (3.5) is stable if and only if for
all A\ o(A), A lie in the left part of the curve I, |J1.

EXAMPLE 3.3. From reference[16], one can see that the distributed-
order LTI system

[i D¥z(t)da = Ax(t) + Bu(t)

y(t) = Cux(t) + Dult)

with transfer function G(s) = C(5-11  A)~')B+ D is BIBO stable if and

only if all the eigenvalues of A lie on the left of the curve Iy := 1. [; in

(3.6)
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the complex plane, where [. and [; are symmetrical with respect to the real
axis and

Lo=de jyle= 2rwlnw B dwlnw + 27
o e = 4(Inw)? + 72’ v= 4(Inw)? + 72

with w  [0,+ ). The stable boundary curve [y of the distributed-order
system (3.6) is determinated by setting s = jw in the generalized frequency

. _ s—1
variable ¢(s) = ] .

When the fractional-order multi-agent system is concerned , the GFVs
¢(s) can be generalized to be fractional degree rational function as (2.2)
[6, 7]. For this case, it is difficult to draw the boundary of curve determined
by ¢(s). Thus we give the following stability criterion:

THEOREM 3.1. Consider LTI system G(s) defined by (2.1) with frac-
tional degree GF'V ¢(s) = Zéj)) defined by (2.2). Define the fractional degree
polynomial p(A,s) for A C

p(A,s) :=n(s) Ad(s), (3.7)
then the following statements are equivalent:

(i) The LTI system G(s) is Hurwitz stable.
(ii) o(A) (¢(s)) :={A C|p(\,s) is Hurwitz stable}.

The proof of this theorem can refer to Theorem IV.2 in reference [37].

REMARK 3.1.  According to Theorem 3.1, the stable analysis of LTI
system G(s) can be converted into judging the stability of the polynomial

p(A, s).

In fact, it is still a difficult task to determinate the Hurwitz stability

of polynomial p(\, s). If h(s) = d)(ls) can be easily realized in a state-space

form, then a simpler stability criterion is presented in the following theorem.

THEOREM 3.2. Consider LTI system G(s) defined by (2.1) with FDGFV

o(s) = Zéj)) defined by (2.2), assume that ¢(s) has no zero points in C,

h(s) = ¢>(15) has a state realization: h(s) = Cy(s*I  Ap)"'Bp, a (0,2),

then LTI system G(s) is Hurwitz stable if and only if for each A\ o(A),
all the eigenvalues of Ay, + AByCYy, lie in D, where D, := {z : |arg(z)| >

otz C}.
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P roof. Let T be a non-singular matrix such that 7-'AT is a Jordan
matrix and \; (i = 1,2,--- ,n) be eigenvalues of matrix A. Then

det(¢(s)I, A)=0
det(¢p(s) T, T T 'AT)=0

[ det(é(s)) det(1  Ash(s)) = 0.
=1
On the other hand,

det(1 Mh(s)) =det(l ACL(s“T Ap)"'By)=0

s*I A, B
det([ )\Chh 1h}):0

det(s*I  (Ap + AByRCh)) = 0.

Thus, based on the condition that ¢(s) has no zero points in C,, one can
deduce that the LTI system G(s) in (2.1) is Hurwitz stable if and only if
all the eigenvalues of Ay, + AB,C}, lie in D, for every A o(A). O

EXAMPLE 3.4. Consider the LTI system G(s) defined by (2.1) with

a 1 2
— — +4 ; —
GEV ¢(s) = 1/h(s), h(s) = sagi2a 9g0,q and matrix A = [ 9 1 } A
state realization is obtained as h(s) = Cy(s®I  Ap) !B, with
1 2 3 0
Ap=1| 1 0 2|,B,=| 0 |,C,=[05 0 0].
0 1 2 2

By using MATLAB, we can check that ¢(s) has no zeros in the closed
right half plane and the eigenvalues of A are Ay = 1+2j, Ao =1 2j. The
eigenvalue distributions of matrices Ay + A1 B,C) and Ay + Ao B, C), are
labeled by o and * in Fig. 2, respectively. It follows from Theorem 3.2
and Fig. 2(a) that the LTI systems G(s) is stable when o = 0.3, since all
the eigenvalues of matrix Ay + \;BrCh, (i = 1,2), lie in Dy 3. Otherwise,
Fig. 2(b) shows that LTI systems G(s) is unstable when a = 0.6, since
there exist eigenvalues of Ay, + \;B,Cp, (i = 1,2), that do not lie in Dy 6.
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FI1GURE 2. The eigenvalue distributions of Ay + AB,C},

4. Robust stability analysis

In this section, we study robust stability analysis of LTI systems with
uncertain FDGFVs, and assume that the parameters (a;,b;) and (o, §;)
in ¢(s) defined by (2.2) are unknown, but these parameters belong to the
sets:

Pu = {(ai,bj)\ a a; a,b bj b, },
and

Pog:={(a;0))| 0 <o oy @ 0<fB B; B},
where i =1,2,--- n,j=1,2,--- ,m.

