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This paper presents the robust stabilization problem of linear and non-linear fractional-order systems with
non-linear uncertain parameters. The uncertainty in the model appears in the form of the combination of
‘additive perturbation’ and ‘multiplicative perturbation’. Sufficient conditions for the robust asymptot-
ical stabilization of linear fractional-order systems are presented in terms of linear matrix inequalities
(LMIs) with the fractional-order 0 < « < 1. Sufficient conditions for the robust asymptotical stabilization
of non-linear fractional-order systems are then derived using a generalization of the Gronwall-Bellman
approach. Finally, a numerical example is given to illustrate the effectiveness of the proposed results.
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1. Introduction

The question of stability is crucial in control theory. In the field of fractional-order control systems,
there are many challenging and unsolved problems related to stability theory, with robust stability,
bounded input-bounded output stability, and internal stability to name a few. Results on the stabil-
ity of fractional-order control systems have been presented in Matignon (1996), Chen et al. (2006)
and Petras er al. (2004a). The issue of stability for fractional-order linear time-invariant (FO-LTT) sys-
tems with interval uncertainties, the stability issue has been addressed first in Petras et al. (2004a)
and then further detailed in Chen et al. (2006), Petras et al. (2004b) and Ahn et al. (2007), even

(© The authors 2015. Published by Oxford University Press on behalf of the Institute of Mathematics and its Applications. All rights reserved.

GT0Z ‘T2 AN uo ABojouyda | pue 8aus IS J0 AISIBAIUN Ue|Inpqy Buly e /610'seulnoploxo: ipwewl//:dny woij papeo jumoqg


http://imamci.oxfordjournals.org/

2 0of 18 I. N'DOYE ET AL.

with fractional-order interval uncertainties. Recently, a necessary and sufficient condition to evaluate
non-commensurate fractional-order systems bounded input, bounded output stability has been presented
in Sabatier et al. (2013).

For uncertain fractional-order systems with interval coefficients described in state-space form, the
robust stability problem has been solved in Chen et al. (2006), where the matrix perturbation theory was
used to find the range of the corresponding interval eigenvalues. The Lyapunov inequality was used in
Ahn et al. (2007) to reduce the conservatism in the robust stability test of interval uncertain (FO-LTI)
systems. It is shown in Ahn ez al. (2007) that the robust stability of some specific (FO-LTT) systems with
commensurate orders «, | <« < 2, can be effectively checked, regardless of the interval perturbation
magnitudes. In Xing and Lu (2009), sufficient conditions for the robust stability and stabilization of
linear fractional-order systems with non-linear uncertain parameters based on a LMI approach with the
fractional-order o belonging to 1 < « < 2 have been presented. Recently, a novel fractional-order sliding
mode controller for robust stabilization and synchronization problems of a class of fractional-order
chaotic systems in the presence of model uncertainties and external disturbances has been investigated
using the fractional-order version of the Lyapunov stability theory by Aghababa (2012).

In Lu and Chen (2010), sufficient conditions for the robust stability and stabilization of linear
fractional-order interval systems with the fractional-order «, where 0 < & < 1, have been investigated.
This paper derived the results of N’Doye et al. (2010) to establish sufficient conditions for non-
linear fractional-order systems with 0 < o < 1 using LMI formulation and a new generalization of the
Gronwall-Bellman.

In this paper, sufficient conditions for the robust stabilization of linear and non-linear fractional-
order systems with non-linear uncertainty parameters with fractional commensurate orders o, 0 < @ < 1,
are presented in terms of linear matrix inequalities (LMIs) in the linear case and using the generalization
of the Gronwall-Bellman lemma in the non-linear case.

Another approach to stabilize non-linear systems is based on the Gronwall-Bellman lemma (see
Pachpatte, 1973; Desoer and Vidyasagar, 1975). For example, this lemma has been applied to the expo-
nential stability of non-linear affine systems by Zevin and Pinsky (2003), non-linear observer synthe-
sis by Shimizu (2000), robust stabilization and observation of non-linear uncertain systems by Zak
(1990), and robust stability of linear systems by Chen and Wong (1987) and Jetto and Orsini (2007).
The generalization of the Gronwall-Bellman inequality provides an explicit bound to the unknown
function and has been a powerful tool in the study of quantitative properties and stability of solutions
of fractional-order equations (see N’Doye et al., 2009a,b, 2011). Based on the generalization of the
Gronwall-Bellman inequality, we aim to establish a set of simple norm criteria of the robust stability
for the non-linear fractional-order systems.

