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Master—Slave Synchronization of Fourth-Order Lii
Chaotic Oscillators via Linear Output Feedback

Antonio Loria

Abstract—We solve the problem of master—slave synchroniza-
tion of fourth-order Lii’s hyperchaotic systems via feedback con-
trol. We use only one control input that enters in the slave system.
We show that this simple feedback suffices to synchronize both
systems exponentially fast. We provide a proof of stability and con-
vergence (hence, that synchronization takes place) via Lyapunov’s
second stability method. We provide some numeric simulations
that illustrate our findings.

Index Terms—Chaos, control, synchronization.

I. INTRODUCTION AND PROBLEM FORMULATION

YNCHRONIZATION of dynamical systems is a multifacet
subject of research depending on the context. It may be hi-
erarchy based (unidirectional), such as “master—slave” synchro-
nization in which, typically but not necessarily, two systems are
synchronized in a way that the “slave” system mimics the mo-
tion of the “master” system [8], [6], [16]. Synchronization may
involve several systems synchronizing without a prescribed
hierarchy (bidirectional) as is the case of synchronization of
networks of systems [20], [24], often happening naturally, for
instance, in certain biological systems. Another intensive area
of research to emphasize within bidirectional synchronization is
the study of the consensus paradigm; see the excellent text [22].
Controlled synchronization pertains to the case when syn-
chronization is induced by a control action, which may take
different forms, depending on the strategy. It may result from
feedback control, induced-delay synchronization [6], observer-
based synchronization [12], and impulsive control [9], to men-
tion a few. From a control viewpoint, the problem may be
recasted as a tracking control problem for the slave sys-
tem where the time-varying reference is given by the slave
system [14].

Master—slave synchronization has many applications in
technology such as in secured telecommunication [3], [7].
Specifically, motivated by the vulnerability to attacks of certain
architectures, the use of chaotic systems for data scrambling
has thoroughly been investigated. It is shown in [2] and [13] that
some schemes in which information is simply added as an input
to the (chaotic) transmitter may be unrobust vis-a-vis of attacks.
See also [1]. In [2], the fundamental property of identifiability
is studied in detail.
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Fig. 1. Attractor of a hyperchaotic system without inputs, i.e., with uz =
Uy = Uy = Uz = 0.

On the other hand, a number of chaotic systems continue
to appear in the literature: beyond the celebrated Lorenz and
Rossler systems, we shall mention the Chen system [23], the
Colpitts circuit [21], and different versions of the so-called Lii
and Chen system [15], [17].

In this brief, we address a problem of controlled master—slave
synchronization of a chaotic system largely studied in the
literature—the so-called Lii oscillator. There are at least two
models of Lii chaotic systems: one is of third order [18], [25],
and the other is of fourth order [5]. We propose a solution to
master—slave synchronization for the generalized fourth-order
Lii system given by [5]

Ty =a(ys — Ts) + ug (1a)
Us =bxs — kxozs +ws + Uy (1b)
Zs = — CzZs + hxi + u, (I¢)
Wy = — dTg + Uy (1d)

where a, b, ¢, d, k, and h are constant parameters,l and u,;,
Uy, U, and u,, are control inputs. For the following values of
these physical parameters, the unforced system, that is, with all
control inputs set to zero, exhibits a chaotic behavior:

a=10 b=40 c¢=25
d=106 k=1 h=4. 2)

The attractors for the case when the system is unforced (i.e.,
with all controls set to zero) are shown in Fig. 1. The initial
conditions are set to

z5(0) = —4
ws(0) =12

ys(o) = -8
25(0) = —6.

(3a)
(3b)

In the sequel, we refer to system (1) as the slave system.
Correspondingly, we introduce the master system, which has
no control inputs, as

jS'Tn == a(ym - xm) (4a)
i = — CZm + hxfn (4¢)
i = — di,. (4d)

!For simplicity, we consider these parameters to be positive.

1549-7747/$26.00 © 2010 IEEE
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The synchronization problem that we address consists in de-
signing a controller (uy,u,, u;, u,) such that the trajectories
of the slave system asymptotically follow those of the master,
i.e., we wish to make that

lim |zs — 2| =0 lim |ys — ym| =0 (5a)
t—00 t—00
tlim |ws — wy,| =0 tlim |zs — zm| =0 (5b)

for all initial conditions in a set D C R%.
We assume that the master system operates in a chaotic
regime; hence, defining for a continuous function

| floo :=sup [ f(?)] (6)
t>0
there exist constants Byy,, Bym, Bzm. and Bym such that

Synchronization of third-order Lii systems

i‘s —/Bxs — Yszs +C+U1 (8a)
Us = — AYs + TsZs + Uz (8b)
Zs = —bzs + T5ys + u3 (8c)

has been addressed in a few recent papers, for instance, in [18],
via nonlinear control and assuming that three control inputs
are available. The results of the latter were improved in [25],
where it is shown that, with the choice of only two controls, the
master—slave synchronization of two identical systems (8) may
be achieved. See also [4]. In the recent note [11], we solved
the master—slave synchronization for the third-order system
with one input and partial-state measurement. Here, we solve
the synchronization problem stated above for the fourth-order
system (1) via output feedback linear control. Asin [11], we use
only one control input to achieve the full-state synchronization
objective but measurement of one variable only. However, the
rationale and, hence, the method of proof are fundamentally
different from those used in [11] since the third- and the fourth-
order systems are dynamically very different.

