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Abstract In this work, a new seven-parameter Lorenz-like chaotic system
is presented and discussed by combining nonlinear dynamical systems theory
with computer simulation. The existence of the ultimate bound set and global
exponential attractive set of this chaotic system is proved by using Lyapunov’s
direct method. A family of analytic mathematical expression of the ultimate
bound sets and global exponential attractive sets involving two parameters
are obtained, respectively. Meanwhile, the volumes of the ultimate bound set
and global exponential attractive set are obtained, respectively. Numerical
simulations are conducted which validates the correctness of the proposed
theoretical analysis.
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1. Introduction

In recent years, chaos theory and chaotic dynamical systems have garnered much
attention from many disciplines [9,10,15,20,23,33] since the famous Lorenz chaotic
system in 1963 [9]. Then, some other new chaotic systems have been discovered
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and widely studied, such as, Rossler system [27], hyperchaos Lorenz system [33],
Chua system [20], Shimizu-Morioka system [10], Chen system [2], Lu system [15],
Rabinovich system [1,7,26,35,39], Glukhovsky-Dolzhansky system [11] and Lorenz-
Stenflo system [28]. In particular, chaotic dynamical systems have been paid more
attention due to its potential applications in biological systems [36], secure com-
munication [22], chemical reactions, electrical engineering, chaotic circuits and so
on [3-8,16-19,21,24,29-31,34,36-38,40-42,47].

Boundedness is an important aspect in the study of chaotic dynamical sys-
tems [12, 13] which can be applied to analyze the Lyapunov dimension of chaotic
attractors [14], chaos control and chaos synchronization [17]. The bounds of the
famous Lorenz system was firstly studied by Leonov et al. in [12,13] due to the
important scientific and engineering research value of Lorenz system. Inspired by
Leonov’ thought, Liao et al. have proposed the concept of the global exponential
attractive set of chaotic systems and have studied the global exponential attractive
sets of the Lorenz system [17]. But Liao et al. have not proved that the Chen
system and the Lu system also have the global exponential attractive set due to the
complex algebraic structure of the Chen system and the Lu system [17]. Recently,
Zhang et al. give new results on ultimate bound on the trajectories of the Lorenz
system which contain the existing (Liao and his collaborators) results as special
cases [49]. Tt is mentioned in the articles [25,46] that how to get the bounds of
the Chen system and the Lu system is an important yet nontrivial open problem.
Recently, Zhang and his collaborators have made major progress in studying the
bounds of the Chen system and the Lu system [43-45,48].

In this paper, a new Lorenz-like chaotic system is presented via theoretical
analysis and numerical simulations. The main contributions of this paper as follows.
Firstly, a family of the ultimate bound sets and globally exponential attractive sets
involving two parameters for the new Lorenz-like chaotic system have been obtained
via Lyapunov’s direct method, respectively. Secondly, the rate of the trajectories
going from the exterior of the attractive set to the interior of the attractive set
is also obtained. Finally, numerical simulations are conducted which validates the
correctness of the proposed theoretical analysis.

The organization of this paper is as follows. The new seven-parameter Lorenz-
like chaotic system is presented in Section 2. The boundedness of the generalized
Lorenz-like chaotic system is given in Section 3. Global attractivity of the general-
ized Lorenz-like chaotic system has been investigated in Section 4. Section 5 draws
conclusion and the expectation for the future work.

2. System model

The generalized Lorenz-like system is the seven-parameter family of differential
equations given by:

d

d—f = hy — ar — dyz,

d

a% =cxr — ky — exz, (2.1)
d

d—j =zy — bz,

where z,y and z are real variables; a, b, k are positive real parameters and c,d, e, h
are real parameters of system (2.1). Information about the chaotic attractors by
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calculating Lyapunov exponents and Lyapunov dimension can be referred to [5,8,
32]. The local finite-time Lyapunov exponents of the dynamical system (2.1) are
calculated numerically for a = 10,b = %, c=30,d=0.01,e =1,k =1,h = 10 with
the initial state (2o, Yo, 20) = (0.5,2,0.3) and time interval [0, 10000] . In this paper,
all the simulations are carried out by using the fourth-order Runge-Kutta method
with A = 0.001. When a = 10,b = %,c = 30,d = 0.0l,e = 1,k = 1,h = 10, the
local finite-time Lyapunov exponents of system (2.1) are Apg, = 3.0834,\pp, =
6.8186, A\ g, = —23.5686. The Lyapunov dimension of system (2.1) is Dy, = 2.063.
When a = 10,b = %,c = 30,d = 0.01,e = 1,k = 1,h = 10, chaotic attractors of
system (2.1) are shown in figures 1-4.
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Figure 1. Chaotic attractor for a = 10,b = Figure 2. Chaotic attractor of system (2.1) in
8,¢=230,d=0.0l,e =1,k =1,h = 10 in the the xOy plane.
xOyz space.
60 . . . : : ; ; 60

50 [

40 -

N 301

201

20 15 10 5 0 5 10 15 20 30 20 10 0 10 20 30
X y
Figure 3. Chaotic attractor of system (2.1) in Figure 4. Chaotic attractor of system (2.1) in
the xOz plane. the yOz plane.