In Section 2, we provide some background on the fractional derivative and the two-parameter

Mittag-Leffler function, which plays a very important role in fractional calculus. In Section 3, a suffi-
cient and necessary condition for asymptotical stability of fractional-order systems with fractional-order
a belonging to 0 <« < 1 is presented. In Section 4, uncertain non-linear fractional-order systems are
presented. In Sections 5 and 6, the important issues related to linear and non-linear fractional-order
systems are studied, respectively. Sufficient conditions for the robust stabilization of such linear and
non-linear fractional-order systems are presented in terms of LMIs and using the generalization of the
Gronwall-Bellman lemma.
Notations. ||x|| = VxTx and lAl = \/Amax (ATA) are the Euclidean vector norm and the spectral matrix
norm, respectively, where Ap,x (ATA) is the maximal eigenvalue of the symmetric matrix ATA. (F());
stands for the ith component of vector field £(-), M T is the transpose of M. Sym{X} is used to denoted
XT 4+ X. ® stands for the Kronecker product.
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2. Preliminaries
2.1 Definition of the fractional derivatives

Fractional-order integration and differentiation are the generalization of their integer-order counterparts.
Efforts to extend the specific definitions of the traditional integer order to the more general arbitrary
order context led to different definitions for fractional derivatives (Das, 2008). One of the basic functions
of fractional calculus is Euler’s Gamma function which is defined by the integral

)= / h e 'Fdr, .1
0

which converges in the right half of the complex plane, i.e. Re(z) > 0. The correct definition of fractional
derivative initial conditions needs to take into account the states of integer order integrators and more
particularly the distributed state of the fractional integrator, we refer the readers to Trigeassou and
Maamri (2010, 2011) and Trigeassou et al. (2011, 2013) for more details. One of the limitations of the
definitions of fractional-order differentiation and model representations is the absence of initial memory
effect. In view of the fact that the initial value of fractional-order systems is determined by all past states,
it is not simple to take into account the initial condition in a coherent way. In spite of such difficulty, the
initialization problems have been studied using Caputo and Riemann-Liouville definitions in Lorenzo
and Hartley (2008, 2011). The fractional derivatives definitions differ in the initial conditions considered
in each case. In the following, well-known two definitions are given with initialization functions.

The Riemann—Liouville derivative with fractional-order « of continuous function f(¢) with respect
to t and the terminal value O is defined as (Lorenzo and Hartley, 2008)

dT - RLW(](‘, o,a, O’ t),

" _ dn t f('L')
oDif ()= 'n—oa)de J, (t—1)e 7t

R _#dﬂ /Of(":)
Ly (f,a,a,0,1) = Fn—a)dr |, (=t dr

The Caputo derivative is defined as follows (Lorenzo and Hartley, 2011):

1 " (d%(r)/dt")
(n—a) Jo =0y
1 O (d"f(v)/dr")

C
,,a,0,1) = dr,
Vs DD =070 G pe

dr — “Y(f,a,a,0,1),

oDIf (1) = T

where n € N,a € R*,a € R is the origin of time, I'(.) is the Gamma function and n — 1 <« < n.
Y (f,a,a,0,t) and Ry (f,a,a,0,t) are initialization functions for the Caputo definition and the
Riemann-Liouville definition, respectively.

In Lee et al. (2014), it has been shown that the definitions of Caputo and Riemann—Liouville deriva-
tives, and their Laplace transforms are equivalent, respectively, when the initial value history is a con-
stant for a < t; < 0. In the rest of the paper, we use an operator D*f(f) and an initialization function
Y (f,a,a,0,1) to represent both the Caputo and Riemann-Liouville derivatives with a constant initial
value history (i.e., zero initial value history).
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In Trigeassou et al. (2012), Sabatier et al. (2010a) and Hartley et al. (2013), it has been shown that
the initialization function approach and the infinite-state approach are strictly equivalent, so we adopted
the definitions of fractional derivatives with initialization functions in our paper.

