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Abstract

In this letter we present a universal nonlinear control law for the synchronization
of arbitrary 3-D continuous-time quadratic systems. This control law does not
require any type of conditions on the considered systems.
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1 Introduction

Several methods have been successfully applied to chaos synchronization. For ex-
ample, in [1] a method is introduced to synchronize two identical chaotic systems
with different initial conditions. An adaptive control approach is presented in
[2], a backstepping design was presented in [3], an active control method is pre-
sented in [4-6], and a nonlinear control scheme was given in [7-9]. Consequently,
there are many applications of chaos synchronization in physical, chemical, and
ecological systems, and in secure communications as shown in [1-2,10-13].

In this letter, we apply nonlinear control theory to synchronize two arbitrary
3-D continuous-time quadratic systems. The proposed control law does not need
any conditions on the considered systems, and hence it is a universal synchro-
nization approach for general 3-D continuous-time quadratic systems. In other
words, the present letter is concerned with synchronization of nonlinear system-
s in the framework of nonlinear observers. The investigation is restricted to a
pair of quadratic three dimensional systems, for which a control feedback can be
chosen in such a way that global asymptotic stability of the error system can
be established in the framework of classical Lyapunov theory. This restriction is
justified by the importance of this type of systems in real applications [14] which
is certainly a useful result.

2 Synchronization using a universal nonlinear control law

In this section, we consider two arbitrary 3-D continuous-time quadratic systems.
The one with variables z1, y1, and z; will be controlled to be the new system
given by
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Ty = ap + arz1 + agyr + asz1 + fi(z1,y1,21)
Yy = bo + bix1 + bayr + bsz1 + fa(z1,v1, 21) (1)
21 = co + c1w1 + cay1 + e3z1 + fa(w1, 1, 21)

where

filz,y1,21) = a4x? + a5y% =+ 062% + arx1y1 + agriz1 + agyrz1
fa(w1,y1,21) = baxi + bsyi + bezi + brziyr + bsz121 + boyr 21 (2)

2 2 2
fg(xl, Y1, 2:1) = c4x] + Y] + ez + crx1y1 + c8T121 + Coy121

and the one with variables x2, y2, and 29 as the response system

xh = do + diz2 + day2 + d3z2 + g1(22, Y2, 22) + u1 (1)

Yh = 10 + 1129 + Tay2 + 322 + ga(@a, Y2, 22) + ua(t) (3)
2y = 50 + $1T2 + Say2 + s322 + g3(T2, Y2, 22) + us(t)
where
91(w2,Y2, 20) = dax3 + dsy3 + de23 + drways + dszazo + doyo2e
92(T2, Y2, 20) = 1473 + T5Y5 + T625 + T7ToYs + TsTaza + ToYazo (4)

2 2 2
93(2, Y2, 22) = S45 + S5Y5 + S625 + S7T2Y2 + SsT222 + SoY222

Here (a;,b;, ¢;)o<i<o C R3 and (d;, i, 8i)o<i<o C R3Y are bifurcation parameters,
and uj(t),ua(t), us(t) are the unknown (to be determined) nonlinear controller
such that two systems (1) and (3) can be synchronized.

First, let us define the following quantities depending on the above two systems
in which we can proceed with our proposed method:

(&1 = a1+ di + ag(z1 + x2) + da(w1 + 22) + azy1 + agz1 + dryo + dgz
& =az +da + as(y1 + y2) + ds(y1 + y2) + agz1 + dyz2
{3 = a3 +d3 + ag(z1 + 22) + dg(21 + 22) (5)
§a=m+m2+n3
§5 = b1 + 11+ ba(z1 + @2) + 74(T1 + 22) + bry1 + bs2z1 + T7Y2 + 1822

and
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& = by + 12+ bs(y1 +y2) + r5(y1 + y2) + boz1 + rozo
§7 = b3 + 13+ be(21 + 22)
§s=mns+m5+ 16
§o = c1+ 51+ ca(wr + w2) + s4(x1 + 22) + cryr + ez + s7y2 + 5322 (6)
§10 = c2 + 52+ c5(y1 + y2) + s5(y1 + y2) + coz1 + S922
§11 = c3 + 53+ ce(21 + 22) + s6(21 + 22)
L §12 =17 + 18 + 19

