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Control of the new 4™ order hyper-chaotic system
with one input

Antonio Loria

CNRS, LSS-SUPELEC, 3, Rue Joliot Curie, 91192 Gif s/Yvette, France.

Abstract

We solve the problem of chaos suppression of Lii’'s hyper-chaotic system via feedback control. We use only
one control input and moreover the controller is a simple proportional feedback and uses the measurement of
only one variable. We show that this simple control law suffices to stabilize the hyper-chaotic system to the
zero equilibrium globally and asymptotically. We present stability proofs based on Lyapunov’s direct method
and integration of solutions. As a corollary of our main result we draw the conclusion that the system is
globally stabilizable by simply varying one parameter, when possible. Simulation experiments that show the
effectiveness of our method are also presented.

PACS: 05.45.Ac; 05.45.Gg; 02.30.Hq; 05.45.Pq

Keywords: Lii system, Lorenz system, chaos control, Lyapunov method

1 Introduction

Many mathematical definitions of chaos exist but roughly, it may be described as a type
of dynamic behaviour with the following characteristics: extreme sensitivity to changes in
initial conditions, random-like behaviour, deterministic motion, trajectories of chaotic
systems pass through any point an infinite number of times. The discovery of chaos
as a dynamic behaviour goes back undoubtedly to the mathematician and physicist H.
Poincaré in the early 1900s, notably, in his celebrated work on the 3-body problem.
Experimentally, chaos was first observed by Lorenz while simulating weather models.
The celebrated Lorenz system [8] is a third-order autonomous system with two bilinear
nonlinearities which produces the famous “butterfly attractor”. In [3,15], Chen generated
a somewhat similar yet topologically different chaotic system, known now as the “Chen”
system. One shall also mention the Rossler chaotic system —cf. [14] which, as the first
two is bilinear and of 3rd order.

Another interesting 3rd-order chaotic system is the so-called Lii system [10]:

t=a(y —x) (1a)
y=—xz+cy (1b)
z=uxy — bz (1c)
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with a = 36, b = 3 and ¢ = 20. Parallel research on the Lii system has been carried
on to produce other 3rd-order modifications of the latter with yet more interesting
characteristics. For instance, the modified Lii system

jf’s = ﬂxs — YsZs +c (2&)
ys =—ays + Ts2s (2b)
28 - _bzs + ZsYs (20)

was introduced by the authors of [10] in [9]. Master-slave synchronization of this type of
systems is studied via nonlinear feedback in [13,16].
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coordinate y(t) -40 -20

coordinate xs(t)

Fig. 1. Attractor of hyper-chaotic system without inputs i.e., uz = uy = uw = u; = 0 — coordinates z-y-z

One of the aspects of undoubted interest in chaos research is control. For instance, the
ability to make the system dynamics converge to a constant set-point, a periodic orbit or
a different chaotic attractor than the natural one. Many techniques exist for chaos control
such as the well-known OGY method [12], time-delay [6], nonlinear feedback control —cf.
[11], sliding modes —¢f. [2], Lyapunov exponents placement —cf. [1] to mention a few.

In this article we concentrate on chaos control of the Lii hyper-chaotic system. An
interesting feature of this system is that by adding a feedback term and making the
parameters vary appropriately one may provoke the system to exhibit different chaotic
attractors; indeed, its behaviour will range from that similar to the Lorenz system to
the Chen system. In the very recent article 7] the authors present an exhaustive study
enriched with many simulation experiments that show how, via feedback control one may
exhibit different chaotic regimes, going from those of the Lorenz system to the Chen’s and
other intermediary behaviors. The change of dynamics is provoked via feedback control,
using different techniques: fuzzy control, nonlinear feedback control, etc. In particular,
the latter consists on adding a bilinear nonlinearity to one of the system’s equations and
making a parameter vary over different ranges.
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Other articles where control of this hyper-chaotic system is studied include [4,5,11]. In
[5] several control laws are proposed which stabilize the system at the zero equilibrium;
for instance, a linear control law of dimension four and nonlinear feedbacks. In [11]
the complex method of backstepping control is used to construct a highly nonlinear
controller but which is also suitable to drive the system towards periodic orbits.

