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Abstract: Mittag—Leffler stability is a property of fractional-order dynamical systems, also called fractional Lyapunov stability,
requiring the evolution of the positive-definite functions to be Mittag—Leffler, rather than the exponential meaning in Lyapunov
stability theory. Similarly, fractional Lyapunov function plays an important role in the study of Mittag—Leffler stability. The
aim of this study is to create closed-loop systems for commensurate fractional-order non-linear systems (FONSs) with Mittag—
Leffler stability. We extend the classical backstepping to fractional-order backstepping for stabilising (uncertain) FONSs. For
this purpose, several conditions of control fractional Lyapunov functions for FONSs are investigated in terms of Mittag—Leffler
stability. Within this framework, (uncertain) FONSs Mittag—Leffler stabilisation is solved via fractional-order backstepping
and the global convergence of closed-loop systems is guaranteed. Finally, the efficiency and applicability of the proposed

fractional-order backstepping are demonstrated in several examples.

1 Introduction

Recently, fractional-order systems (FOSs) have been widely
studied in engineering and mathematical sciences [1-3]. This
is mainly due to the fact that many physical phenomena
are well characterised by fractional-order differential equa-
tions [3], such as hereditary and non-locality, self-similarity
and stochaticity. Modelling of transmission lines, viscoelas-
tic materials, cell diffusion processes, complex behaviours of
polymers, electromagnetic waves and electrode—electrolyte
polarisation are some typical applications. For more details
on the applications of fractional calculus, one can refer to the
monographs [1-4], the papers [5—14] and references therein.

Owing to the broad applications of FOSs, FOS stabil-
isation problem has become an interesting topic and has
attracted a lot of attentions among researchers and sci-
entists in recent years. Most of the known results on
FOSs stabilisation concentrated on fractional-order linear
systems (FOLSs). The early stability criterion of FOLS is
the Matignon theorem [15]. And its linear matrix inequal-
ity (LMI) representations were proposed by Sabatier et al.
[4] and the sufficient and necessary conditions were inves-
tigated by [16—18] further. With respect to LMI condi-
tions, the pseudo-state feedback stabilisation of deterministic
FOLSs was addressed in [19, 20]. On the other hand, many
new robust stabilisation results were put forward in [5-9]
recently. For early robust stabilisation results one can refer to
[16-18] and references in [5-9]. Besides, H, control prob-
lems of FOSs were proposed by authors in [7-9]. However,
real FOSs always have many non-linear structures.

So far, fractional-order non-linear systems (FONSs) have
formed a new class of non-linear systems [1, 2]. It is well
known that the Lyapunov direct method is the fundamental
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tool to stabilise non-linear systems. Recently, Lyapunov-
like stability of FOSs has been discussed in several papers.
An early Lyapunov-like theory for FOSs was investigated
by Lakshmikantham et al. [21]. In [22, 23], Mittag—Leffler
stability and generalised Mittag—Leffler stability were intro-
duced to describe Lyapunov-like stability of FOSs. Gener-
alised Mittag—Leffler stability of multi-variables FOSs was
investigated by Yu ef al. [24] further. Although there is no
difficulty to apply Lyapunov-like technique to FOSs in [25],
the parametric stability condition seems too parsimonious.
Moreover, some Lyapunov functionals were proposed by
Burton [26] to prove the stability of FOSs. From different
perspectives, Wang et al. [27] introduced Hyers—Ulam—
Rassias stability and Hyers—Ulam stability for FOSs. How-
ever, finding appropriate Lyapunov-like functions for FOSs
remains a tedious task. Some existing possible Lyapunov-
like functions for FOSs can be found in [25, 28, 29].

An attention should be paid to, Mittag—Leffler stability
just describes the pseudo-state trajectories, not real states
of FOSs, which you can refer to [19, 25, 30, 31] for
distinguishing them. So, we call the Lyapunov function
that are constructed for Mittag—Leffler stability as frac-
tional Lyapunov function and this technique as the fractional
Lyapunov direct method.

To the best of authors’ knowledge, few results on FONSs
stabilisation have been reported in terms of Mittag—Leffler
stability. In [10], linear state feedback was introduced
to stabilise linearised FONSs using the eigenvalue analy-
sis. Robust stabilisation of fractional-order non-linear com-
plex networks was investigated by Lan ef al. [11] via
the Lyapunov indirect approach. For some simple exam-
ples of FONSs stabilisation, one can refer to [10, 21—
27, 29]. Recently, fractional-order sliding-mode control is
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well defined for stabilising some specific FONSs, which you
can refer to [12—14, 32] and references therein. So far, the
stabilisation problem of FONSs remains an open problem,
especially in terms of Mittag—Leffler stability.

Motivated by the mentioned developments, we concen-
trate on non-linear Mittag—Leffler stabilisation of commen-
surate FONSs. As we know, backstepping is a well-known
efficient methodology of stabilising non-linear systems,
which has been widely applied in practical applications [33].
However, to the best of authors’ knowledge, backstepping
is restricted to the classical integer-order non-linear systems.
There are few results on it, besides the first example pro-
posed in [1]. Therefore there are many works to do with
backstepping control laws design for FONSs. As the result-
ing control laws are with fractional-order forms, we call such
methodology the fractional-order backstepping.

In our contributions, the Mittag—Leffler stabilisation prob-
lem of commensurate FONSs is solved with a guaranteed
global convergence of closed-loop systems. Firstly, a general
framework of fractional Lyapunov function-based design
is well defined via control fractional Lyapunov function
(cfif) for FOSs. Several conditions of cflfs for FONSs are
investigated in terms of Mittag—Leffler stability. Within
this framework, fractional-order backstepping is shown by
extending the classical backstepping. The analytic form of
(adaptive) feedback control laws of stabilising deterministic
or uncertain fractional-order non-linear systems (DFONSs
or UFONSs) are designed via fractional-order backstepping.
Several examples demonstrate the efficiency of the proposed
fractional-order backstepping. These developments provide
a systematic method of constructing Mittag—Leffler stable
closed-loop systems for FONSs and a global convergence is
built into them.

The rest of the paper is organised as follows. Some def-
initions are introduced in Section 2 and a class of cflfs is
defined. Main results of fractional-order backstepping are
presented in Section 3. Section 3.1 deals with the non-linear
Mittag—Leffler stabilisation of DFONSs. Moreover, the addi-
tional adaptive laws will be included to adaptively stabilise
FONSs with unknown constant parameters in Section 3.2.
The efficiency and applicability of fractional-order backstep-
ping are verified in simulations in Section 4. Finally, some
conclusions are summarised in Section 5.