In the following part, we will discuss the ultimate boundedness and global at-
tractivity of system (2.1) via Lyapunov’s direct method.
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3. Boundedness

In this section, we will discuss the boundedness of the generalized Lorenz-like system
(2.1). The boundedness of system (2.1) is described by Theorem 3.1.

Theorem 3.1. For any A > 0,7 > 0 satisfying the condition of \d + e > 0, such
that

Ah ?
Dr = {(m,y,z)])\x2 + 79?4 (\d + Te) (z — /\dj::z> < Ri»,} (3.1)

is the ultimate bound set of system (2.1), where

b2(\h + 1)
> > 2
-k dtre) G202
b2(Ah + 7¢)?
R = > a,b >
A da (b —a) (\d + Te)’ k2a,b22,
2
M, b < 2k,b < 2a.
Ad+ Te

Proof. Define the Lyapunov-like function

M+ re?
Var (X)=Va, = \z” >+ (\d — 2
e (X) =Vor (2,9, 2) = e + 7y° + ( +T€)<Z /\d+7'e) , (3.2)
where A > 0,7 > 0 satisfying the condition of Ad + 7e > 0.
Then, the derivative of Vy , (X) is
AV - (X)
dt |
dx dy A+ Tc\ dz
=2 \x— +27y— + 2 (\d - —
v T2 T2 <Z Ad—H’e) dt
Ah
=2z (hy—ax—dyz)+271y (cx —ky—exz)+2 (Ad+7e) (z =34 + TC) (zy — bz)
+ Te
= —2a\x? — 2kTy? — 2b (\d + Te) 2% 4+ 2b(\h + TC) 2.
We can get the conclusion that the surface I'g defined by
2
alz? kry? b(Ad + 7e) {Z - 2()\,\7;?@)}
To=1 @yl i + s T b\t re)? =10 (33
4(Ad+Te) 4(Ad+Te) 4(Ad+Te)
is an ellipsoid for VA > 0,7 > 0, A\d 4+ 7e > 0. Outside Iy, dv*;i"t(x) < 0, while inside

Iy, dVA‘th(X) > 0. Thus, the ultimate boundedness for system (2.1) can only be

reached on T'y. Since the V) ; (X) is a continuous function and I'y is a bounded closed
set, then the continuous function (3.2) can reach its maximum value max s (X) =
clo

R3 _ on the bounded closed set Iy (3.3). { X| V- (X) < max Vi (X) =R} T}
: Ty :
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contains the solutions of the system (2.1). In order to work out max Var (X) =
€l

Ri)T, we can construct the following optimization problem:

Mo+ e\
max V) . (X) = max {)\x2 +7y% 4+ (\d + Te) (z - )\d+> } )
Te
2 (3.4)
Ah+Tc
; alz? kry? b(Ad +7e) {Z - 2()\de%76)} _
8-t b(Ah+T1c)? + b(Ah+T7c)? + b(Ah+T7c)? o
4(Ad+Te) 4(Ad+Te) 4(Ad+Te)
The above optimization problem (3.4) is equivalent to
A+ 7\
max V), (X) = max {/\332 +7y* 4+ (\d + Te) (z — )\d+> } )
Te
\/)\di Ah+Tc 2 (35)
Az? Ty? [’Z tTe— 2\/Ad+re’] _
s.t. b(A\h+7c)? + b(Ah+7c)? + (Ah4Tc)? o
4a(Nd+Te) 4k(Xd+Te) 4(Ad+Te)

In order to solve the above optimization problem (3.5), let us denote

VAz =21, V7Y = y1, VA + Tez = 2.

Then problem (3.5) becomes

Ao+ TC 2
max V), (X)=max{ z? + 2+(z—) ,
A, ( ) {1 U1 1 \/m

( AhtTc )2 (3.6)

s a yi 17 3 /xd+re )
" b(Ah+TC)? b(Ah+7c)? (Ah+7c)? ’
4a(Xd+Te) 4k(Ad+Te) 4(Ad+Te)

According to optimization method, we can get the optimal solution of (3.6) as
follows

b2(Ah + 7¢)?
>k, b>2k
h(b—k)(Md+re) “=0=0
b2(Ah + ¢)?
max Vi, (X) =R = k>ab>2
Xer, ) A da (b—a)(Ad+Te)’ = &0 =24
2
Qh 7o) b < 2k,b < 2a.
A+ Te

Finally, we can easily show that (3.1) is the ultimate bound and positively invariant
set of system (2.1). This completes the proof. O

Remark 3.1. We can get a series of ultimate bound sets and positively invariant
sets for the generalized Lorenz-like system (2.1) by Theorem 3.1.
i)Let us take A = 1 in Theorem 3.1, then we can get