In this article we study the control towards an equilibrium point (hence chaos suppres-
sion) of the generalized 4th-order Lii system given by —cf. [5]

Ts=a(ys — Ts) + Uy (3a)
Us =bxs — kxszs + ws + u, (3b)
b= —czs + ha? +u, (3c)
Wy = —dTs + Uy (3d)

where a, 0, ¢, d, k and h are constant parameters and u,, u,, u, and u, are control
inputs. For the following values of these physical parameters, the un forced system that
is, with all control inputs set to zero, exhibits a hyper-chaotic behaviour:

a=10, b=40, c=25, d=10.6, k=1, h=4. (4)

The attractors for the case when the system is unforced (i.e., with all controls set to
zero) are showed in Figures 1, 2 and 3. The initial conditions are set to:

ZL’S(O) =—4 ys(o) =8 ’LUS(O) =12 ZS(O) =—6. (5)

coordinate zs(t)

coordinate y(t) -40  -15

coordinate xs(t)

Fig. 2. Attractor of hyper-chaotic system without inputs i.e., uz = 4y = uw = u, = 0 — coordinates z-y-w

As mentioned, control to the origin of system (3) has been very recently studied in [5]
where several techniques are proposed: the first uses linear proportional feedback on all
four inputs; the second uses speed feedback of i which, to be implemented either requires
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coordiate yS(t)

coordinate X (t) -20 -30

coordinate ws(t)

Fig. 3. Attractor of hyper-chaotic system without inputs i.e., uz = 4y = uw = u, = 0 — coordinates w-z-y

to estimate numerically ¢ or to use its definition from Eq. (3b). The latter imposes to
know the states x,, ws and z; and uses bilinear terms. In this article we show that it is
possible to suppress the hyper-chaotic behaviour by acting on one single equation, that
is, we only use the control input w,. We achieve this by linear proportional feedback of
the variable x,. As a corollary of our main result we can draw the conclusion that the
system may be stabilized from a chaotic regime by simply varying the parameter b.

2 Control of hyper-chaotic system to the origin
2.1 Proportional feedback control

We solve the problem of stabilizing the system (3) at the origin i.e., the equilibrium
(s, Ys, 25, ws) = (0,0,0,0). Firstly, we stress, as in [5] that the origin is a saddle point of
the unforced system; this can be viewed by investigating the roots of the characteristic
polynomial of the linearization of (3) around the origin:

T —a a 0 O] |x
Us b 0 0 1| |ys
= (6)
Zs 0 0 —c 0f |z
| Ws | _—d 0 0 0] |ws]
A

The roots of the characteristic polynomial of A that is, the roots of det(A — \I) = 0 are

A1 = —25.7153, Ao = 15.4484, A3 = —2.5, Ay = 0.2668 . (7)
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The following theorem establishes that the simple and unique control law u, = —kjx;
in the second equation suffices to stabilize the system at the origin.

Theorem 1 Consider the system (3) and assume that all the parameters are such that
the system in open loop is chaotic. Consider the controller

u, =0, u,=—-kzr u,=0, wu,=0. (8)

Then, for sufficiently large ky the zero equilibrium (z,y,z,w) = (0,0,0,0) of the closed-
loop system s globally asymptotically stable.

Proof. We split the proof in two parts. First, we prove that the trajectories of the closed-
loop system are uniformly globally bounded. Second, we show global asymptotic stability.
The first part of the proof relies on the observation that the system’s trajectories cannot
explode in finite time and, that under a chaotic (open-loop) regime, the trajectories are
uniformly bounded. The second part relies on standard Lyapunov theory.

Let & := [z, ys, 25, ws] | denote the state of the closed-loop system (3), (8). Correspond-
ingly, let £(t, &,) denote the closed-loop trajectories with initial condition £(0) = &, € R™.
We also use the shorthand notation £(t).

Part Ia. First, we show that the system is uniformly forward complete i.e., that the
solutions may not grow to infinity faster than exponentially with uniform increasing
rate (no finite-time explosion is possible). Consider the functions

1 1 1 1
Wi(€) = zal  Wa(&) = ys  Wa(§) =522 Wi(§) = Jwi.
2 2 2 2
Define w;(t) := W;(£(t)), i € {1,...,4} and w(t) := 3}, w;(t). A simple computation
shows that there exist positive numbers v and v, (which depend on the system’s param-
eters) such that the time derivative of w(t) along the closed-loop trajectories satisfies

D(t) < v ) wilt) +va(wr (£) + wa(t)* + ws(t)?) (9)

To see this, note that (in particular) the total derivative of Wy, using (3b) and (8), yields
Wy = (b—Fk1)ysws — kysrs2s +ysw,. Hence, using the triangle inequality ab < 0.5(a®+b?)
on each term we see that

Da() < 0.5(b— kn)[ys (1) + 2:(£)°] + 0.5k (ys(£)” + [wa(H)2:(D)]?) + 0.5[y2 + w]
(b= ) wa(t) +wi(8)] + k(wa(t) + wi () + ws(t)?) + walt) + wa(t)
< vp(wi(t) +wa(t) +wa(®)) + v (wn (B + ws(t)?), v, >0,

IN

Mutatis mutandis, one finds similar bounds for wy, w3 and wy.