2 Preliminaries

In this section, some definitions of fractional calculus are
introduced. Our main result is to propose a general frame-
work of fractional Lyapunov function-based design via cfif
for FOSs. A class of cflfs is defined for FOSs and the
sufficient conditions of cflfs are provided.

2.1 Fractional-order calculus

Definition 1 (Caputo fractional-order derivative [3, 34]):
Let f(¢) is a real continuously differentiable function. The
Caputo fractional-order derivative with order 0 < v < 1 on
t > 0 is defined by

1 Jt 1™ ()
I'(n—v)J, (t—7)r—nt!

Dif () = (M

where n = [v], v > 0, [-] is the ceiling function and the
initial time is 0.
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For simplicity, the symbol D" is shorted for D}. The
fractional-order derivative of a constant C is 0. A special
attention should be paid to the property of ‘No violation of
the Leibniz rule. No fractional derivative’ [35]. The Leib-
niz rule for fractional-order derivative is a infinite sum
[34], which cannot be used for fractional Laypunov-based
analysis.

Another setback of fractional calculus is about the chain
rule for fractional-order derivative. Let a real continuously
differentiable composite function f o g(¢), its fractional-
order derivative is an infinite sum, which you can refer to
[34].

To sum up, as the Leibniz rule and the chain rule can
result in infinitely many terms, it is difficult for a class
of common quadratic Lyapunov functions to figure out the
Mittag—Leffler stability of FONSs [1]. This phenomena is
the main reason for the difficulty of fractional Lyapunov
based design to stabilise FONSs. It seems that the fractional
Lyapunov direct method is invalid for FONSs Mittag—Leffler
stability analysis. Fortunately, within the framework of
Mittag—Leffler stability [22-24], we can start from V' = %xz
to generalise a class of fractional Lyapunov functions.

2.2 Fractional-order extension of control
Lyapunov function

Firstly, by the use of Mittag—Leffler stability, we give a
general framework of fractional Lyapunov function-based
design via cflf for FOSs. Then the power law for fractional-
order derivative is presented. A class of possible fractional
Lyapunov functions is investigated and the conditions of
cflfs are defined for FONSs Mittag—Leffler stabilisation.

Theorem 1 (Mittag—Leffler stability (Fractional Lyapunov
stability) [23]): Let x(t) =0 be the equilibrium point of
the FOS D'x = f(x,t), x € 2, where Q is a neighbour-
hood region of the origin. Assume that there exists a
fractional Lyapunov function V(¢,x(¢)) : [0,00) x R* - R
and K-class functions y;, i = 1,2, 3 satisfying

@) nidlxll) = V', x(0) < ya(llxlD;
(i) D"V (t,x(1)) < —ys(lx[D.

Then the FOS is asymptotically Mittag—Leffler stable.
Moreover, if Q@ =R", the FOS is globally asymptotically
Mittag—Leffler stable.

Now by the use of Theorem 1, the concept of con-
trol fractional Lyapunov function (cflf) is extended to test
whether a FOS is feedback Mittag—Leffler stabilisable by
applying the control law u.

Definition 2 (cflf for FOSs): A smooth function V (¢,x(¢)) :
[0,00) x R" — R is called a cfif for the FOS D'x = f'(x, u),
x € R", £(0,0) = 0 with the control law u = «(x) if there
exist three K-class functions y;, i = 1,2, 3, such that

&) nillxll) = V., x(0) < ya(lxlD;
(i) D"V (t,x(1)) = —ys(lxID.

In the case of designing adaptive control laws for
UFONSs, the adaptive parameters may appear in V, the
cflif is called adaptive control fractional Lyapunov func-
tion (acflf). The aim of FONSs stabilisation is to design
a feedback control law u = a(x) such that the equilibrium
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x = 0 of the closed-loop system D'x = f(x,a(x)) is (glob-
ally) asymptotically Mittag—Leffler stable. Actually, finding
a(x) and V(¢,x(¢)) satisfying (i) and (ii) in Definition 2 is
a difficult task in most cases. The symbol ||| represents
Euclidean norm in the controller design.

Finding fractional Lyapunov functions for FOSs have
been investigated in [21-29]. To include the fractional-order
derivative trajectories information for constructing feedback
control laws effectively, we propose a general class of
cfifs and its sufficient conditions are given in Lemmas 2—
4. Firstly, we give the power law for fractional-order
derivative.

Lemma 1 (Power law for fractional-order derivative): Let
x(t) € R be a real continuously differentiable function. Then
for any p =2", n e N,

D'xP(t) < px?~V(t)D"x(¢) )
where 0 < v < 1 is the fractional order.

Proof: The case p =2 is established firstly. Consider
2x(t)D"x(¢t) — D"x*(t), from Lemma 1 in [29], we have
ID'X (1) < x(H)D"x(1).

Then, by the use of recursion, for any p = 2", n € N, we
have

D'xP (1) < 2xP2(H)D"x"*(¢)
< 22x(p/2+p/22) (t)D”xp/zz 0
< ... <px" V(@D x(¢)

Thus the inequality (2) is proved completely. |

Remark 1 (Power law for integer-order derivative): It
is obvious that the classical chain rule becomes invalid
for Caputo fractional-order derivative. Only when v =1,
the inequality (2) is reduced to the equality D'x’(¢¥) =
pxP~1(H)x'(t), which is the same as the classical power law.

Next, we consider the conditions of cflf for FOSs. Using
a general positive-definite function V = 1x*, p=2", n e N
as the fractional Lyapunov function, we aim to construct the
conditions that making it a reasonable cfif for a scalar FOS.
The sufficient conditions can be expressed as the followings.

Lemma 2 (A special cflf for FOSs): For the FOS D"x =
fx,u), xeR,0<v<1,f(0,0) =0 with the control law
u = a(x) is asymptotically Mittag—Leffler stable if for p =
2", n € N, there exists a K-class functions y, such that

DV x = X (x,a(x) < —y(lIx]) 3)

Proof: Let the candidate cfif V = Il)xp, it is obvious by the
use of Lemma 1 and Definition 2. |

Another two versions of Lemma 2 are described as the
following Lemmas 3 and 4.