2
Ql.T = { ($a31>2)|$2+7'y2+(d+7'€) (Z_ h+7-c> S l27VT > O}
, d+Te
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is the ultimate bound set of system (2.1), where

b2(h+ 7c)’
> >2
-k (d+re) “Zkb22
b2(h + 7¢)?
I’ = >a,b>2
da (b—a)(d+Te)’ k2ab22a
2
(htro) b< 2k b < 2.
d+Te

ii) Let us take 7 = 1 in Theorem 3.1, then we can get

A+ e\’
— 2 2 _ < 2
Q1 {(a:,y,z)|/\x +y +(Md+e) (z )\d—i—e) <r ,V)\>O}

is the ultimate bound set of system (2.1), where

b2(Ah + ¢)?
> kb > 2k
bk (Mdre ‘=M=
2 b2(Ah + ¢)?
re = k>ab>2
da(b—a)(Mte) ~=DT=
(A +¢)?
R b< 2k, b < 2a.
e < ,0 < 2a

iii) Let us take A = 1,7 = 1 in Theorem 3.1, then we can get

2
Q1= { (z,y,2)|2® + 9> + (d +e) (2— Z:::g) §L2}

is the ultimate bound set of system (2.1), where

b2(h + c)?
> kb > 2
-k dre =h0=2k
b2(h +c)’
L? = >a,b>2
alb—a)(dte) FZubz2
2
M, b < 2k,b < 2a.
d+e

When a = 10,b = %,c = 30,d = 0.01,e = 1,k = 1,h = 10, then we have the
conclusions that

Q= { (z,y,2)| 22 + 2 + 1.01(z — 39.60)% < 41.112}

is the ultimate bound set of system (2.1). In Fig.5, we show the bounds estimation
for chaotic attractor of system (2.1) in xOyz space by Q1 1.
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Figure 5. Bounds estimation for chaotic attractor of system (2.1) in xOyz space by 11.

iv) The volume of the ultimate bound set € ; in Theorem 3.1 is V (Qy ;) =

3
TRy -

VAT(Ad+Te)

4. Global attractivity with exponential rate

For the rate estimation of the trajectories of system (2.1), we have the following
conclusion. In the following section, we will investigate global attractivity of system
(2.1) with exponential rate. We have the following Theorem 4.1.

Theorem 4.1. Suppose that YA > 0,7 > 0 satisfying the condition of Ad + e > 0,
and let

X ()= (2 (t),y(t),2(1), L3, = m,a_min(a,b,k) > 0.

Then we have the following exponential inequality
[Var (X (1) = L3 ;] < [Var (X (t)) — L3 ;] e 70710 (4.1)
and
Uy, ={X|Va-(X) <I3,} (4.2)
is the global exponential attractive set of system (2.1), i.e.,tliigrnooV,\ﬁ (X (1) <L3 -

Proof. Define the Lyapunov-like function

)\h+70>2

Var (X)) =Vor(z,y,2) = Az? + 1y + (M + Te) (z T e

where A > 0,7 > 0 satisfying the condition of A\d 4+ 7e > 0.
Then, the derivative of Vj ; (X) is

AV - (X)
dt

dx dy
=2 \z— + QTyE +2(Ad + Te) (z o

Ah + 71\ dz
dt

@.1) Ad+ Te
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=2Xz (hy — ax — dyz) + 27y (cx — ky — exz)
Ah 4+ TcC

- >\d+r> ey = b2)

—2a\x? — 2kTy* — 20 (\d + 7€) 22 + 2b(A\h + 7¢) 2

+2(A\d + Te) (z

< —ax? —kry? —b (M + 7€) 22 +2b(A\h +7¢) 2
M+7e\° (A4 7c)?
— 2 _ 2 _ _ A
= —alx® — kty” — b (A\d + Te) (z /\d+’7'6) N f e
2
< OV, (X) + bM

A+ Te
~0[Var (X) - L3,].

Thus, we have
[Vir (X (8) = L2.,] < [Var (X (to) — L2, ] e 00—10),

So,
T 2
i Vi (X (1) < 13,
Hence ¥, = {X| i (X) < LiT} is the global exponential attractive set of
system (2.1). This completes the proof. O

Remark 4.1. The volume of the global exponential attractive set ¥ ; in Theorem
4.1 1s V(\I/,\;,—) =

3
TrL)\,T

/AT(Ad+Te)

5. Conclusions

By means of chaos dynamical systems theory, Lyapunov stability theory and in-
equality technique, a new Lorenz-like chaotic system is presented and discussed.
The ultimate boundedness and global exponential attractivity of this chaotic sys-
tem are obtained via Lyapunov’s direct method, which is a challenging work but an
important work in chaos dynamical systems. The bifurcation phenomenon, chaos
control and synchronization will be considered in the future.
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