2.2 Numerical solution of fractional differential equations

In Diethelm et al. (2005), Diethelm et al. propose a review of the numerical solution techniques for
systems of fractional differential equations. The predictor—corrector method proposed by Diethelm
et al. (2002) is used in this paper. Such a method is a generalization of the Adams—Bashforth—-Moulton
predictor—corrector technique suitable for fractional differential equations, the numerical algorithm is
based on the Caputo definition for the fractional derivative. The technique can be applied to both linear
and non-linear fractional differential systems with either homogenous or non-homogenous initial con-
ditions. In summary, the predictor step is calculated through the following equation (Diethelm et al.,
2002):

[e]=1 g
Al = Y 2L 4 m Zb, i (60 (1), 22)
k=0
where I
Bins1 = — (4 1 =) = (0 = ), 2.3)

and the corrector step is calculated by the following equation:

[o]=1 g o n
ATSING) h
Iy = n+1» Iy . j.n i, yn(2)), 24
Yi(tus1) ; 0t Fa T +2)f( V() + F(Hz);a,, AfGyn), 24
where
et — (n—a)(n+ D, ifj=0
Ajnp1 =4 N —j+2°T +n—jot =2 —j+ 1)L, ifl<j<n (2.5)
1, ifj=n+1.

Then, the fractional Adams—Bashforth—-Moulton algorithm technique is described by equations (2.2)
and (2.4) with the weights defined by equations (2.3) and (2.5).

2.3 Definition of the two-parameter Mittag-Leffler function

The two-parameter Mittag-Leffler function plays a very important role in the fractional calculus and is
defined in Podlubny (1999) and Erdélyi and Bateman (1955) as follows:

Eup(2) = ; F(a“ﬁ) a>0, >0, (2.6)
where
Eo1(2) = Zr( o =E©
k=0

is the one-parameter Mittag-Leffler function.
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The Laplace transform of the two-parameter Mittag-Leffler function is

Pk

W, (2.7)

o0
/ e_srt“k+’3_1Eé]fl)3 (at*)dt =
0

where ESy = (d(k)/ df*)E, 4.
The use of the Laplace transform of the Mittag-Leffler function (2.6) is a convenient way for obtain-
ing various useful relationships for the Mittag-Leffler function.

LEMMA 2.1 (Podlubny, 1999; Wen et al., 2008) If A € C*" and « < 2, 8 is an arbitrary real number,
y is such that amr /2 < y <min[7, m«] and 6 > 0 is a real constant, then

Ee A <

» vy SlaghiA)sm, i=1,...,n, (2.8)
L+ lA]l

where 8 = max(C, ||P||||P~'||C), 1;(A) denotes the ith eigenvalue of matrix A, P is a non-singular coor-
dinate transformation giving the Jordan form of A, C/(1 + ||A|]) > max; <<, |Co,/(1 + A;)|, where C
and Cy, are given positive constants.

3. Stability results for fractional-order dynamic systems

It has been shown that a fractional-order system of order 0 < o < 2 is stable if the following condition
is satisfied (see Matignon, 1996, 1998) for 0 < o < 1 (see Sabatier et al., 2008) for 1 <o <2

|arg(spec(A))| > a%, 3.1)

where spec(A) represents the eigenvalues of matrix A.

This paper focuses on the stabilization problems for the case 0 < o < 1 and the condition given in
Lemma 2.1 is satisfied by (3.1).

The necessary and sufficient LMIs conditions to satisfy condition (3.1) when the fractional-order «
belonging to 0 < « < 1 are given in the following lemma.

