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Abstract: In the present paper, the general 4-D continuous-time system is consid-
ered and the estimate of the upper bound of such a system is investigated, using the
multivariable functions analysis. Especially, sufficient conditions for this system to
be contained in a four-dimensional ellipsoidal surface are obtained. The results ob-
tained in this investigation generalize all the existing results in the relevant literature
concerning the finding of an upper bound for the fourth order dynamical system.
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1 Introduction

Since Lorenz discovered chaos in a simple system of three autonomous ordinary differen-
tial equations in order to describe the simplified Rayleigh-Benard problem in 1963 [12],
the analysis of dynamics of 3-D chaotic and 4-D hyperchaotic systems has been a focal
point of renewed interest for many researchers [2][3] 56} 813} 151 17, 19] 211 221 26l 27].
Hyperchaos is characterized as a chaotic system with more than one positive exponent,
this implies that its dynamics are expended in several different directions simultane-
ously. Thus, hyperchaotic systems have more complex dynamical behaviors than ordi-
nary chaotic systems. As we know, there are many hyperchaotic systems discovered in
the four-dimensional social and economical systems. Typical examples are 4-D hyper-
chaotic Chua’s circuit [I], 4-D hyperchaotic Rosslor system [I8] and 4-D hyperchaotic
Lorenz-Haken system [I4]. Since hyperchaotic system has the theoretical and practi-
cal applications in technological fields, such as secure communications, lasers, nonlinear
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circuits, neural networks, generation, control, synchronization, it has recently become a
central topic in nonlinear sciences research.

The estimate of the bound for a chaotic system is of great importance for chaos
control, chaos synchronization, and their applications [4], where the concepts of ultimate
bound and attractive set of system serve as excellent tools for analysis of the qualitative
behavior of a chaotic system. Such an estimation is quite difficult to achieve technically.
Notwithstanding the difficulty, during the past 40 years or so, many good and interesting
results on this topic have been obtained for some 3-D continuous-time systems [7,[9,10,
16,24].

In recent years, the study of the boundedeness of 4-D dynamical systems have at-
tracted the attention of many engineers, physicists and mathematicians. For example
n [I1], the ultimate bound and positively invariant set for the 4-D hyperchaotic Lorenz-
Haken system were investigated. In [20] the estimation of the bounds for the 4-D hy-
perchaotic Lorenz-Stenflo system was also obtained. Recently, the boundedness of the
generalized 4-D hyperchaotic model containing Lorenz-Stenflo and Lorenz-Haken sys-
tems was done in [23] and the boundedness of a kind of hyperchaotic systems that have
wide applications in the secure communications was also investigated in [25]. In the
present paper, by using the multivariable functions analysis, we generalize all the exist-
ing results in the relevant literature concerning the finding of an upper bound for the
general 4-D continuous-time system. In particular, we find sufficient conditions for this
system to be contained in a four-dimensional ellipsoidal set.

Let us consider the general 4-D continuous-time autonomous system

x/ = f(x’y7z7w75)’
y/ :g(‘rayazawaé)a (1)
2 =h(z,y,z,w,0),
w =k (z,y,z,w,9),

where f, g, h and k are real functions and & € R™ is the bifurcation parameter. As-
sume that system () has at least one equilibrium point, so bounded orbits are possible.
Without loss of generality we can assume that the origin is an equilibrium point, i.e.,
£(0,0,0,0,6) =¢(0,0,0,0,6) = h(0,0,,0,0) =k (0,0,0,0,6) = 0.

2 The Estimate of the Bound for the General 4-D Dynamical System

To study the estimate of the bound for the general system (I, we define the following
Lyapunov function

V(z’y7z7w):

(= o (wy,2,w)" + (= B (@9, 2,w)° + (=7 (5., 2,w)" + (0 =0 (2., 2,w))"
2 )
(2)
where (a (z,y, z,w), B (z,y, z,w) , v (2,9, 2,w), 0 (x,y, z,w)) € R* are real functions, in
which the derivative of (2)) along the orbits of system () is given by

%=(:c—a)(x’—o/)+(y—ﬁ)(y’—5’)+(z—v)(Z’—7’)+(w—9)(w'—9')’ (3)
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where

Oa
azgml‘i‘a—y/‘i‘a +a—’w—¢1f+’l/12g+¢3h+’l/14k?

y
B, d
ﬂ’:—aiz’+a§y +afz +aﬂw = f + p2g + psh + pak,

p) B 0 oy (4)
yo= D Dy T S = & Eag + pbsh + &k,

%, 85’9 %
0 = —2' + =y + 222 + —w = Cf + (g + Csh + Gk

oz” oy’ T 9z7 | ow
Therefore, we have

av
E = (xayazaw)x_wx2+02 (:anazaw)y_goy2+c3 (xayazaw)z_¢22+

Cq (:anazaw)w_nw2+c5 (‘Tayazaw)a (5)

where

C1 (zayvsz) = f - wlf - ng - 1/13’1 - 1/}4]{: + wax,

2 (2,y,2,w) = g — pn f — pag — psh — pak + @y,

C3 (‘T’ya 2, ’LU) =h- glf — &g — pézh — &4k + ¢z,

Cq (iﬁayazaw)Zk—le—C29—C3h—C4k+77wa (6)
cs (x,y, z,w) = cg (x,y, z,w) + ¢7 (2, y, 2, W),

6 (7,y,2,w) = —af — Bg —vh — Ok + o (V1 f + Yag + Psh + Psk),
o7 (@,y, 2,w) = B (p1f + pog + psh + pak) +
Y (i f + 829+ &h + k) + 0 (G f + Cog + Gh + Gk) .