Lemma 3 (Conservative version of Lemma 2): For the
FOS D'x = f(x,u), x e R, 0 < v < 1, f(0,0) = 0 with the
control law u# = «(x) is stable if fora p =2",n € N,

XDy =X (x,a(x)) <0 4)

And the system with u = a(x) is asymptotically Mittag—
Leffler stable if x*~!f (x, @ (x)) < 0.
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Proof: Let the candidate cflf V = }Jx”, with respect to
Lemma 2, we have D"V < x*~'()D"x(¢).

When x*~'f(x,a(x)) < 0, by the use of fractional-order
comparison principle [22], we have V' < V' (x(0)), x € R. It
implies that the system is stable in terms of Mittag—Leffler
stability.

When x”~!f (x, a(x)) < 0, then exists a K-class function y
such that D'V < —y(||x]]). Therefore it is obvious that the
system is asymptotically Mittag—Leffler stable by the use of
Theorem 1. U

When p = 2, the proof of Lemma 3 was given in [29].
Besides, the vector form of the general positive function
V = 1xTPx,x € R", P = diag[py,...,p.] > 0 can be chosen
as a cfif for a vector FOS.

Lemma 4 (Vector version of Lemma 2): For the FOS D"x =
f,u), xeR", 0<v <1, (0,00 =0 with the control
law u = a(x) is asymptotically Mittag—Leffler stable if for
P = diag[py,...,p,] > 0, there exists a K-class functions y,
such that

x'"PD"x = x"Pf (x,a(x)) < —y (lx|))

Proof: Let the candidate cflf V' = %xTPx, the proof is similar
to Lemma 2. (|

Remark 2 (A simple cflf): For the case p =2, choose
the cflf ¥ = 1x?. By use of Lemma 3, the FOS D'x =
fx,u), x € R, £(0,0) = 0 with the control law u = «(x) is
stable if xD"x = xf'(x,x(x)) < 0. The system with u = «(x)
is asymptotically Mittag—Leffler stable if xf'(x,x(x)) < 0.
Actually, this cflf is valid for the classical integer-order
backstepping design [33].

Remark 3 (Conservative in a certain degree): Two aspects
of the conservative in the conditions of Lemmas 2—4 should
be noted. The above conditions based on the sufficient con-
ditions of Theorem 1 are sufficient. It is possible that there
exist other better candidate cfifs, which may contradict with
Theorem 1. On the other hand, the candidate cfifs used in
Lemmas 2—4 are only a class of possible cfifs. However, if
other more complex cflfs may be chosen, due to the facts
in Section 2.1, the complexity of control laws design will
increase apparently.

3 Main results

Two kinds of non-linear Mittag—Leffler stabilisation prob-
lems of commensurate FONSs are considered. The non-
linear Mittag—Leffler stabilisation of DFONSs is introduced
in Section 3.1 via fractional-order integrator backstepping
and a recursive design is provided. However, a common
class of FONSs can be described by fractional-order non-
linear models with unknown constant parameters, that is,
UFONSs. The additional adaptive laws will be included to
adaptively stabilise such FONSs in Section 3.2.

3.1 Non-linear Mittag-Leffler stabilisation of
DFONS

To introduce fractional-order integrator backstepping for
FONSs, the following assumption is given.
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Assumption 1: Let the DFONS D'x = f(x) + g(x)u, £ (0) =
0, where x € R” is the pseudo-state and u € R is the control
input. There exists a continuously differentiable feedback
control law u = a(x), @(0) = 0 and a K-class function y
such that

X'D'x =x"[f(¥) + g)a@)] < —y(Ix]), xeR" (5)

Remark 4: In this case, V = %xTx is a candidate cflf accord-
ing to Definition 2. For the scalar case x € R, Assumption 1
is always valid for g(x) # 0. The control u can be set to
a(x) = g_(—j)[f(x) + Cx], and D"V (x) < —Cx?, where C > 0

1S an constant.

A special attention should be paid to all possible control
laws. Although the inequality (5) provides a wide variety of
control laws, the conservative of the specific cflf is unavoid-
able. However, the efficiency of (5) is obvious for common
FONSs, which will be justified later.

Theorem 2: Let the DFONS,
D’x =f(x) + gx)§
o ©

where x € R”, £ € R are the pseudo-states and u € R is
the control input. Suppose D'x = f(x) + g(x)é satisfies
Assumption 1 with & as its virtual control. Let the cfif
Vo(x,z) = 3x"x + 12%, z = & — a(x), that is, there exists a
feedback control u = «,(x, &) which renders (0, 0) the glob-
ally asymptotically Mittag—Leffler stable equilibrium. One

such control is
u=—C[§ —a)]—x"gkx) + D'ax) (7)
where C > 0 is a constant.

Proof: Introduce the error z = & — «(x), and take fractional-
order derivative, we have

D'x=f(x)+gx)[z+aXx)],D'z=u— D"a(x)
By use of the cfif V,(x,&), we have

D"V,(x,z) < x'[f (x) + g (x)]
+z[u+x"g(x) — D"a(x)]
< —y(xI) +z[u + x"g(x) — D'a(x)]

where the terms containing z as a factor have been grouped
together.

By use of the Assumption 1, any control # which renders
D"V, (x,&) < —y(|lx|]) — Cz* can be chosen as (7). By use
of Euclidean norm, there exists a K-class function y (||x]|) =
yxl) + C2%, % = [x7, 2]

With respect to Lemma 2, the cfif holds globally. So far,
this proof is completed. ]

Example 1: Consider a fractional-order non-linear planar
system

{D”x =x& ®)

D¢ =u
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It is obvious that f(x) =0, g(x) =x. Let V' = 1x?, z =
& — a(x), we have

D'V (x) < xD"x = X*[z + a(x)]
If choose a(x) = —Cx?, C > 0, then the FOS becomes

D'x = xz — Cx®
D’z =u—D"a(x)

Let the candidate cflf V,(x,&) = V' (x) + 3[§ —a ()], we
have

D'V,(x,&) < —Cx* +z[u + x* — D’a(x)]
By use of Theorem 2, the control can be chosen by
u=—Cl& —a@)] —x>+Dax)

where C, C, > 0 are constants.

Theorem 2 and Example 1 show how to add a single
fractional-order integrator. The following theorem can be
repeatedly applied to add a whole chain of fractional-order
integrators.