LEMMA 3.1 (Lu and Chen, 2010) LetA € R™*" be a real matrix and 0 < @ < 1. A fractional-order system
is asymptotically stable (i.e. |arg(spec(A))| > a(x/2)) if and only if there exist two real symmetric
matrices P € R™", k= 1,2, and two skew-symmetric matrices Py € R™" k = 1,2, such that

M

> " Sym{I}; ® (AP;)} <0, (32)
1 j=1

Pu P2 Py Py
0, 0, 33
|:_P12 Pn] ~ [—Pzz le} g (3-3)
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Fi1G. 1. Stability region of linear fractional-order systems with 0 <o < 1.

where

r T TN\ r T
sin (a E) —COoS (aE) cos (aa) sm )
Fll = T s FIZ = 7_[
cos (aE) sin (a— —sin (aE cos )
ro. T T\ r 71 T G4
sin (a E) COS (0[5) — COS (QE sin 5)
I = T I | 2= - .
—Cos (a—) sin (a—) —sin (a—) — Cos (a—)
L 2 2/ L 2 2

Note that the conditions given in Lemma 3.1 are equivalent to those given in Sabatier et al. (2010b)
and Farges et al. (2010). Figure 1 shows the stable and unstable regions of the complex plane for
O<a<l.

To prove the results in Sections 5 and 6, we need the following lemma.

LemMA 3.2 (Khargonakar et al., 1990) Let X and Y be real vectors of the same dimension. Then, for
any scalar é > 0, the following inequality holds

XY +YTX <8X"X +57'Y"y. (3.5)
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4. Uncertain non-linear fractional-order systems

In this paper, we generalize the integer-order mathematical model to the following uncertain fractional-
order mathematical model where the system was initialized in the past with zero initial value history

A+ A)Dq+ -+ (A1 + A)D{ g + (Ao + Ao)g
=Bu+f(q,D%,....D" Vg + Y (q,,a,0,1), 4.1

where n is an integer, 0 <o < 1, g is a vector e R",A; e R**" and B € R™™ are known matrices that
represent the values of the system at nominal working point, the vector u € R™ is a known driving source
and f(.) € R” is a known vector field. ¢ = (¢\"¢Y ... ¢?)" represents the ith order differentiation of
vector g. A; e R™(i=0...n) is the unknown constant matrix describing the uncertain parameters.
Note that model (4.1) with the non-linear functions f(.) = 0 has been used in Xu and Darouach (1998)
with @ = 1 and in Xing and Lu (2009) with 1 <o < 2.

Suppose that the matrix (A, + A,) is non-singular (see Xu and Darouach, 1998; Xing and Lu, 2009)
(it is true for most of the physical systems), then (4.1) with zero initial value history can be written in
the following form:

Dx(t) = (I + An)[(A 4+ A)x(®) +f (x(®)u(t) + Bu(t) + ¥ (x,,a,0,1)], O<a<l, 4.2)

where
0 I, 0
A= : : : A Or—1ynx(n—1yn 0
0 0o ... I, T 0 —(A,+A)714A, |
|—-A Ay —AA Lo —AS1AL
q
B _O(n—l);LXm . Diq A Op—tynscn -+ Om=Dynxn F)= lO(nl)nxm‘|
A'B |7 ’ ¢ —A Ay o —ATTAL | ATF ) |
) pibe,

where x(7) € R™ is the pseudo-state vector and ¥ (x, &, a, 0, 7) is the initialization function.
In the sequel of the paper, we use the following assumption.

ASsUuMPTION 4.1 The non-linear system (4.2) satisfies the following conditions:

1. The system was initialized in the past, i.e. x(¢) =ng for t €] — 00, 0] where ng is a constant
vector.
2. The function f (x(¢)) is bounded and measurable with f(0) = 0.
3. There exist a positive constant u such that
If @I < pellx(@l- (4.3)

4. The pair (A, B) is stabilizable.
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REMARK 4.1 The representation (4.2) is not strictly a state space representation, since whatever
definition of fractional derivative operator is used, the initial state vector x(#) at the initial time #; is
not sufficient to determine the future and past behaviours of the systems. That is the reason why we
denote the representation (4.2) as the pseudo-state space representation. We refer the reader to articles
Sabatier et al. (2010a, 2012) and Trigeassou et al. (2012).