The rest of this paper is organized as follows. In Section II,
we present our main proposition and proof, which is based
on the standard Lyapunov stability theory. In Section II-A, we
present some simulations that illustrate our theoretical findings,
and we wrap up this brief with some concluding remarks.

II. MAIN RESULT

For the system (1), we assume that only one control input
is available, which corresponds to uy, i.e., Uy = Uy = U, =
0. We also assume that only the variables xs and z,, are
measured. With this under consideration, let us introduce the
synchronization error coordinates

(%a)
(9b)

€r :=Ts — Ty
Cw (= Ws — Wy

€y = Ys = Um
€y 1= Zs — Zm.

The error dynamics equations are obtained by subtracting (4)
from (1) and using u, = u,, = u, = 0 to obtain

ér = aley —ey) (10a)
€y =bey — k(2525 — Tim2m) + €w + Uy (10b)
e, = —ce, + hez + 2hx ey (10c)
bw = — de,. (10d)

The synchronization problem boils down to stabilizing the
system (10) to the origin e = 0, where e := [ex,ey,ew,ez}T
via the feedback control u,. We are ready to present our main
result.

Proposition 1: Let T > 0 and consider the system (1) in
closed loop with

(t o —]{/‘1630 VtZT
uy(tex) =\ Vit el[0,T]
Uy =0 u, =0 Uy = 0.

Then, we have the following.

1) For any fixed 6 > 0 and 7" > 0 and any initial conditions
such that |e(0)| < d, one can find a control gain k1 (d,T")
that is sufficiently large such that the origin of (10) is
exponentially stable.

2) On the other hand, for any given k; independent of the
initial conditions and for all e(0) € R*, the system is
globally exponentially stable provided that 7" is taken to
be sufficiently large.

Proof: Adding —k(xse, — x5e.) to (10b), we obtain

€y = bey — kxszs — kxse, + kxge,
+ krszm — kegpzm + ey + uy.

Y

Then, defining b(t) = b — kz,,(t), the closed-loop equations
(fort > T) are

éy =aley, —ey) (12a)
éy = [b(t) — k1] ex + ew — kzs(t)e, (12b)
é, = —ce, + he? + 2ha,, (t)e, (12¢)
b = — dey. (12d)

We stress that the system above is a nonlinear time-varying
system with state £ := [e,, €y, €y, ;] and depends on time
through the functions ,,(+), z(-), and b(+).

By assumption, the master system operates in the chaotic re-
gime; hence, all master signals (+),,, are bounded. Furthermore,
let us temporarily assume that the trajectory of the slave system
in closed loop,? i.e., z5(t) is bounded for all ¢ (this will be
relaxed and proved at the end). Then, there exists (3, such that

sup [zs(t)] < Bys- (13)
t>0
To show Lyapunov stability, we introduce the functions

1
Vi(€) == 3 (oqei + 053612} + 0428721})

Va(§) = —e1exey — c2eyey,

Qy o
Vv?)(&) = 762
€1,€2,01, Q2,03 > 0.

The total time derivative of V; along the closed-loop trajectories
yields

Vl(g) = —011616923 + araeye, + as(b — kl)ezey

— askzs(t)eye, + aseyey, — aodeye,.  (14)

The total time derivative of V5 along the closed-loop trajectories
yields

Va(€) = —[erex + £2ew] [(b — k1)ex — kza(t)es + €]

— &1 [aley — ez)] ey + adege,.  (15)
Let &} > 0 be arbitrarily chosen and define
k/
ag = L. (16)
a

2That is under the proposed feedback.
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Substituting the latter in (14) and adding (15) to it, we obtain
Vl(&) + V2(€) S - k/lei + kllewey + aS(b - kl)ea:ey

+ agewey, — aadeye, — 1 [aley —eg)] ey
— [e16s + e2eyw][(b — k1)e, — kxse, + ey)
+ eadeze, — azkxgeye,. (17)

Now, recalling that b := b — kz,,(t), we see that the factors of

e,€y 1n the expression above are
Q3 (b — k‘Zm(t) — kl) +e1a+ €2d + ]Cll

which is equal to —askz,, (t) if we define

1
kl = ; (kll +51a + €2d) + b (18)
3

For ‘Z'm|oo < Bzm and ‘xs‘oo < s, we have

V1(€) + Vz(f) < —kiel + azepe, — azdeyey
— [6163; + €2€w][(b — kl)ex —
+ askfB.mlesey| + askfyslezeyl.