Theorem 3: Let the DFONS is described by the chain of
fractional-order integrators

D'x = f(x) + g(x)&

D 8§ =§
)]
Dvén—l = gn
DY, =u
where x e R", § e R, i=1,...,n are the pseudo-states

and u € R is the control input. Let D"x = f(x) + g(x)&,
satisfies Assumption 1 with & as its virtual control, and
a(x) = ap(x). If the cfif is taken by

1 1 &
Vabo, ) = 2x'x+ 23 02 (10)
i=1

that is, there exists a feedback control u which renders
(0,...,0) the globally asymptotically Mittag—Leffler stable.
One such control is

u= _ann — Zp—1 +Dv05n,1
—Ci1ziiy—zia+ Do 5,i=2,3,...,n (11)
L&), i=1,2,...,n

Qi1 =
&=zt o (x,&,..

where Cy,...,C, > 0 are constants.

Proof: By repeating Theorem 2 with &, ..
controls, we have the following steps.

Step 1. Let zy = & — ay(x, &), z20 = & — a1 (x, &), the first
fractional Lyapunov function V)(x,z,) = %xTx + %zf and
view &, as a virtual control. With Assumption 1, we have

.,&, as virtual

D'V < x'[f (x) + gl + 21 [x"g(x) 4+ 22 + o — D'y
< —y(Ix) + z1[x"gx) + z, + oy — D" ]

If choose a;(x,&) = —Ciz; —x"g(x) + D ay, z, is to be
governed to zero.
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Step 2. Let z; = & — o, (x, 21, 2,), the second fractional Lya-
punov function V,(x,z,z) = V7 + %zﬁ and view &, as a
virtual control, we have

D'V, < —y(lIxl) — C1Z% + 212, +2,D"z,
= —y(Ixl) — Ciz} + zlzs + 21+ 3 — D' 1]

If choose y;(x,z1,23) = —Chzy —z; + D'y, z3 is to be
governed to zero.

Step 3. Let zy = &4 — a3(x, 21, 22, z3), the third fractional Lya-
punov function V3(x,zy,22,23) = Vo + %zg and view &; as a
virtual control, we have

D"Vy < —y(lIx|)) — Ciz{ — Coz3 + 2223 + 23D z3
=—y(xI) — CIZ% — C22§ + z3lzs + 20 + o3 — D¥ay ]

If choose Ol3(.X, 51,%'2,%'3) = —C3Z3 —2z; + DvOlz, Z4 is to be
governed to zero.

Stepn—1.Letz, =&, —o,_1(x,21,...,2,1), the (n — 1)th
fractional Lyapunov function V,_1(x,z1,...,2,_1) = V,_a +
52371 and view &,_; as a virtual control, we have

n—2
DvVn—l = _V(”x”) - Z Cl‘Z,‘z +Zn—2zn—1 +Zn—1DUZn—1
i=1
n—2
= —y(xl) = Y Czl + zoilzs + zua + 1)
i=1

+ Dvan72]

If choose o,y = —C,_1z,—1 — 24— + D"0t,,_>, z, 1S to be
governed to zero. The cflf and one control can be chosen
by (10) and (11), respectively. With Assumption 1, we have

D'V,(x,z1,....z) < —y(lxl) = Y Ciz;

i=1

By use of Euclidean norm, there exists a K-class function

PAED = yUxl) + ) Gz % =[x, 2"

i=1

With respect to Lemma 2, the cfif (10) holds globally. So
far, the proof is completed. ]

Theorems 2 and 3 show the recursive methodology of
fractional-order backstepping, which may result fractional-
order feedback control laws.

Example 2: Consider a fractional-order non-linear planar
system

D'x = x§ +xA

12

{ D —n (12)

where x, £ € R are the pseudo-states and u € R is the control

input. A is the unknown bounded constant, but we do not

known its bound.

It is obvious that f'(x) = x’A, g(x) = x. The static feed-
back control law of Theorem 3 is considered here. Let
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V=1 z=&—a(x), we have

D'V (x) <xD"x = x*z 4+ a(x) + A]
Choose a(x) = —Cx?, C > 0, the FONS becomes

D'x = xz — Cx* + xA
D’z =u—D"a(x)

The candidate cfifis V,(x, &) = V' (x) + %[E —a(x)]?. So, we
have

D"V, (x,&) < —Cx* +z[u +x* — D'a(x)] + xA
By the use of Theorem 2, the control can be chosen as

u=—Cl& —a@)] —x>+Dax)
D'V, (x,£) < —Cx* — C1z* + X*A

where C, C; > 0 are constants. It is obvious that the global
boundedness can be guaranteed by choosing C > ||All .

In Example 2, although the static controller can guarantee
that in the presence of bounded uncertainties the closed-
loop pseudo-states remain bounded, the feedback gain may
increase too large (high gain feedback). If the uncertain
parameters are unknown, this method may be invalid. In
the next section, fractional-order adaptive control laws will
be included to deal with this case.

3.2 Non-linear Mittag-Leffler stabilisation of
UFONS

A common form of non-linearities appears multiplied
with physical constants, often poorly known or depen-
dent on the slowly changing environment [33]. We con-
sider the unknown constant parameters appear linearly in
the fractional-order models. In presence of such paramet-
ric uncertainties, the adaptive fractional-order backstepping
is introduced to achieve convergence of the closed-loop
system.

To introduce fractional-order backstepping for UFONSs,
the following assumption is given.

Assumption 2: Let the UFONS D'x =f(x) + F(x)0 +
g(x)u, where x € R" is the pseudo-state, 6 € R” is an
unknown constant parameter and v = «(x, é) € R is the con-
trol input. There exists a adaptive feedback control law
u=al, é) and a K-class function y such that

@+ F@0 + g@alx,0)] < —y (Xl  (13)
D'6 =TF(x)"x (14)

where X = [xT,67]T, § =6 — 6 € R™ is the parameter esti-
mate error and I' = diag[p,...,p,] > 0 is the gain matrix
of the adaptive law.

Remark 5: Let the candidate acflf V = ixTx + 1670719,
with the adaptivg control law & and (14), we have D"V (x) =
xX'f(x) + Fx)0 + gx)alx,0)] + 6" [Fx)™x — I'"'D9].
The sufficiency of Assumption 2 is obvious.

For the scalar case x € R, 6 € R, Assumption 2 is always
valid for g(x) # 0, x € R. The adaptive control u can be set
to a(x,0) = ﬁ[f(x) + F(x)0 + Cx], and D'0 = I'F(x)x,
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where C > 0 is a constant. Unless x = 0, we have D"V (x) <
0. There exists a K-class function y such that D"V (x) <

=y IxID.