REMARK 4.2 From the viewpoint of robustness analysis, it is only needed to consider the following two
kinds of uncertain systems:

D%x(f) = (A + A)x() +f (x@)u(t) + Bu(t) + v (x,2,a,0,1), O<a <1 “4.4)
and
D*x(t) = (I + Ap)[(A + ADx(@) + f (x()u(t) + Bu(t) + ¥ (x,,a,0,1)], O<a<]l. 4.5)

The uncertain fractional-order non-linear systems described by (4.4) is a special case of (4.5)
(when A4,, =0).

AssuMPTION 4.2 (Xing and Lu, 2009) Consider the fractional-order non-linear systems (4.2) with
non-linear uncertain parameters A, and A,, where A, =—(A, + A)~'A, and AZ =—A"1A,_,
(fori=1,...,n).

Suppose that

Aps <dp, AL <d., (4.6)

where d,,,d} € R™" (fori=1,...,n), then A,, and A, satisfy

0 0 0 0
Ap=|: - <[t . | =D (4.7a)
0 Ams 0 i
0 0 0 0
A= . |<|: .. |=D, (4.7b)
Al An d! d"

First, to investigate the robust stabilization of the non-linear fractional systems with 0 <o < 1,
Lemma 3.1 is used to derive a sufficient robust asymptotical stabilization of the linear fractional-order
systems in terms of LMIs formulation. Thus, obtained result will be extended to ensure the robust
stabilization of the non-linear fractional systems using the generalization Gronwall-Bellman lemma
(see N'Doye et al., 2009a,b, 2011).

5. Robust stabilization of linear fractional-order systems

Consider the linear fractional-order system with non-linear uncertain parameters A,, and A, described
by the pseudo-state space representation equation of the following form ((4.2) with £ (.) =0)

D*x(t) = + A)[(A + A)x(t) + Bu@®) + ¥ (x,a,a,0,1)], O<a<l, é.1)
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where x(f) € R” is the state vector, u(f) € R™ is the control input vector and v (x,«,a,0, ) € R" is the
initialization function. A and B are known constant matrices, A,, and A, are defined in Assumption 4.2.
The system was initialized in the past, i.e. x(t) = xz' for t €]a, 0] where xg’ is a constant vector.

The asymptotical stabilization of system (5.1) is given in the following theorem.

THEOREM 5.1 Under Assumptions 4.1 and 4.2, the linear fractional-order system (5.1) where 0 < @ < 1
with non-linear uncertain parameters A, and A, satisfying (4.7) and ¥ (x, «, a, 0, f) = O controlled by
the following feedback:

u(t) = Lx(1), (5.2)

is asymptotically stable if there exists a matrix ¥ € R™” and a symmetric positive-definite matrix
N € R™" and four real scalars §; > 0 and ¢; > 0, (i = 1, 2) such that

3]

= {ilTl 512} <0, (5.3)

Eh En

where

[

2 2 2
n=Y_ Sym{Ii ® AN +BY)} + > 8, ® D) + D _ £i(ly ® Dyua)
i=1 i=1 i=1
n=[L® AN +BY)' L®WAN+BY)T LNT LN
20 = —diag(8y, 82,241, £2) @ Iy,

0 O

and I (i =1, 2) satisfy (3.4).
Moreover, a stabilizing state-feedback gain matrix is given by L=YN "',

Proof. The linear fractional-order systems (5.1) with the linear feedback u(#) = Lx(¢) can be written as
Dx(f) =Ax(H), O<a <1, (5.4)

where A = (I + Ap)[(A + A) + BL] = (A + BL) + Ap(A + BL) + Ay + AyA,,.
From relation (4.6) (see Xing and Lu, 2009), it is easy to see that
AnAy, <D, and  AugAy, < Dy, (5.5)

ma ~3

where A, = A, + A, A, and 13,,,,13,,,“ e R™",
The linear fractional-order systems (5.1) are asymptotically stabilizable if the fractional-order sys-
tem (5.4) are asymptotically stable. It follows from Lemma 3.1 that this is equivalent to that there

exist two real symmetric matrices Py; € R™" k= 1,2, and two skew-symmetric matrices Py, € R"*",
k=1, 2, such that