Now, let tmax > 0 be such that |£(t)] — 0o as t — tpax. We proceed to evaluate the
integral on both sides of the inequality in (9) from any t' € [to, tmax) tO tmax Where ¢’ is
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such that w] := w;(t') > 0 for all i € {1,2,3,4}. To that end we rewrite (9) as

d(wl + 5) + W3 + w4)
- < dt
Yy wi+ va(wi + w3 + w3)
i=1

and define w™™ := limsup,_,,  w(t) to see that

wmax

dw4 tmax
[ - < [

v Y w; + (Wi 4 wi 4 w3)
i=1

A

If any of the elements of £(¢) := [w,(t), ys(t), 25(t), ws(t)] " goes to infinity we have w™a* =
+o00 hence, we have

o

= tmax — t,

3
In <V1W4 + 1Y wi + va(wi +wh + w§)>

i=1

!

wi=w

which implies that t,,,x = 400. In view of the definition of W, we see that the trajectories
ws(t) may not grow faster than exponentially and with a rate independent of the initial
conditions. A simple inspection at the closed-loop equations (3)-(8) shows that the same
holds for the other variables. We conclude that the system is uniformly forward complete.

Part Ib. We now show boundedness. From forward completeness it follows that for each
d >0 and 7" > 0 there exists M(J,T") such that

[So] <0 = [€(1)] < M(6,T)  Vte[0,T].

M is, in general, a non-decreasing function of its arguments. Let the system operate in
open loop for all t € [0,7] for any 7" > 0. Let r be such that the closed ball B, is the
smallest compact set strictly containing the system’s attractor and let 7" > 0 be the
smallest number such that £(t) € B, Vit > T*. T* is finite since the system is chaotic
and is independent of initial conditions since the system (3)-(8) is autonomous. We obtain
that |£(t)] < max{M(6,T),r} for all t € [0,7] and any 7" > 0. Define M = M(5,T™)
then, |£(t)] < {M (), r} for all £ > 0. Note that the same holds as 7" — 0. That is, the
solutions of (3)—(8) are uniformly globally bounded.

Part II. The proof of stability relies on regarding the closed-loop system as the cascade
interconnection of two systems: the first being given by (3a), (3b), (3d) and (8) with
“Input” z, = 24(t) and the second being given by the z, equation, (3c), (8), regarded
as a system with input x4(¢). The proof is constructed in two parts. First, we show
exponential stability of (3a), (3b), (3d) uniformly in bounded inputs z4(¢). Then, we
show exponential stability of (3c) considering that it consists of a stable filter with a
decaying input.

Following up Part I define, for any 6 > 0, 3, := max{M(d),r}. Then, for any &, € Bs
and all t > 0,

sup |[25()] < B (10)
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Integrating on both sides of Eq. (3¢) we have
25(t) = 2,(0)e " +/ hay(r)2e= ) dr (11)

so using (10) we obtain

201 < |z e + 12 [ e ar

h3? h3?
<|25(0)] + < 6 = 6.(6) Vt>0.
Let ¢ := [2,, ys, ws]. Consider the functions
1 2
Vi(¢) == B (04136’ + asy? + apw; ) ap, ag, az >0
Vé(C) = e TsYs — E2WYs, €1, €9 > 0.

The function V(¢) := V4({) + Va(¢) is positive definite, radially unbounded and satisfies

T T T T

where the eigen-values of the matrices

Q1 —¢&1 Qg —E&g

Al = o y A2 = o
3 3

L) 273

are bounded from above and below by positive numbers for appropriate values of oy and
as. The total time derivative of V; along the closed-loop trajectories yields

Vi(€) = —ajaz’ + aqaysr, + asbrys — sk sz, + asways — askizgys — andw,r, |
Let
ki —0b
aq = 7(13( ; ) (13)

then, for all |z,] < 3.,

%(C> = —OélCLLL’g - a3kxsyszs + Q3WslYs — OédesLL’s

< —aax? + askB. |v] |ys| + aswsys — apdwgzs . (14)
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The total time derivative of V5 along the closed-loop trajectories yields