Similar to Assumption 1, a special attention should be
paid to the conservative of possible control laws, which sat-
isfies (13) and (14). However, the efficiency of (13) and (14)
is obvious for common UFONSs, which will be justified
later.

Theorem 4. Let the UFONS,

{D”x =f(x)+Fx)0 +gx)§

D's =u ()

where x € R”, £ € R are the pseudo-states, & € R” is an
unknown constant and # € R is the control input. Let D'x =
f(x)+ F(x)0 + g(x)& satisfies Assumption 2 with & € R
viewed as its virtual control. If the acflf is taken by

1 1 | P
zzl+ —z2+-0'T7'0 (16)

V(2172279) P 2

where z; = x, 2z, = &€ — oe(x,é) and 6§ = 6 — 6 is the param-
eter estimate error, that is, there exists an adaptive feedback
control u which renders the closed-loop system globally
asymptotically Mittag—Leffler stable. The adaptive feedback
control law can be chosen by

u=—x"gkx) - C§ —ak,0)]+Da (17)
D0 =TF(x)"x (18)

where the adaptive parameter 6 is updated by (18), and I' =
diag[py,...,pn] > 0 is the gain matrix of the adaptive law.

Proof: Two steps in this proof are presented as follows.
Step 1. Let z; = x alAnd & viewed as the virtual control, the
error z, = & — a(x,0), we have

D'z =f(z)) + F(z)0 + g(z)[z + a(x,0)].

Note 5 =0 - é let the first fractional Lyapunov function
Vi(z1,0) = izlz + GTF '6. With Assumption 2, we have

D'V, <zl[f(z) + F(z)0 + g(z)a(x,0)] + 21 g(z1)z
+0[F(z)"z; — T"'D"6]
< —y(IXI) + 2 g(z))z2 + O[F (z))"z, — 7' D"0]

We postpone the choice of update law for 6 until the next
step.

Step 2. To design the adaptive control u for D'z, = u — D"«.
Consider the acflf (16), we have

D'V, < —y(Ix) + z{g(z)z
+0[F(z1)"zy — T7'D"0] + z:[u — D"a]
= —y(IxI) + 0[F (2))"z) = ' D"uf)]
+ 2[z{g(z)) + u — D'a]

One control and the adaptive law can be chosen by (17) and
(18), respectively. So we have

DV, < —y(IFl) — Ciz2

Similar to Theorem 2, the conditions in Lemma 2 are
satisfied. The acflf (16) holds globally, so the proof is
completed. ]
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The adaptive fractional-order backstepping is shown in
Theorem 4 with respect to a single uncertain parameter. The
following theorem concerns a general form.

Theorem 5: Let the parametric strict-feedback form of
FONS

D'x; = x; + ¢! (x1)0

D¥x; = X3+ ¢; (x1,X2)0

o (19)
D',y =X, + @ (X1, .., X0-1)0

D'x, = B(x)u + ¢, (x)0

where B(x) #0 for all x e R", § € R” is an unknown
constant and u# € R is the control input. If the acflf is
taken by

1 ¢ 1- -
=3 sz + EeTrfle (20)

i=1

Va(zls w52k é)

where z; = xy,z; = x; — ;1 (21, .. ,zi,l,é),i =2,...,nand
6 = 6 — 0 is the parameter estimate error, that is, there exists
an adaptive feedback control ¥ which renders the closed-
loop system globally asymptotically Mittag—Leffler stable on
on the region A, where A = {(zy,...,z,,0)|z # 0}. And the
boundedness of the closed-loop systems is guaranteed on
R™™\ A. The adaptive feedback control law can be chosen

by

—1 «
u= ,3( )[ nZil+Zn l+§0n(x)9 D Oy I(le--aznflae)]
(21
D6 = FZgD,-(xl,...,x,v)z; (22)
ai—1(z1,. ..,z 1,9) Cioizim1 — zi
_(pi—l(xla"'yxi—l)é
+Dvai—2(zla'- '>Zi—23é)5
i=3,...,n
where al(zl,é) =—-Ciz; — (plT(xl)é and Cy,...,C, > 0 are

constants. The adaptive parameter 0 is updated by (22), and
I' = diag[py,...,pn] > 0 is the gain matrix of the adaptive
law.

Proof: By the use of recursion, we have the following steps.
Step 1. Let z; = x; and x, viewed as the virtual control,
Zy = Xy — Ol](Z],e), we have

D'z =z, + ay(z1,0) + @1 (x))0

Note 01 =6—0, let the first fractional Lyapunov function
Vi(z1,0) = 321 + 16T 7'6, we have
D'V) < zilz + a1(21,6) + 9] ()]
+6" (91 (x))z = T7'D'6)

If choose otl(zl,é) =—-Ciz; — (plT(xl)é, zz,é are to be gov-
erned to zeros. Thus we have
D'Vi(z1,0) < —Ciz} + 212 + 0" (@1 (x))z; — T7'D"6)
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Step 2. Let z; = x3 — ozz(zl,zz,é), we have
D'zy = z3 + ay(z1,22,0) + @) (x1,%2)0 — D'ty (1,6)

Let the second fractional Lyapunov function Vz(zl,zz,é)
=V, + 1z3, we have
D'V, < —Cizt + 212, + éT(%T(xl)Zl —I7'D")
+ 2223 + @2 (21,22, 0) + @, (x1,X2)0
— D'a(z1,0)]
= —Clzf +212, 407

2
i=l

+ z5[z3 4 02 (21,22, 0) + ‘PzT(Xl,xz)é
— D'ai(z1,0)]

If choose . az(Zl,Zz,é) = —CzZz —Z1 — (pzT(xl,xz)é +
D’ay(z,,0), z3,0 are to be governed to zeros. Thus we have

2
D’ V2 < — Z C‘,'Zl-2 + 223

i=1
2

+67 (Z @i (X1, ..., X))z — F_ID"ué)
i=1

Step 3. Let Zy = X4 — 0{3(21,22,23,@), we have

D'z3 = z4 + a3(21, 22,23, 0) + @3 (x1,x2,x3)0
_Dva2(215225 é)

The third fractional Lyapunov function is chosen as
V3(z1,22,23,6) = V2 + 123, we have

2
DY V3 < - Z CVI'ZI-2 + ZpZ3

i=1

2
+67 (Z i1y X))z — F—ID”é)
i=1

+ z3]z4 + a3 (21, 22, 23, é)