2 2

2 2
DD sym{l;® (AP))} = D> sym{l; ® (APy))

i=1 j=1 i=1 j=1
2 2 B
+ 35" Sym{Iy ® (AnAP; + AnaPy)) <0, (5.6)

i=1 j=1

where A=A + BL and I};(i,j = 1,2) satisfy (3.4).
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Now, taking Pj; = P>; = N and P, = Py, =0 in relation (5.6), we obtain the following relation:

2 2

2
SN sym{rye @rp}=>"sym{r e @}

i=1 j=1 i=1

2
+) Sym{I ® (A,AN + ApaN)} < 0. (5.7)

i=1

Note that I“,-ll"l.lT =N (i=1,2) and it follows from Lemma 3.2 that for any real scalars §; > 0 and
£; >0, (i=1,2) such that

2
> " Sym {11 ® (4,AN + AuN)}
i=1
2 2

= Sym{Ii ® (A,AN)} + > Sym (I} ® (AnaN)} ,
i=1 i=1

2 2
=>"Sym {111 ® A)(h ®AN)} + > Sym{(I11 @ Apa)(a @ N)}
i=1 i=1
2 2 B B
<Y 8T @ AT ® Aw)" + Y87 (Il ® AN)T (I, ® AN)
i=1 i=1
2 2
+) T ® Awd) (T ® M) + D 4 (b ON) (L ®N),

i=1 i=1

2 2
<D 8 ® Andy) + Y87 (I @ AN)T (I, ® AN)
i=1 i=1
2 2
+) lih® Ay + Y T LN (L ®N). (5.8)

i=1 i=1

From (5.5), the inequality (5.8) can be written

2 2 2
> Sym{Ii ® (AwAN + ApaN)} < 8L ® D) + Y 8 (I ® AN)T (I, ® AN)

i=1 i=1 i=1

2 2
+Y @D+ G LN LeN). (59

i=1 i=1
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Substituting (5.9) into (5.7), we obtain
2 N 2 B 2

sym{ Iy ® @y} <3 sym {1 ® AN} + > 81 @ D)
=1 i=1 i=1

i=1 j

2 2
+D 67 (b ®AN) (1 ® AN) + Y £i(1 ® Dya)
i=1 i=1
2
+3 6 BON L ON) <. (5.10)

i=1
Set ¥ = LN and substitute A = A + BL into (5.10), we have

2 2 2

> sym {1y @ APy } <> Sym (I @ AN +BY)) + > 81 @ D) + > €ill ® D)
i=1 j=1 i=1 i=1 i=1

2
+Y 87 (I, ® (AN + BY))" (I ® (AN + BY))

i=1

2
+Y 6 BN L ON) <0. 5.11)

i=1

This inequality (5.11) is equivalent to (5.3) by the Schur complement (see Boyd ef al., 1994). This
completes the proof. (]

In Section 5, a sufficient condition for the linear fractional-order systems to be robustly asymptot-
ically stable is studied. Now, in Section 6, a sufficient robust stabilization condition for the non-linear
fractional-order systems is derived using the generalization of Gronwall-Bellman approach.

6. Robust stabilization of non-linear fractional-order systems

Consider the non-linear fractional-order system with non-linear uncertain parameters A,, and A,
described by the following form:

D*x(t) = + Ap)[(A + A)x(2) + f (x(®)u(t) + Bu(t) + ¥ (x,0,a,0,1)], O<a <], 6.1)

where x(¢) € R" is the state vector and u(f) € R™ is the control input vector. A and B are known constant
matrices, A,, and A, are defined in Assumption 4.2.

Under Assumptions 4.1 and 4.2, the robust asymptotical stabilization of system (6.1) is given in the
following theorem.

THEOREM 6.1 Consider that Assumptions 4.1 and 4.2 hold.
First, assume that the non-linear function f (x(f)) = 0. Then, the non-linear fractional-order system
(6.1) with non-linear uncertain parameters A,, and A, satisfying (4.7) controlled by the following
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feedback:
u(t) = Lx(t) (6.2)

is robustly asymptotically stable.