Va(¢) = —[bxs — kxszs + ws — kyag)[e1xs + caws] — ysleralys — x5) — eaday)
<C:1[a(ys - xS)]ys - [51113'5 + 52ws][(b - ]{51)1’5 - kIszs + ws] + 52dzsys
81(b — ]{51>LE§ — 82(b — kl)wsxs + 51]476215 — E1WsTs + 52]{55,2 ‘st‘ |ws|

—eqw? — gray? + €107y, + cadTys . (15)

S_
S_

Putting together (14) and (15) we obtain

Vi + Vo < —2?[ara — 1 (kB + ky — b)] — eaw? — e1ay? + wyzy[ea(ky — b) — &1 — ad]
+52kﬁz |$s| |ws| + (Ela + 52d)x8ys + O‘3kﬁz |$s| |ys| + Q3WsYs (16)
For any d > 0 and k; > b we define

o 52(/{51 — b) — &1

Q1= y (17)
and we impose
a1a
% > e1(kB. + Kk — b) (18)
which, in view of (13) holds if and only if
Oég(]fl — b)
< — 7 19
el Ay (19)
which holds for e; sufficiently small. Under these conditions we obtain
Vi+ W< —%x? — eqw? — g1ay?
+€2]€62 ‘LL’S| \ws\ + (81@ + €2d + 043]{762) ‘LL’S| |ys| + A3WYs (20)
which holds if
Vi+Vh< —%qay? — %oqaxi — %@w?
- T -
k3.
IR L I o I A O N I = T
_gekB 22 _os e
_|w5| 2 3 |w5| |y8| 2 3 |y5|_
[ T ala 1 1
B |£L’S| % —5( 51a+52d+oz3k:ﬁz) ‘SL’S‘ (21)
_|ys| _%( 81a—|—62d—|—043]€62) ? ‘ys‘_

The matrices above are symmetric and positive semidefinite under the following condi-
tions, respectively:
aa 627622622

cond 1.
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2
£1€2a g
d 2. > —=
con 9 =
510é1&2 1 2
cond 3. > —(e1a + e2d + azkf3,)

9 2

For any fixed values of the other constants involved, conditions 1 and 3 hold for suf-
ficiently large a; which, in view of (13), is possible by enlarging the control gain k;.
On the other hand, note that both the denominator and the numerator of (19) are of
linear order in k; hence, enlarging the latter does not violate (19) which is fulfilled for
g1 sufficiently small. Also, choices of large k; and small £; do not violate the positivity
of as —¢f. Eq. (17). Furthermore, for any (small) £; Condition 2 is met if a3 is small
enough i.e., if

az <

\/E1E20

Wl N

which, in view of (19) imposes that

R 482&(]{71 - b)2
S OkB + ke — B2

The latter holds for small values of £; and an appropriate choice of &5.

In summary, for sufficiently large ki, there exist positive reals €1, €2, ay, a3 such that
V(C) := Vi(C) + Va(C) is negative definite and satisfies

V(C) < ——51ays — loz azr? — ;5211)? (22)

where e1, £5 and a4 depend (implicitly or explicitly) of (.. The latter holds for each fixed
(.(0) hence, for each § > 0. From standard Lyapunov theory i.e., integrating on both
sides of (22) from 0 to ¢ and using (12) —positive definiteness of V' ({)— we obtain the
existence of k and A > 0 depending on k; and ¢, such that

[COI < w[CO)]e™ VE>0,5>0, [€0)] <4 (23)

Using this and the fact that z,(¢)2 < |¢(¢)]* we obtain from (11):

t
|Zs(t)| S |Zs(0)| e—Ct + / h |§(O)|2 e—2)\7'e—c(t_7—)d7_
0
t
< |z(0)[ ™ +/ h1€(0)? ele=NT e 47

t
< |z ()¢ -“+_—2Ah|s< O)F et [ eV (c—27)dr

§|Zs(0)‘e—ct+ h|£( )|2 —ct (c 20\t

<2:(0)| _c“rihlﬁ( 0)[* =Y.

Since the latter holds for each § > 0 and all |£(0)| < § we conclude global asymptotic
attractivity of the zero equilibrium (zy, ys, 25, ws) = (0,0,0,0). Furthermore, from the
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previous computations —cf. Ineq. (22), it readily follows that the origin £ = 0 is Lyapunov
(locally) stable. This, and that the closed-loop system’s trajectories are globally bounded
imply the theorem’s statement.