+ @1 (X1, %2,X3)0 — D'y (21,25, 0)]

2
= — Ciz> + 252
- i 243
i=1

3
+ éT (Z gz),-(xl, . ,)Ci)Zi — F_leé)

i=1
+ z3(z4 + a3(z1, 22, 23,0)

+ (p3T(x1,x2,x3)é — D'y (z1, 22, é)]

If choose a3(z1,22,23,0) = —Cyz3 — 2, — (pST(xl,xz,xg)é +
D’ay(zy,25,0), z4,0 are to be governed to zeros. Thus we
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have

3
D'Vy < — Z Cl»zi2 + 2324

i=1

3
+67 <Z 01y X))z — rlD“é>
i=1

Step n— 1. Let z, =x, — a1 (21, . . . ,zn_l,é), we have

sznfl =z, + Olnfl(zls Szl — l)aé)

+ (p;{_](xlr .. 5-xn—1)9 - Dvan—z(zla ce sZn—29§)

Let the (n—1)th fractional Lyapunov function V,_i(zi,. ..,
Zn—lse) = Vn-2 + %ZZ—I’ we haVe

n—2
2 : 2
D’ Vn—l = - C,‘ZI- + Zyp—2Zp—1

i=1

n—2
+ o7 (Z ©i(X1, .. X))z — Fleé>
i=1

+ Zoi[z0 4 1 @1s s Za1,0)
+ @y (X1 Xm1)O
— D'y (21, .1 20-2,0)]

n—2

==Y Cz ++z4-2zum

i=1

n—1
+ 67 (Z @i(X1, .., X)Z — F_leé>
i=1

+anl[Zn + Ol,,,l(Zl, o ;anlae)
T A
+ @, G, X1)0
- Dvan—Z(zl, ce s Zp=2, 0)]
If choose an—l(le s >Zn—199) = - An—lzn—1~_ Zp—2 — (p;{_l

Oty X )0 + D'y 221, . .20 2,0), 2,0 are to be
governed to zeros. Thus we have

n—1
E 2
D’ Vn—l = - CiZ,' +Zn—lzn

i=1

n—1
+ ONT (Z (pi(xl, . ,xi)Z,- - F_leé>
i=1

Step n. The last subsystem D"x, = B(x)u + ¢} (x)0 can be
transformed into

D'z, = B)u+ ¢! ()0 — D', (21, . . ., 2,_1,0)
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A 1.2
320, 0) = Vi1 + 5z, we have

Let the acflif V,(z;, ..

n—1
DV, < =Y Gzl + 21z,

i=1
n—1
+67 (Z @i(xy, ..
i=1
+ z[B@u+ ¢, ()0 — D',y (21, . .

n—1

— C 2+

- iZ; Zn—12n
i=l1

. ,X[)Z,' — F_leé>

Zn1,0)]

+ éT <Z (ﬂi(X], . ,.X,')Zi — Fleé>
i=1
+2,[B@)u+ @l ()8 — D'a, i (215,25 1,0)]

One control and the adaptive law can be chosen by (21) and
(22), respectively. So we have D'V, < — > C;z2.

According to Lemma 2, the closed-loop system is stable
in the sense of classical Lyapunov stability. Furthermore, we
consider two cases (i) and (ii):

(i) When z#0, we know D'V, <0. There exists
a K-class function y; such that D"V, < —yi(lz|),z =
[Zl, . ,zn,HT]T;

(il)) When z = 0, we know D'V, < 0. If D'V, < 0, sim-
ilar to case (i), there exists a K-class function y, such
that D"V, < —y»(||z||). However, for the case D"V, = 0, we
know D"V, =D"C = V,=C, where C =V, ,(t=0) is a
positive constant. ~

If C =0, we know 6 = 0 and there exists a K-class func-
tion y; such that D"V, < —y;(|iz]). If C > 0, we know
6]l = C’, where C’ is a positive constant only related to
Cand I

With respect to Theorem 1, for the case (i), the closed-
loop system is asymptotically Mittag—Leffler stable on the
region A. Furthermore, on R™*"\ A, when V,(t =0) =0,
the parameter estimates are asymptotically Mittag—Leffler
stable; otherwise, they are bounded by {060 = C'}.

Therefore the acflf (20) holds on A. So far, this proof is
completed. |

Theorems 4 and 5 show how to cope with unknown
parameters in fractional-order backstepping, which may
result in adaptive fractional-order feedback control laws.

Remark 6 (Conservative of our main results): It should be
noted that there exist some limitations in Assumptions 1
and 2 to solve Mittag—Leffler stabilisation problems. Techni-
cally, the limitations may come from two aspects (i) and (ii).
(1) Assumptions 1 and 2 are all based on Theorem 1, which
only tells us the sufficient conditions of Mittag—Leffler sta-
bility. (ii) These assumptions are derived from simple cflfs
provided in Remarks 4 and 5. It is undeniable that there
may exist other better cflfs. Therefore our main results of
Section 3 are sufficient to stabilise FONSs with a guaranteed
Mittag—Leffler stability.

4 Simulation experiments

Some examples are presented to illustrate the effectiveness
and applicability of the proposed fractional-order back-
stepping design and to verify the theoretical results. The
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Griinwald-Letnikov fractional-order difference [2] is used
to simulate the FONSs. In our simulations, we abandon the
short memory principle for improving numerical accuracy.
The time step is set to 2 = 0.0001.

To continue Example 1, another example is considered by
numerical simulation as follows.

Example 3: Consider a fractional-order non-linear planer
system

23
D¢ =u 23)
where the fractional order is v = 0.6 and the equilibrium is

(x,§) =(0,-D

{D“x =cos(x) — x>+ £

Step 1. Let z; = x,z, = £ — «, the first fractional Lyapunov
function ¥, = 1z}, we have D"V, < zj[cos(x) —x° + z, +
a]. If choose o = —cos(x) +x°> — Cz,,C, > 0, z, is to be
governed to zero.
Step 2. With D"z, = u — D'« the cfif V;, = 1z] + 123, we
have D"V, < —Cz} + 212, + z,(u — D' a).

The control can be chosen by u=—-Cyz —z +
D’a,C, > 0.

