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This paper studies the stability of the fractional order unified chaotic system. On the unstable equilibrium points,

the “equivalent passivity” method is used to design the nonlinear controller. With the definition of fractional derivatives

and integrals, the Lyapunov function is constructed by which it is proved that the controlled fractional order system is

stable. With Laplace transform theory, the equivalent integer order state equation from the fractional order nonlinear

system is obtained, and the system output can be solved. The simulation results validate the effectiveness of the theory.
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1. Introduction

Fractional calculus is the theoretical foundation of
fractional order dynamical system. It has been found
that the behaviour of many physical systems could be
properly described by using fractional order system
theory such as electromagnetic waves, dielectric polar-
ization, heat conduction, and so on. Fractional order
chaotic systems are also studied by researchers.!' =6l Tt
has been demonstrated that chaos can appear in non-
linear systems of fractional order with an appropriate
adjustment of the ranges of the system parameters.

For the fractional order linear system, there are
many theories and criterions regarding the observ-
ability, controllability and stabilization, including the
linear delay system, linear uncertain system and the
linear time-variant system.!”8] However, there are a
few results regarding the controllability and stabiliza-
tion for the fractional order nonlinear system. Li
C G presented a synchronization control method by
linear feedback for the fractional order Chen chaotic
system.l Ahmad et al. used the recursive “backstep-
ping” method of nonlinear control design to control a
chaotic “jerk” model.l] For the fractional order Duff-
ing chaotic system which has different system parame-
ters and system order, the synchronization control was
also designed.[%] Those methods are all based on non-
linear state feedback. Using the nonlinear controller
we remove the nonlinear stems of the nonlinear sys-

tems, and transfer nonlinear systems into linear sys-
tems. The controller is complicated.

The nonlinear equivalent passivity theory of the
integer order system can be used to stabilize the non-
linear system by linear state feedback.[%1% It has the
advantage of a simple controller from the nonlinear
stems in system improving the transient behaviour,
and so on. The researching results show that frac-
tional order systems are, at least, as stable as their
integer order counterpart. Using the “nonlinear equiv-
alent passivity” method of the integer order system,
we design a linear state feedback controller for the
fractional order unified chaotic system in this paper.
The main results are presented.

2. Mathematical aspects

The mathematical definition of fractional deriva-
tives and integrals has been the subject of several dif-
ferent approaches. The definition of fractional inte-
grals by Grunwald-Letnikov and Riemann-Liouviller

is as follows: [

IZx(t) = @/ (t — 1) ta(r)dr, (1)

where (a,t) € R?, a <t, 0 < a < 1, I'(e) is Gamma
function, T'(e) = [ v* le "dv, and T'(z + 1) =
2D(z2).
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The definition of fractional derivatives is as fol-
lows:

Dga(t) = = [I5z(t)]

_ 7F(117 - jt/a (t—r)Ca(ndr.  (2)

3. The passive control of frac-

tional order unified chaotic

system

3.1. The linear state feedback controller

The fractional order unified chaotic system is de-
scribed byl

Dea(t) = (250 + 10)(z — z),
Dey(t) = =~ 220, )

D%2(t) = (28 — 350)x — zy + (296 — 1)z + u,

where z, y, z are state variables, 6 € [0 1],0 < @ < 1,
and u is the controller.

It is known that systems with memory are typi-
cally more stable than their memoryless counterparts.
When system order satisfies 0 < a < 1, fractional or-
der systems can be stabilized by the controllers of its
counterpart integer order systems. Because the stabi-
lization area of the integer order system is the subset of
the fractional order system,!'!] we can use the passive
controller of the integer order unified chaotic system
to stabilize the fractional order one.

Theorem 1['2 The integer order unified chaotic
system can be described as

& = (250 + 10)(y — ),
+0

. 8
j=wz -y, @

2=(28—=350)x —xy + (290 — 1)z + u,

where x, y, z are state variables, § € [0 1], and u is
the controller.

When there exists constant k£ > 0, and v is exte-
rior input, the controller

w=(1-290—k)z+v—(38—100)z  (5)

is put into the system, and the system (4) can be sta-
bilized on the equilibrium points.

Based on the relationship between the integer or-
der system and fractional order system, we use the
passive controller of the integer order system to con-
trol the fractional order system.

Theorem 2 For the fractional order unified
chaotic system (3), when there exist constant k > 0
and controller u = (1 — 296 — k)z — (38 — 100)x, the
system can be stabilized.

Proof The reference [12] has presented the de-
signing method of the equivalent passivity controller
of the integer order unified chaotic system. We only
analyse the stabilization of the fractional order unified
chaotic system under control.

Put controller u = (1 — 290 — k)z — (38 — 100)x
into system (3), we have

D&x(t) = (250 + 10)(z — x),
Dgy(t) = 20— Sy, ()
D&z(t) = —(10 + 250)x — zy — k=.