where

m = dyx? + drxiys + dgw1 2 + dix1 — agxs — array) — agraz

N2 = —a122 + dsyi + doy1z2 + doy1 — asys — agyaz1 — azys

s = dez} + d3z1 — agzs — agzy — ag + do

M = T4T] + 7721y + T8T120 + 111 — baxl — brzoys — bswaz

N5 = —biza + r5Y5 + roy1z2 + ray1 — bsys — boyaz1 — bays (7)
Ne = 7"62% +r3z1 — b@Z% — bgzo — by + 1o

N7 = 8496% + 8721Y2 + S8T122 + 5171 — 0437% — C7T2Y1 — C8T221

N8 = —C1T9 + S5Y> + Soy122 + Syl — C5Y5 — Colazl — C2la

2 2
N9 = 8621 + 8321 — Cez3 — €322 — Co + S0

The above quantities comes from the formulation of the problem as the system in
(8) below. Now let the error states be ey = 9 —x1,€2 = y2 —y1, and e3 = 29 — z1.
Then the error system is given by

el = &er + &aex + Ezez + Eu + u (t)
ey = &ser + Epea + Eres + &g + ua(t) (8)
e = Eger + Epea + Erres + &1 + us(t)

We propose the following universal control law for the system (3):
u=—(G+ el — (&2+&)e2 — &

uy = — (6 + 1)ea — (&7 + &10)es — &g 9)
ug = —(& + &o)er — (&1 + 1)eg — &i2

Then the two 3-D continuous-time quadratic systems (1) and (3) approach syn-
chronization for any initial condition. Indeed, the error system (8) becomes
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L= —e1—&ea+ Eses

ey = &e1 — ea — Eqpes (10)
/
3

—&3e1 + Eoex —e3

2 2 2
and if we consider the Lyapunov function V = Geptes , then it is easy to

verify the asymptotic stability of the error system (10) by Lyapunov stability
theory since we have % = —e% - e% — eg < 0 for all (aj,bi,ci)o<i<o C R3,
(di,riy si)o<i<o C R3Y and for all initial conditions. In particular, if the two sys-
tems (1) and (3) are chaotic, then the control law (9) guarantees also their syn-
chronization for any initial condition. A practical example of this situation can be
found in [8]. On the other hand, any 3-D continuoustime quadratic chaotic system
can be stabilized (controlled) to a stable 3-D continuous-time quadratic system
that converges to an equilibrium point (to a 3-D continuous-time quadratic sys-
tem that converges to a periodic solution). Furthermore, any 3-D continuous-time
quadratic system can be chaotified to a chaotic 3-D continuous-time quadratic
system.

3 Example

The most known example of 3-D quadratic systems, is the original Lorenz system
given by:

37/1 = a171 — a1y1
Y =biz1 —y1 — 121 (11)

!
z1 = —C321 + 111

To apply the above method, we consider the one with variables x2, y2, and 22 as
the response system

zy = dizo — diys
Yh = T1T1 — Y2 — Toz2 + ua(l) (12)
zé = —8329 + T1Y2 + U3(t)

Thus, the universal control law for the system (12) is given by:

up(t) = —(§&1 + 1)er — (S + &5)ea — &a
ug(t) = ez — &3 (13)
uz(t) = —&oer — (11 + 1)es — &2
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where

Sr=a1+d1, & =—a1 —di, 6 = dizy — a1z — diy1 + a1y2
§s = —21 — 22,86 = —2,§8 = —T122 + 2172 — Y1 + V2 (14)
o =y1 +y2,611 = —c3 — 53,812 = T1Y2 — T2Y1 — S321 + €322

In particular, if the two systems (11) and (12) are chaotic, then the control law
(13) guarantees their synchronization for any initial condition.

4 Conclusion

We have presented a universal nonlinear control law (without any conditions) for
the synchronization of arbitrary 3-D continuous-time quadratic systems. This
universal law (9) can be considered either as a stabilization, or a control, or as a
chaotification approach for the system under consideration.
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