The LTI system G(s) defined by (2.1) with FDGFV ¢(s) defined by
(2.2) is called to be robustly stable if it is BIBO stable for all parameters
(ai,bj) Pab and (Oéi,ﬁj) Paﬁ (’i=1,2,--- ,n,j:1,2,--- ,m).

According to Theorem 3.1, the LTI system G(s) defined by (2.1) with
GFV ¢(s) defined by (2.1) is robustly stable if and only if p(A, s) = n(s)
Ad(s) is Hurwitz stable for every A o(A) and for all (a;,b;) Pg and
(0, B5) Pap (i=1,2,---,n,j=1,2,--- ,m). Thus, the robust stability
problem of LTT systems with FDGFVs can be converted into analyzing the
robust stability of interval uncertain polynomials p(A,s) = n(s) Ad(s).
The Zero Exclusion Principle provided in reference [39] has given a method
to determinate the robust stability of a fractional degree polynomial with
interval uncertainties. Based on the Zero Exclusion Principle, we easily
have the following proposition:

PROPOSITION 4.1. Given matrix A, A\ o(A), consider the fractional
degree polynomial p(s,\) = n(s) Ad(s), where n(s), d(s) are defined in
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(2.2) and parameters (a;,b;) P and (o,B5)  Pag. Then p(s,\) is
robustly stable if and only if p(s,\) contains at least one Hurwitz stable
polynomial and 0 / p(jw,A) for w [0,+ ).

5. An application to fractional-order GRN systems

Consider a fractional-order GRN system described by the following
equation
D%y, = a;ri + du;
D*p; = ey bip

. wi=10 1][”1], (5.1)

(2
where r; and p; are the concentrations of mRNA and protein associated
with the i-th gene (i = 1,2,--- ,n), respectively. Parameters a; > 0 and
b; > 0 are the degradation rates of the mRNA, and protein, respectively.
¢; > 0 and d; > 0 are the translation and transcription rates, respectively.
a1,y (0,1) are fractional-orders, and in this paper we admit oy and s
to be incommensurate order.

The GRN has a cyclic feedback control, the input variable u;(t) is mod-
eled as

_f &pn(t), fori=1
ul(t) - { gipifl(t)’ for i = 2,3, e, N,

u;(t) > 0 activates the transcription of a gene, otherwise u;(¢) < 0 represses
the transcription.

The transfer function from wu; to y; is

¢id;
o ) 2
gi(s) stz 4 hogon 4 q.5%2 + q;b; 2

The overall GRN system with cyclic activation-repression interconnec-
tions is modelled as the feedback control system depicted in Fig. 3, where
ul(t) = [ (), ua(t), -+ un(1)]T = Ky(t) with

0 0 0 - & |
& 0 0 - 0

K=|02¢& 0 - 0, (5.3)
0 0 .- En 0 |

To facilitate the stability analysis described below, we move the gain
¢;d; into the corresponding feedback gain & in K. Thus, the overall system
can be equivalently transformed into the feedback system shown in Fig. 3
by replacing g;(s) by gs and K by K, where

1

- — 5.4
gz(s) Taibi ga1taz + Taisal + Tbi5a2 +1 ) ( )
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and
[0 0 0 - &R}
ERZ 0 0 - 0
K=| 0 &R O 0 |, (5.5)
0 0 - &R 0 |
where T, = 4 Tu, = L, T, = L, Ry = {/ai
& (s)
0—sot o & 0] Y
+ .
0 g
K

FIGURE 3. The scheme representation of the GRN systems
with cyclic interconnection

Ifa:l:a2:"':an7bl:b2:"':bn761202:"':Cn
and dy = dy = -+ = dy, then gi(s) = ga(s) = -+ = gn(s) = g(s), the
GRN system belongs to a class of homogenous multi-agent systems. The
dynamics of the GRN systems can be represented by

H(s) = (o(s)]  K)™, ¢(s) = _

where g(s) is defined in (5.4), K is defined in (5.5).
To this end, we will investigate the stability of the GRN system base
on the GFV method.