Finally, the closed-loop system can be written by

{DUZl = —C121 +Zz (24)

DU22 = —Z1 — CzZz

In the simulation, C; = C, = 1. The initial pseudo-state is
(6,5). The pseudo-state trajectories of the controlled FONS
are shown in Fig. 1. By applying the control, the closed-loop
becomes an FOLS. It is seen that the system converges to
the equilibrium in a finite time. The control input is shown
in Fig. 2.

Together with Example 1, these two examples confirm
the appropriateness of the simple cflf for FONSs. The effi-
ciency of the proposed fractional-order backstepping design
is demonstrated in solving the FONSs Mittag—Leffler stabil-
isation problems.

The usefulness and applicability of the proposed method
are validated via fractional-order gyroscope system stabili-
sation in the next example. The gyroscope is a widely used
dynamical system and its fractional-order non-linear model
attracts some recent attentions [12].

‘8 L 1 1 L 1 1 1 1 1
0 0.5 1 15 2 25 3 35 4 45 5

Time (seconds) % 10-3

Fig.1 Pseudo-states of Example 3
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= * * T r * r -
[—]
-500 |
1000 F |
-1500 h n_lg ‘] 1 _|5 2I ‘2_|5 3I 3.I5 f;e ‘1-I5 5

Time (seconds) %10

Fig.2 Control input of Example 3

x1 |4

— 4 D
1 15 2 25 3 35 4 45 5
Time (seconds) x10?

Fig.3 Pseudo-states of Example 4

Example 4: Consider the fractional-order gyroscope system

{D”x1 =X (25)

D'xy = —p(t)x; — c1x; — chg + q(t)xf +u

where the fractional order is v =0.6,p(t) = % - B —
fsin(r),q() =5 — £ LD 2 — 100, f=1, w=
25, f = 35.5. ¢y, ¢, are viewed as unknown constants, which
may be caused by modelling uncertainties.

Step 1. Let z; = x;, view x, as the virtual control and z, =
Xy — o, WE have D”21 =2z, + 0[1(21,6‘1,8'2).
Note ¢; = ¢; — ¢.¢, = ¢; — ¢,. Let first fractional Lyapunov
1.2 1 ~2

. _ % =~ T e
function Vy = 3z7 + 31 + 3,62 If choose ((z, ¢, ¢) =

—Kix;, K; > 0, we have

v 2 l~ VA 1~ VA
D Vl < —Klzl +z1zp — —ClD c| — —CzD (&)
Y 1Y

Step 2. With D'z, = —p(£)x; — c1x; — 23 + q(0)x} +u —
D’ay, let the candidate acfif V, =V, + 1z3.
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45 T T T r T T T T T

351 =

25} E_

15} .

05F 2

0 0.5 1 1.5 2 25 3 35 4 45 5
Time (seconds) w1t

Fig.4 Control input of Example 4

0.04 T T T v T T T T T

0.03r E

0.02¢ :

001+ .

001k '! f 4

oo2f ! 1

D03 cl|]

_Dud 1 1 1 1 1 1 1 1 1
0 0.5 1 15 2 25 3 35 4 45 5

Time (seconds) «10°

Fig.5 Parameter estimates of Example 4

If choose an adaptive control law

u=—K,(x + Kix)) + p(0)x; + &1x2 + &x3

— q(t)xf —Kix,—x1, Ky>0

VA VA 3
D¢c) = —yxyz5,D"C, = —px32;

Hence, we have D'V, < —K,z? — Kyz3.

In the simulation, K; = 9,K, = 6,0 = y = 1. The initial
pseudo-state is (1, —1) and the initial parameter estimate
is (0,0). The unknown parameters are set to ¢; = 0.5,¢, =
0.05. The pseudo-state trajectories of the controlled system
are shown in Fig. 3. By applying the adaptive control, it is
seen that the system converges in a finite time. The con-
trol input is shown in Fig. 4. The parameter estimates are
shown in Fig. 5. It is seen that the proposed fractional-order
backstepping is feasible for the adaptive Mittag—Leffler
stabilisation of real FOSs.

5 Conclusions

In this paper, it may be the first time to investigate com-
mensurate FONSs Mittag—Leffler stabilisation. With respect
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to the power law for fractional-order derivative, several con-
ditions of control fractional Lyapunov functions (cflfs) are
presented. Fractional-order backstepping is developed to sta-
bilise DFONSs and UFONSs. The analytical forms of two
kind control laws are presented. Finally, the effectiveness
and applicability of the proposed technique are verified.

The future study topics can be directed to the applica-
tion of the proposed fractional-order backstepping in various
FOSs, such as triangular FONSs [20], networked FONSs
[36, 37] and fractional-order PMSM [38], etc.

6 Acknowledgments

The authors are grateful to anonymous reviewers’ com-
ments and Dr. Peng for constructive talks on the proofs.
This work was supported by the National Natural Science
Foundation of China under Grant no. 61171034, the Funda-
mental Research Funds for the Central Universities and the
Province Natural Science Fund of Zhejiang under Grant no.
R1110443.

7 References

1 Baleanu, D., Machado, J.A.T., Luo, A.C.J.: ‘Fractional dynamics and
control” (Springer, 2012)

2 Petras, L.: ‘Fractional-order nonlinear systems: modeling, analysis and
simulation’ (Springer, 2011)

3 Uchaikin, V.V.: ‘Fractional derivatives for physicists and engineers’
(Springer, 2013)

4 Sabatier, J., Agrawal, O.P., Machado, J.A.T.: ‘Advances in fractional
calculus’ (Springer, 2007)

5 Lan, Y.-H., Zhou, Y.: ‘LMlI-based robust control of fractional-
order uncertain linear systems’, Comput. Math. Appl., 2011, 62, (3),
pp. 1460-1471

6 Lu, J.-G.,, Chen, Y., Chen, W.. ‘Robust asymptotical stability
of fractional-order linear systems with structured perturbations’,
Comput. Math. Appl., 2013, 66, (5), pp. 873-882

7 Shen, J., Lam, J.: ‘State feedback H., control of commensurate
fractional-order systems’, Int. J. Syst. Sci., 2014, 45, (3), pp. 363-372

8 Farges, C., Fadiga, L., Sabatier, J.: “H, analysis and control of
commensurate fractional order systems’, Mechatronics, 2013, 23, (7),
pp. 772-780

9 Padula, F., Alcantara, S., Vilanova, R., Visioli, A.: “H, control of
fractional linear systems’, Automatica, 2013, 49, (7), pp. 2276-2280