Assume that the equation (B has the form

dv 2 2 2 2

o = w@—a) —ey=F) = é(z—m)" —n(w—0)" +r (7)

where w, ¢, ¢, n and r are strictly positive constants, a1, 51, 1, #1 are unknown constants

and it should be determined in which the equation i 0 determines an ellipsoid in

R4

Equation () is equivalent to

av

Fr —wr 4 2waiz— Y 42081y — 22 + 201 2 — w4 2n0 1w —wat — B — i —nb? +r.
(8)

By identification with ([B]) we get

C1 (-Tayazaw)
AT

C2 (z;yvsz)
=

¥
o C3 (zayvsz) (9)
N
9 o Cyq (:anazaw)
1 — 277 )
r:wa%+<pﬂ%+¢7%+779%+05 (zayvsz)'
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Since a1, B1, 71, 01 and r are real constants, the functions {¢; (z,y, z,w) ,i =1,2,3,4,5}
are also constants, i.e.,
dci (x,y,z,w)  Oci(x,y,z,w)  Oc;(x,y,z,w)  Oc;(x,y,z w)

= = =0,i=1,5. (1
Ox Oy 0z ow 0,i=1,5 (10)

Now, putting

H(z,y,z,w) =

o)’ W B)' oml @) g

r
w »

o3
33

In order to prove the boundedness of the system (I, we assume that it is bounded and
then we will find its bound, i.e., assume that

¢s (2,y,2,w) +wa? + @Bf + ¢f + o7 > 0, (12)
w>0,0>0,¢>0,n>0,
. dv
therefore, the equation o 0, that means, the surface
= {(J:,y,z,w) eR: H(z,y,z,w) =0, w, @, ¢, n,7 >0 } (13)

is an ellipsoid in four-dimensional space. If the system () is bounded, then the function
(@) can reach its maximum value on I'. Denote the maximum point as (2o, yo, 20, Wo ). In
order to find it, we define the function F by

F(z,y,2,w) = G (,y,2,w) + A (2,9, 2, w) (14)
where
G (x,y,z,w) =2 +y* + 22 + w* (15)
and A\ € R is a finite parameter. It is clear that max G = max F and let
(z,y,2,w)€T (@,y,2,w)€T
OF (x,y,z,w)

=2r (WA +7)z — whay) =0,
=2r7H ((pA + 1)y — A1) =0,

=2r (A +7) 2 — PpAy1) =0,

13)
OF (ay, 2, w)

dy

OF (x,y,z,w) (16)

0z
OF (z,y,2,w)
ow

In the sequel, we can separate some cases to discuss the upper bounds of the system
@.
(DIEAE — A# — N#— and A £ —, we get
w @ ¢ U

=2r~((nA\+7)w —nAd1) = 0.

(%0, 0, 20, W0) = wlar  pABL Ay nAby (17)
05 90, <0, WO T+W)\7T+§0)\,T+¢)\,T+T])\
and 2v2 2 21232 2122 23202
max G:w)\a1+<p)\ﬁl+¢)\71+77)\1 (18)

(z,y,2,w)€T (r+wh)?  (T+eN*  (r+oN?  (r+nN)?
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In this case, there exists parametrized family (in \) of bounds given by (I8]) of the system
@).

(ii)If)\:%,(w#@,w;«éqxw;ﬁn))\75 JAN A — )\;é , we obtain

¢
(an Yo, =0, ’U_)()) = (i (1 - %) + iy, 7fﬂ;a ;qiry;a w719717> ) (19>

where

&= [0 (@ = 6)* (=) + 67 (w— ) (=) + 10} (w— ¢)° (@ — )]

=rw-9 @-9°w-n’
&> &.
(20)
The last condition of (20) confirms that the value zo in (I9) is well defined. In this case,
we have

2
B s ©* 57 *77 03
e ® = < S-8)+ “1> e sa)Q e Twn @

(iii)lfA=%,(w#w,w#¢,w#n) A — AE— A#;wehave

¢

(:C()ay()az()awo) = <_a1w;i (1 - 6_3) +613 _(bVl _7791> ) (22)

0 —w €a o=@ p—1
where

&= [wa? (p—0) (p=m)+ 12 (p—w) (p =1 + 163 (p —w)* (¢ — aﬁ)ﬂ :
G=rp—w’(p—9) (-7,
§a > &3
(23)
By the last condition of [23]), we can confirm that the value yo in ([22)) is well defined. In
this case, we get