(5.6)

THEOREM 5.1. The homogenous GRN system with transfer function
defined in (5.6) is BIBO stable if and only if all the eigenvalues of K lie
on the left part of curve l,|Jl, in the complex plane, where l, and [, are
symmetrical with respect to the real axis, and

lo ={z+yjlz =zw),y=yw), w [0,+ )} (5.7)
where

r(w) = Tyw o2 cos(;(al +ag)) + Tow™ cos(gal) + Thw™? cos(;ag) +1,

y(w) = Typwr o sin(;r (a1 + a9)) + Tuw™ sin(gal) + Tpw? sin(gag).
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Proof From Lemma 3.1, we can know that the homogenous GRN
system with transfer function H(s) defined in (5.6) is Hurwitz stable if and
only if for all A\ o(K), A = ¢(s) when s C,. It is natural to determine
the boundary of ¢(s) when s lies on the imaginary axis. Then, for s = jw,
0 w<+ ,wehave

pijw) = z(w) + jy(w), (5-8)
for s = jw, < w < 0, we have

pjw) = z(w)  Jyw), (5.9)
where z(w) and y(w) are defined in (5.7). Therefore the stability region of
system (5.6) is the left part of curve I, |J [y in the complex plane. |

EXAMPLE 5.1. Assume that the number of gene is n = 5 and the
parameters (a,b, c,d) and (aq,aq) are givenasa=3,b=2,c=2,d=1.5

and oy = \22, oy = \é3, respectively. The nominal dynamics of each gene
is given as

_ 1 9 1

g(s) = | Varva P s , R*= o (5.10)

6S 2 +%82 +%52 +1

:
Lo
I S S S - R S-S

3
&
o
o
3
S
3
&
A
3
&
o
)
3
&
N
3

(a) (B)

FIGURE 4. The domain ¢ and the position of eigenvalues of K.

Thus T, = é, T, = %, Top = (1),. The values of & are given as & =

1(i = 2,4), & = 1(j = 1,3,5). One can compute the eigenvalues of
K oare A = L’ (i = 1,2,-- ,5), which are labeled by o in Fig.
4(a). This figure demonstrates that all the eigenvalues of K lie in the
stability region ¢ characterized by GFV ¢(s) = g(ls). Thus it follows from

Theorem 5.1 that the homogenous GRN system with cyclic gain matrix K is
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stable. Given the initial conditions r1(0) = 0.2, p1(0) = 1.5, r2(0) = 1.2,
pQ(O) == 0.3, T3(0) == 0.5, pg(O) = 1.3, 7“4(0) = 0.2, p4(0) = 1.3,
r5(0) = 1.2, p5(0) = 2.5, the state responses of mRNAs 7; and proteins
pi, (i = 1,2,---,5) are depicted in Fig. 5(a) and Fig. 5(b), respectively.
From these figures, we can deduce that the GRN system is stable, which is
coincided with theoretical analysis results.

1 —p1
2 —p2
— 3

s 15 —

o
6 P2
—

p4

4 —p5

FIGURE 6. The unstable state responses of mRNAs and proteins.

Otherwise, let we update ¢ = 3 and d = 5 and the other parameters

remain the same, then we can computer R? = g and the eigenvalues of
9 J(2i—)m

K are \; = e 5, (i =1,2,---,5), which are labeled by o in Fig.
4(b). This figure demonstrate that matrix K has two eigenvalues that

do not lie in the stability region . Thus it follows from Theorem 5.1
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that the homogenous GRN system with cyclic gain matrix K is unstable.
Meanwhile, given above initial conditions, the state responses of mRNAs
r; and proteins p;, (i = 1,2,--- ,5) are depicted in Fig. 6(a) and Fig. 6(b),
respectively. From these figures, we can deduce that the GRN system is
unstable, which verifies the theoretical analysis results.