Secondly, assume that the non-linear function f(x(¢)) is not equal to zero. Then, the non-linear
fractional-order system (6.1) with non-linear uncertain parameters A,, and A, satisfying (4.7) controlled
by the feedback (6.2) is robustly asymptotically stable and has a unique solution x(¢). In addition, the
state x(¢) is bounded as follows:

Bllxoll /(1 + A]|2)

e < = =< ;
(1 = (@uoLlllxolD/ (e JAIN) (1 = (1/(1 + [|All(t/2)))))

(6.3)

where the initial state ||xo|| satisfy

lxoll < ﬂ”z . (6.4)
2p|ILNIE
Moreover, a stabilizing state-feedback gain matrix is given by L=YN .

Proof. Consider that Assumption 4.2 hold. If f(x(#)) =0, the proof of the robust asymptotical stabi-
lization using the feedback control (6.2) is given by Theorem 5.1.

Now, assume that the initial state ||xo|| satisfy relation (6.4) and the non-linear function f (x(¢)) is not
equal to zero and satisfy Assumption 4.1.

The non-linear fractional-order system (4.2) with the control feedback u(#) = Lx(¢) can be written as

Dx(t) = (I + Aw)[(A + Ag) + BLIX(1) 4 f (x()) Lx(t) + ¥ (x,@,a,0,1), O<a <1, (6.5)

where A = I+ A)IA+ A, + BL], A, and A, satisty the relation (4.7).
Using the Laplace transform on the system (6.5), we obtain

X(5) = (Is" = A) LW (x 0,0, 0,0) + L(F (D) Lx ()], (6.6)

Then, taking the Laplace inverse transform for (6.6), obtained with the inverse Laplace transform
formula of the Mittag-Leffler function in two parameters, and using the integral convolution yield

~ f ~
x(t) :Ea,l(At"‘)xlob + / (t— t)"‘_lEa,a A — o)*)f (x(1))Lx(T) dT. 6.7)
0
Using the norm operator on the both sides of (6.7) and from condition (4.3) and Lemma 2.1, we
obtain

Ollxoll CuBIL|l— ]!
x| < =~ +/ = Ix(0)|1* dr (6.8)

1+ Az o 14+ |JA(t —1)¥|
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or equivalently

01| x "Lt — 7)* !
lIxoll +/ uOIILII( )
0

— i lx(0)|? dz. (6.9)
I+ Al 1+ ||All(z — ©)*

lx(DIl <
Then, according to the generalization of Gronwall-Bellman Lemma A.1 (see N’Doye et al., 2009a,b,
2011), let

Bl1xoll (1) = HOIIL| (7 — )

S v . e=2. (6.10)
1+ [A]j 1+ Al — o)

By the generalization of Gronwall-Bellman lemma, if the following inequality is satisfied

1—(8—1)/(r(s))z’lf(s)ds>0, (6.11)

then, the state is bounded as follows:

t
(1) < : r(®) . (6.12)
(I = —=1) [,(r(s)*1f (s) ds) /=D
Substituting (6.10) into (6.11) yields
t 0 o(t — a—1
1—,u||L||/ ( ol ) -7 dt>0 Vi>0, (6.13)
o \1+[Allz*/ 1+ Al — )¢
which is equivalent to
1 — ub?||L||||Ix]|@ () >0 V>0, (6.14)
where
! 1 t—1)*!
D(1) = — = dr. (6.15)
o (I+llAllz*) (1 + IA]l(z — ©)%)

To verify the inequality (6.14), equation (6.15) is rewritten to the sum of the two parts

/2 1 (t _ .[)afl t 1 ([ _ .L,)otfl
(1) =/ = = dr +/ = = dr, (6.16)
o (I+Allze) (1 + Al —1)%) 2 (L+ [|Aflz®) (14 [|A[l(t — 7))

which is equivalent to

t/2 .L,oz—l
CD(t):Z/ ——— dr. (6.17)
o (1+[Allz*)?