2 2 ? 2.2 202
o Qv ( _ 5_3) Ceh Uh _ 4
o (o) ( b))t -0  (p-n? 24

(i) A= —" ¢ (@Fw dF P oF N AFE — AF — A —, we obtain
2 n

($07y05205w0) = <¢O[_1:ja ;fﬂ;ai ¢ (1 - §_Z> + 71, Qj?z@;’) ) (25>

where

& = 6% [wad (0 —0)* (6 =) + 983 (9 —w)’ (6 — 1) + 163 (6 —w)* (6 - 9)°),
G=r(@-w(6-¢)(¢-n7,
&6 = &5-
(26)
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Also, the last condition of ([26)) confirms that the value zo in ([25]) is well defined. In this
case, we have

2, .2 2102 2 202
o - v 0By r < B 5_5) n-01 _
Cosmer  G-w)  G-el < s\t Ty @

W A==, (#w,n# e n#0) A#E — A% —, A# —, we get
n w @ ¢

_ [ moaw —pB —¢m r &
(xO,yO,ZO,'UJO)* <77w,77§0,77¢,:|: 5(15_8>+91>; (28>

where

& =17 |wai (n—9)° (1= ¢)" + 9t (1—w)* (1= )" + d7f (1 —w)” (n — 50)2} )
G=r(n—w?n-)0-9)7,
£ = &7
(29)
The last condition of (29) confirms that the value wg in ([28)) is well defined. In this case,
we obtain

2
__oju? il ¢*7 [( g) y
(m’y’n%)EFG(nw)2+(n<ﬁ)2+(n¢)2+< i)t @

Finally, the other possible cases can be treated using the same technique.

Theorem 2.1 Assume that conditions (@), {Id) and {I3) hold, then the general 4-
D continuous-time autonomous system () is bounded, i.e., it is contained in the 4-D

ellipsoid (I3).
Also, similar results can be found using the cases discussed above.
3 Example
We consider the Lorenz-Stenflo system studied in [20] and given by
z = ay — ax + dw,
y =cx—xz— Y,

Z = xy — bz,
!
w = —r — aw.

(31)

We choose the Lyapunov function V (z,y, z,w) = A2 + 32 + (z — Aa — ¢)® + Adw? as
in [20]. Suppose that A and d are strictly positive and denote VAz = Z, vV dw = @ ,
thus we get V (Z,y,2,0) =2+ + (z —da—c)’ + 0% ie,a=8=0=0,7y=Aa+c
and the system (BI]) becomes

= —aZ + Vay + Vduw,
c ~ 1

g/

Yy = 5T —y— 52z,
, VAN Y,

W = —\dT — aw,
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i-e-7 f(gayvzvﬁj) = _a‘%—i_\/xay'i_ \/E’L,E, Q(anaza@) = ﬁ‘%_y - %gzv h(‘%ayvzva) =

—bz + %5% k(Z,y,z,®) = —V/dZ — aw. Thus, we have w = a > 0, ¢ = 1 > 0,
A A 2
p=b>0,n=a>0, a1 =051 =60=0,11 = a+candr:b a2+c . Then, we
1dV ~ ~ 1dV
get g = —a#? — y? — b (2 - 2552)" — ai? + b (255)7 e, ST —a\z? —y? —

bz% — addw? + (\a + c) bz which is the same as in [20]. Also, it is easy to verify that all
conditions of Theorem 2.1 hold for this case. The 4-D ellipsoid I is given by

Zﬁ)\a-l-c 2
4. z* v 2 o =
T = (m,y,z,w) eR%: 9(}\0/“”6)2 + b()\a+c>2 + (M)z * Q(AaJrc)z B 1,
a\ 2 2 2 a\ ?
a>0,b>0,¢>0,d>0,A>0
(33)
ie.,
Aa+c\’ b(Aa + ¢)*
r— (z,y,z,w)€R4:)\az2+y2+b<z > +)\adw2:f,
a>0,b>0¢>0,d>0,A>0
(34)

which is also the same as in [20]. Finally, we have the result shown in [20] that confirms
that if a > 0,5 >0,¢c>0,d > 0, A > 0, then the Lorenz-Stenflo system is contained in
the following set

Q)\:{(z,y,z,w)€R4:)\z2+y2+(zf)\afc)2+)\dw2§R2}, (35)
where -
M, ifa>1,b>2,
4(b-1)
R*=¢ (ha+¢)?, ifa>8 b<2, (36)
272
M, if0<a<1,b>2.
4a (b —a)

4 Conclusion

In this paper, based on the multivariable functions analysis, a generalization of all the ex-
isting results in the relevant literature for the upper bound of the general 4-D continuous-
time system is investigated. Especially, sufficient conditions for this system to be con-
tained in a four-dimensional ellipsoidal surface are determined.

The strategy presented in this work is sufficiently general, so it would be possible to
apply the present method to consider other systems with high order and more complicated
nonlinearity, which will be the topic for further papers.
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