In the following, we will investigate the robust stability of homogenous
GRN system with transfer function

H(s) = (6(s)T K)L, o(s)= -, (5.11)

where
cd
9(s) = s1+e2 4 hs 4 a5 + ab’
and K is defined in (5.5). We assume that parameters (a,b,c,d) and
(a1, ag) are unknown, but they belong to the following set:
Pupeq := {(a,b,c,d)| 0 a a; @0 b b b,
0 ¢ ¢ ¢0 d d; (Z},

(5.12)

and
Poja, = {(a1,00)| 0 o a1 a1 1,0 ay ao ay 1}
Based on Theorem 3.1, we can get the following propositions:
ProprosITION 5.1. The homogenous GRN system with transfer func-

tion H(s) defined in (5.11) is robustly stable if and only if for all A o (K),
the fractional degree polynomial

p(A, 8) = sMT2 4 ps™ 4 52 +ab  Acd (5.13)
is robustly stable for all (a,b,c,d) Papeq and (a1, 2)  Pajas-

Proof. Let n(s) = s*1%2 4 bs™ + as*? + ab, d(s) = cd in (3.7),
Theorem 3.1 implies that this proposition holds. O

ProOPOSITION 5.2. The fractional degree polynomial
p(A, 8) = sMT2 £ ps™ 152 +ab  Aed

is robustly stable for all (a,b,c,d)  Pgpeq and (a1, 2)  Payay, if and only
if p(A, s) contains at least one Hurwitz stable polynomial and

1(w) = 2(Ajw),



ROBUST STABILITY ANALYSIS OF LTI SYSTEMS ... 1669

for allw [0,+ ), where

1(jw) = (jw)* 1492 +b(jw)™ + a(jw)*2 + ab,
2(A, jw) = Acd.

P roof. It follows from Proposition 4.1 that p(}, s) is robustly stable
for all (a,b,¢,d) Papeqg and (a1, 2) Py, 0 if and only if p(A, s) contains
at least one Hurwitz stable polynomial and 0 / p(A, jw) forallw [0,+ ),
which is equivalent to that ;(jw) = 2o\, jw) forallw [0,4+ ). O

EXAMPLE 5.2. Assume that the number of genes is n = 5, and the
parameters (a, b, c,d) satisfy a =2.75 a a=2325b=180 b b=
220, ¢c=190 ¢ €=220,d=142 d d=1.63. The fractional
degree parameters (aq, o) satisfy a; =05 a1 a3 =1, ayg =05

az @z = 1. The control gains are given as § =1 (i = 2,4), § = 1
. . j(2i-1)m
( = 1,3,5), thus one can calculate the eigenvalues of K as \; = e’ “ ,

(1=1,2,---,5).

From Example 5.1, we can know that the polynomial p(\, s) defined in
(5.13) is stable when the parameters (a, b, ¢, d) and (a1, az) are given as a =

3,b=2,¢c=2,d=15and oy = \QQ, Qg = ‘é?’, respectively. Thus p(), s)

defined in (5.13) contains at least one Hurwitz stable polynomial. 1 (jw)
depicted by blue lines and  9(\, jw) depicted by red lines are shown in Fig.
7(a), respectively. From this figure, we can see that 1(jw) = 2(A,jw)
forallw [0,4+ ). It follows from Propositions 5.1 and 5.2 that the GRN
system is robustly stable.

F1cURE 7. The unstable state responses of mRNAs and proteins.

Next, assume d = 1.42 d d = 3 and other parameters are kept
the same, 1(jw) depicted by blue lines and 5(jw) depicted by red lines



1670 C.H. Wang, Y. Guo, S.Q. Zheng, Y.Q. Chen

are shown in Fig. 7(b), respectively. This figure demonstrates that the red
lines are contained in the blue lines, that is, there are some w [0, ) such
that 1(jw) = 2(A,jw). Thus Propositions 5.1 and 5.2 imply that the
GRN system is not robustly stable.

6. Conclusions

In this paper, we generalized the GFVs to fractional degree rational
functions. The stability and robust stability problems were investigated
for LTT systems with fractional degree GFVs. We provided necessary and
sufficient conditions to ensure the stability and robust stability of LTI sys-
tems with fractional degree GFVs. Finally, the effectiveness of methods
proposed in this paper is verified by analyzing the stability and robust sta-
bility of incommensurate fractional-order gene regulatory network systems.
The tool of stability analysis adopted in this paper is mainly discriminat-
ing the roots distributions of fractional degree polynomial. However, it is
still a hard and complex task especially for the case that fractional degree
polynomial is with incommensurate order. Therefore, the future research
is to find a simpler tool for checking the stability and robust stability of
LTT systems with FDGFVs.
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