Based on the definition of fractional integrals, the
system Lyapunov function is constructed as

1 1 1
— (I« 2 (I 2 (¥ 2.
V= SUSe? LU g ()
From Egs. (6) and (7), we have
V= (Igz) - (Ig2) + (Igy) - (Igy) + (I52) - (1)
=I1teDYx + IJyDSy + I72Dg =

1 Eoa(r)
- () /a (t—m7)t~e

dr - (2560 +10)(z — x)

L[ y() Ny, 810
i [ 3 y]

1 Eo2(r)
i | G
X (—(10 +250)x — xy — kz) . (8)

There exists

) e
< - (250 + 10) - -
V< gy el (250 +10) - (lel, = ol )
x il Nzl - Nl — 25 g2
T(a+ 1) [P #lle = 5 1
ta
—[(—10 — 258
< T 10 =250 el =1,
—lzlly - gl - Nl -k l1212): (9)
From expression (9), we get
. e 9 2 8"‘0 2
V< —— | — —k - — . (10
< fray |~ ol el = S5 i) - 10)

Since k, 6 are all constants, and k > 0, 6 € [0, 1], we
have
vV <0. (11)

The fractional order unified chaotic system can be sta-
bilized on the origin.
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3.2. The solving method of fractional or-
der unified chaotic system

The solving method of the fractional order differ-
ential equation includes the Laplace transformation
method, Flourier transformation method and Ado-
mian decomposed method.

We use the Laplace transformation method to
solve the system.

The fractional integrator is approximated by a
linear time-invariant transfer function as reported in
Ref. [4].
our simulations a fractional integrator of order 0.9.

Without loss of generality, we have used in

Hence, the approximate transfer function is

L_ 152+ cas + ¢35 (12)
$99  §3 4 cy82 + x5+ e

where ¢; = 1.766, co = 38.27, c3 = 4.914, ¢4 = 36.15,
cs = 7.789, cg = 0.01.
The Laplace transformation of system (6) is

X(s) = 80#9(259 +10)(Z(s) — X(s)),

V() = 55 (L(wz) ~ “2 0V (5)),
Z(s) = soi.g(f(zw +10)X(s) — kZ(s) — L(zy)).

(13)
From Egs. (12) and (13), using inverse Laplace

transformation, we have

T = (250 +10)(c1% + c22 + 32 — €13 — o — c3)
— €4 — C5T — Ccgx,

8+6, . . .. .

y=- (c1i) + c2y + c3y) — caff — 59 — c6Y

3
+ 1Zz 4+ 20122 4+ c1xZ 4 coz 4 coxZ + c3x2,

2 = —(250 + 10)(c1 & + co + c3x)
—ke1Z — keaz — kegz — (e1@y + 2eq12y

+ a1xy + coty + coxy + c3TY). (14)

Defining © = x1, © = x9, & = x3, Yy = T4, Y = 5,

i =z, 2 = X7, 2 = Ty, £ = Tg, We have

T1 = T2,
T = 23,
3.5‘3 = (250 + 10)(01.%9 + coxg + c3x7
— X3 — C2X2 — C3171) — €43 — C5T2 — Ce1,
T4 = Ts,

T5 = Tg,

. 8+0

Te = _T(Clﬂ% + a5 + c34)
— C4Xg — C5X5 — CeT4 + C1T3T7 + 2Cc1 X208
+ c121T9 + 227 + C221%8 + C3T127,

T7 = ws,

Tg = Ty,

Tg = —(10 + 259)(011‘3 + coxo + Cgl‘l)
— kcixg — keoxg — kegxy — c1x3ws — 201005

— C1T1Tg — CaToTa — CoT1T5 — C3T1T4. (15)

Through solving the differential equation (15), we

can obtain the outputs of the fractional order system.

3.3. Simulation results

Suppose the initial point of the fractional order
unified chaotic system is (1, —1, 2) and k = 2. Figure
1 cures the plots of the system outputs when 6 = 0,
0 = 0.66, 6 = 1. From Fig. 1, we can find that it
takes a very short time for the chaotic system to be
stabilized.
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Fig. 1. The outputs of fractional order unified chaotic
system when k = 2, (a) 6 =0, (b) 6 = 0.66, and (c) 0 = 1.
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Reference [12] gave us some results about the pas-
sive control of the integer order unified chaotic sys-
tem. Compared with the integer order system, it takes
longer to stabilize the fractional order system by an
equivalent passive controller. Control parameter k can
improve the convergence rate in the control of the inte-
ger order unified chaotic system, but it does not work
well when it is the fractional order unified chaotic sys-
tem.

4. Conclusion

The nonlinear equivalent passivity theory of the
integer order system can be used to stabilize the non-

linear system by linear state feedback. When the sys-
tem order satisfies 0 < a < 1, fractional order systems
can be stabilized by the controllers of its counterpart
integer order systems. Based on the relationship of
the two systems, we use the passive controller of the
integer order system to control the fractional order
system. With the definition of fractional order inte-
grals, the Lyapunov function is constructed by which
it is proved that the equivalent passivity fractional or-
der system is stable. However, the controlled area is
decreased when we put the controller of the integer
order system into the fractional order system. How to
improve the stabilization controlled area is an impor-
tant problem which will be solved in future research.
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