By integrating (6.17), we obtain

D(1) = 2~ (1 - ~1 ) . (6.18)
A\ T+ A6/
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Using (6.18), we have @(#) > 0 if > 0 and the expression
1 — pl|IL)167|lx0l| @ (1),

in relation (6.14) is minimal when ¢ tends to infinity. Then, inequality (6.14) holds if the initial
state x( satisfies condition (6.4). From (6.9), the generalization of Gronwall-Bellman lemma given
in Lemma A.1 yields the following inequality:

Ollxoll/(1 + A1) _
(1 = (uO LI Ixoll) /e AN (1 = (1/(1+ Al[(£/2)))))

which is equivalent to inequality (6.3). Then, if time ¢ tends to infinity, ||x(#)| converges which implies
the asymptotic stability of the zero solution. This ends the proof. 0

x| <

(6.19)

7. Numerical example

In this section, we provide a numerical example to illustrate the applicability of the proposed method.
Considering the following non-linear fractional-order system with non-linear uncertain parameters A,,
and A,

D*x(t) = (I + Ap)[(A + ADx(@) + f (x(@)u() + Bu()], o« =0.76, (7.1
where
0 1 0 0 0 0 O 0 0 0
A= 1|0 1\, B=|0|, A,=|0 0 O|<D,=|(0 0 0 ,
1 -4 5 1 0 0 6, 0 0 0.0124
0O 0 O 0 0 0 0
A,=10 0 0| <D,= 0 0 0 , f)=|—x1x3
S0 81 & 0.01183 0.01732 0.06512 X1X2

First, assume that the non-linear function f (x(z)) = 0. From Theorem 5.1, it follows that the non-linear
fractional-order system (7.1) is asymptotically stable.

A feasible solution of (5.3) for the above fractional-order system (7.1) when f (x(#)) = 0 is obtained
as follows:

02626 —0.1106  0.0259
Y =[-0.8320 0.9897 —1.3368], N=|-0.1106 0.1173 —0.0826{ ,
0.0259 —0.0826 0.1393

with o =0.76, 8, =1.0467, &, =0.2085, ¢, =0.9810 and ¢, =1.0542.
Finally, the asymptotically stabilizing state-feedback gain matrix can be obtained
L=YN"'=[-24736 —05712 —9.4738].

The time response of the system (7.1) with non-linear function f (x(¢#)) =0 and o = 0.76 is shown in
Fig. 2, which shows that it is asymptotically stable and its states converge to zero.

From Theorem 6.1, assume that the non-linear function f (x(¢)) is not equal to zero and the initial
state satisfy ||lxg] < 0.0741 with 6 = 1.865.
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Fi1G. 3. Time response of the system with u(r) = Lx(t).
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Then, the non-linear fractional-order system (7.1) with non-linear uncertain parameters A,, and A,
controlled by the feedback (6.2) is robustly asymptotically stable and the time response of the sys-
tem with

0 1 0
A=I+A,)[A+ A, +BL]= 0 0 1
—1.4799 —-4.6104 —4.4634

is shown in Fig. 3, which shows that it is asymptotically stable and its states converge to zero.

8. Conclusion

In this paper, the stabilization problem of uncertain linear and non-linear fractional-order system with
non-linear uncertain parameters has been studied using LMIs in the linear case and using LMIs and
the generalization of Gronwall-Bellman lemma in the non-linear case. Sufficient conditions for the
robust asymptotical stabilization of such linear and non-linear fractional-order system with non-linear
uncertain parameters have been obtained. A numerical example has been given to show the effectiveness
of the proposed results.
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Appendix
A.1  Generalization of Gronwall-Bellman lemma

LemmA A.1 (N’Doye et al., 2009a,b, 2011) Let

(1) a,beR,0<a<b,r(t) > 0 a positive, monotonic, decreasing function, an integer £ > 1,

(ii) f :[a,b]— RT an integrable function such that, V«, 8 € [a, b], (0 < a < B), we have

/ ﬁf (s)ds >0,
(iii) x:[a,b] — R™ an essential bounded function such that
x() <r@) + /tf(S)(X(S))E ds. (A.D)
If the following inequality
1—@—1 /t(r(s))f—‘f(s) ds >0, (A.2)
holds, then
()

x(t) (A3)

g .
(1= (@€ —=1) [;(r(s)*'f (s) ds) /=D
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