10 Wen, X.-J.,, Wu, Z.-M., Lu, J.-G.: ‘Stability analysis of a class of
nonlinear fractional-order systems’, [EEE Trans. Circuits Syst. II,
Express Briefs, 2008, 55, pp. 1178-1182

11 Lan, Y.-H., Gu, H.B., Chen, C.-X., Zhou, Y., Luo, Y.-P.: ‘An indi-
rect Lyapunov approach to the observer-based robust control for
fractional-order complex dynamic networks’, Neurocomputing, 2014,
136, (20), pp. 235-242

12 Aghababa, M.P.: ‘Robust stabilization and synchronization of a class
of fractional-order chaotic systems via a novel fractional sliding mode
controller’, Commun. Nonlinear Sci. Numer. Simul., 2012, 17, (6),
pp. 26702681

13 Shi, B., Yuan, J., Dong, C.: ‘Pseudo-state sliding mode control of
fractional SISO nonlinear systems’, Adv. Math. Phys., 2013, 2013,
article id 918383

14 Dadras, S., Momeni, H.R.: ‘Passivity-based fractional-order integral
sliding-mode control design for uncertain fractional-order nonlinear
systems’, Mechatronics, 2013, 23, (7), pp. 880-887

15 Matignon, D.: ‘Stability results for fractional differential equations
with applications to control processing’. Computational Engineering
in Systems Applications, 1996, 2, pp. 963-968

690
© The Institution of Engineering and Technology 2015

20

21

22

23

24

25

26

27

28

29

30

31

33

34

35

36

37

38

Sabatier, J., Moze, M., Farges, C.: ‘LMI stability conditions for
fractional order systems’, Comput. Math. Appl., 2010, 59, (5),
pp. 1594-1609

Lu, J.-G., Chen, G.: ‘Robust stability and stabilization of fractional-
order interval systems: an LMI approach’, IEEE Trans. Autom.
Control, 2009, 54, (6), pp. 1294-1299

Li, C., Wang, J.: ‘Robust stability and stabilization of fractional
order interval systems with coupling relationships: the 0 <« < 1
case’, J. Frankl. Inst., Engl. Appl. Math., 2012, 349, (7), pp. 2406—
2419

Farges, C., Moze, M., Sabatier, J.: ‘Pseudo-state feedback stabiliza-
tion of commensurate fractional order systems’, Automatica, 2010,
46, (10), pp. 1730-1734

Zhang, X., Liu, L., Feng, G., Wang, Y.: ‘Asymptotical stabilization of
fractional-order linear systems in triangular form’, Automatica, 2013,
49, (11), pp. 3315-3321

Lakshmikantham, V., Leela, S., Sambandham, M.: ‘Lyapunov theory
for fractional differential equations’, Commun. Appl. Anal., 2008, 12,
(4), pp. 365-376

Li, Y., Chen, Y.Q., Podlubny, I.: ‘Mittag—Leffler stability of frac-
tional order nonlinear dynamic systems’, Automatica, 2009, 45, (8),
pp. 1965-1969

Li, Y., Chen, Y.Q., Podlubny, I.: ‘Stability of fractional-order
nonlinear dynamic systems: Lyapunov direct method and general-
ized Mittag—Leffler stability’, Comput. Math. Appl., 2010, 59, (5),
pp. 1810-1821

Yu, J., Hu, H., Zhou, S., Lin, X.: ‘Generalized Mittag—Leffler stability
of multi-variables fractional order nonlinear systems’, Automatica,
2013, 49, (6), pp. 1798-1803

Trigeassou, J.-C., Maamri, N., Sabatier, J., Oustaloup, A.: ‘A
Lyapunov approach to the stability of fractional differential equa-
tions’, Signal Process., 2011, 91, (3), pp. 437445

Burton, T.A.: ‘Fractional differential equations and Lyapunov
functionals’, Theory Methods Appl., 2011, 74, (16), pp. 5648—
5662

Wang, J.R., Lv, L.L., Zhou, Y.: ‘New concepts and results in stability
of fractional differential equations’, Commun. Nonlinear Sci. Numer.
Simul., 2012, 17, (6), pp. 2530-2538

Zhou, X.-F., Hu, L.-G., Liu, S., Jiang, W.: ‘Stability criterion for a
class of nonlinear fractional differential systems’, Appl. Math. Lett.,
2014, 28, pp. 25-29

Aguila-Camacho, N., Duarte-Mermoud, M.A., Gallegos, J.A.:
‘Lyapunov functions for fractional order systems’, Commun. Non-
linear Sci. Numer. Simul., 2014, 19, (9), pp. 2951-2957
Trigeassou, J.C., Maamri, N., Oustaloup, A.: ‘Lyapunov stability
of linear fractional systems. Part 1: definition of fractional energy’.
ASME IDETC-CIE Conf., 2013

Trigeassou, J.C., Maamri, N., Oustaloup, A.: ‘Lyapunov stability of
linear fractional systems. Part 2: derivation of a stability condition’.
ASME IDETC-CIE Conf., 2013

Abooee, A., Haeri, M.: ‘Stabilisation of commensurate fractional-
order polytopic non-linear differential inclusion subject to input non-
linearity and unknown disturbances’, [ET Control Theory Appl., 2013,
7, (12), pp. 1624-1633

Miroslav, K., Toannis, K., Petar, V.K., ‘Nonlinear and adaptive
control design’ (Wiley, 1995)

Igor, P., ‘Fractional differential equations’ (Academic Press, 1999)
Tarasov, V.E., ‘No violation of the Leibniz rule. No fractional
derivative’, Commun. Nonlinear Sci. Numer. Simul., 2013, 18, (11),
pp. 2945-2948

Cao, Y., Li, Y., Ren, W., Chen, Y.Q.: ‘Distributed coordination of
networked fractional-order systems’, I[EEE Trans. Syst. Man Cybern.
B, Cybern., 2010, 40, (2), pp. 362-370

Peng, J., Ye, X.: ‘Distributed adaptive controller for the output-
synchronization of networked systems in semi-strict feedback
form’, J. Frankl. Inst., Eng. Appl. Math., 2014, 351, (1), pp. 412—
428

Yu, W., Luo, Y., Pi, Y.G.: ‘Fractional order modeling and control
for permanent magnet synchronous motor velocity servo system’,
Mechatronics, 2013, 23, (7), pp. 813820

IET Control Theory Appl., 2015, Vol. 9, Iss. 5, pp. 681-690
doi: 10.1049/iet-cta.2014.0642