2.1.1 Simulation experiments

We have tested the controller in simulations using parameters from the literature. The
system parameters are set as in (4) and the initial conditions are set as in (5) so the
hyper-chaotic 4th order system is in chaotic regime. The system is left to evolve freely
under chaotic regime for 50s. Then, the control action starts at this moment. The numeric
simulations results are showed in Figures 4-7. One can clearly appreciate the exponential
convergence and fast transient after 1" = 50s.

30
157
10 { 20
< 5
x 10
©
£ 0 oo
e
5 of
8 -5
-10
_10,
L L L _20 L L
45 50 55 0 50 100 150
time [s] time [s]
Fig. 4. Integral curve of coordinate x4(t), control action starts at t = 50s
40— 40
301
20
201
am 0 10
>
]
= 0
£
S -
S 20 _10!
8
_20,
-40
_30,
-60

1 1 1 1 1 1 1 1 1 _40 L L L L L L
0 10 20 30 40 50 60 70 80 90 100 35 40 45 50 55 60

time [s] time [s]
Fig. 5. Integral curve of coordinate ys(t), control action starts at ¢t = 50s

2.2 Stabilization via parameter variation

As is clear from Theorem 1 and the simulation experiments, suppression of hyper-chaotic
behaviour hinges upon the ability of introducing the term —k;x, in the second equation.
For sufficiently large values of ki, notably ki > b this control term dominates over the

10
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Fig. 6. Integral curve of coordinate zs(t), control action starts at ¢t = 50s
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coordinate ws(t)
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time [s] time [s]
Fig. 7. Integral curve of coordinate ws(t), control action starts at ¢ = 50s

term bz, in (3b). To better understand the stabilization mechanism at an intuitive level,
let us rewrite the closed-loop system in the following form:

T —a a 0] |z
Us | = [7(@) 0 1| |ys (25a)
W —d 00| |ws

2y = —czs + ha? (25Db)
Y(t):=b— k1 — kz(t) (25¢)

Since z,(t) is bounded while under chaotic regime, the system of equations (25a) may be
viewed as a linear time-varying system with time varying parameter «(¢). Note that if
~ were constant, it is easy to impose conditions on this value so that the eigen-values of

the matrix in (25a) are negative and therefore the system (25a) is exponentially stable
at the origin.

11
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As for Equation 25b we may interpret it as the equation of a low-pass filter, an ex-
ponentially stable system with bounded input x(t). Moreover, if x4(t) tends to zero
(exponentially), so does z4(t) (exponentially). Since z4(t) is bounded in chaotic regime,
it is clear that one may vary the parameter () by varying the parameter k; to ensure
that (t) is sufficiently negative after sufficiently long time. If + satisfies such charac-
teristic it is possible to show the exponential stability of the system (25) as well it is
possible to induce chaotic behaviour by simply tuning this same parameter. The proof
of this statement follows closely the proof of Theorem 1 and shall not be repeated.

20

15

10

S

coordinate x_(t) and parameter b(t)
o a1

0 50 100 150 60 80 100 120 140
time [s] time [s]

Fig. 8. Integral curve of coordinate z,(t) with time-varying parameter b(¢) which evolves linearly from +40 to
-20 between t=70s and t=130s.
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Fig. 9. Integral curve of coordinate ys(t) with time-varying parameter b(¢) which evolves linearly from +40 to
-20 between t=70s and t=130s.

For illustration we have performed more numeric simulations. For that purpose, redefine
b(t) := b — ky(t) where b is the original nominal constant parameter of system (2) (in
this simulation b = 40) and k; is a part that is left to vary from 0 to 460 so b(t) decays
linearly from +40 to —20 over 60s. The response of the system with such b(¢) is showed
in Figures 8-11. One can see that all the system’s coordinates exponentially converge
to zero as b(t) becomes sufficiently negative. As is shown in the figure, the final value of
b(t) is b = —20. That is, modifying the parameter b to appropriate values tantamounts
to applying the feedback control from Theorem 1.

12
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Fig. 10. Integral curve of coordinate zs(t) with time-varying parameter b(t) which evolves linearly from +40 to
-20 between t=70s and t=130s.
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Fig. 11. Integral curve of coordinate ws(t) with time-varying parameter b(¢) which evolves linearly from +40 to
-20 between t=70s and t=130s.

3

Conclusions

We have showed that suppression of chaos, in particular, control to the zero equilibrium
is possible for the hyper-chaotic system of Lii via one control input. Our control law is
in it’s simplest possible form; proportional feedback. This can also be viewed as control
via varying one of the system parameters.
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