— 61&612/
kxgse, + ew)
(19)
Developing and rearranging terms, we obtain
Vl(é) + V2(§) S e:cew(f{fl - 52b + €2k'1 — Oégd) — 626121)
— [Ky +e1(b —k1)] €2 + azeye,
+ kxs(e1es + e2ey)e, — 61ae§

+ askB.mlesey| + askBys|ezeyl.

Next, we define

a9 = —[—e1 — e2b+ k] (20)

il
and substitute it in the factor of e,.e,, in (20) to obtain

Vl (5) + ‘/2(5) S 52k52m‘ezew‘ - 526121; + a3kﬁzm|emey|
— [k +e1(b— k)] €2 + azeney,

+ kBzs (51|6:6€z| + €2|6w62|) o Elae?Q/
+ a3kﬁzs‘ezey|' @D
Now, if
1
Skt e b= kam(t) — k1] >0 (22)
we obtain
_|€1| T|: 1145/ 252kﬂzm]|:|e$]
1% Va(6) < —
(&) +Va(8) < lewl ngkﬂzm €2 |ew|

N »MH

[ ez { 1k’ 2a3kﬁzmH|em|}
_‘6y| 2a3/€ﬂzm g1a \ey\
+ kfBeslez| [ealew| +e1lex| + O‘3|eyu

)
_|§Z‘i||} o e
|

— i(k’lei + 2e0€, + 2e1a€)) . (23)
In view of (18), (22) holds if
%k; - % (K, + era + ead) > e1kBem
which, in turn, holds if
€1 ( (e1a + e2d) + kﬁzm)
ki > 5 : (24)

[

(SIS
Q
©

The matrices in (23) are positive semidefinite if

K > 862(kﬂzm) (25a)
ag < = \/@ (25b)

Hence, under (24) and (25), the total time derivative of the
Lyapunov function V5 := V; + V5 satisfies

V12(£) < kBusle.| [e2]ew| + 1]es| + O‘3|ey|]
-1 (K2 +eqel + smef/) . (26)
Next, consider the total derivative of V3 along the trajectories
of (12¢); it satisfies (With |2, |s0 < Bem = Bes = Bz)
Va(€) < —ayce? + aghe?e, + 2hayfemleses|.

Hence, the time derivative of V' (§) := V1 (&) 4+ Va(&) + V3(€)
satisfies, for all® |e,| < By

V(€) < Busles| [(e1k + 3a4h)|ex\ + aszkle,| + eakley]]

— a4ce - - (k:le,fJ + Egefu + 516163) . @27
Rearranging terms, we obtaln
T
v L le.| ayc 2e9k s | | le:]
|€w| 252kﬁzs %52 |€w|
1 |ey| %qa 203k 0y ley|
4 ‘ez‘ 2a3kﬁzs Qyc |ez|
R 1K, 2(erk + 3ash)Bas
4 |€z| (61k‘+30&4h)ﬂxs QyC
€] Qyc o2 ' 2 2
lea| | ~ 7 &3 (kle + g€y, + Elaey) . (28)
The matrices in (28) are positive semidefinite, respectively, if
age > 8(kBys)’e (29a)
ascera > > 8(a3kﬁm)2 (29b)
1(146 > 8(€1k‘ + 30(4h) (29¢)
In summary, Vis negative definite and satisfies
. ayc
V() < 74 P (k’le/ + eae? + erae?) (30)

if (24), (25), and (29) hold w1th (16), (18), and (20).
We now investigate the positivity of V'

o[ 5

—61:|

ley] —€1 as/2

T ) o
2 |ew‘ —&2 (6] |€w|

in which both matrices are positive definite, respectively, if
(32)

Conditions (25) and (32) impose upper and lower bounds
on the parameters 1, €3, ag, etc. However, except for the
control gain k;, all parameters appear only in the Lyapunov
function; hence, considerable freedom is left to choose them.
One possible way is the following.

1) Pick k1 > 0 as a “large” number.

2) Given ., Bys, and the system’s parameters a, b, c, d,

and h, pick €1 and e, as relatively small and choose a3

3oy > 25% a3y > 25%.

3Recall that we temporarily assume that |zs| < [(zs; hence, there exists
Bz such that |z,, — acs\ < [; without loss of generality, we can pick B, =
Bzm = Bzs by redefining the constants if necessary.
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satisfying (25b) and the second inequality in (32), i.e.,
2¢2

1
— < az < 5\/a€1€2.

Q2
3) In view of (18), we have
/1 — a3(k1 — b) —&1a — €2d

which is positive for large values of k;.

4) Verify that €1 and €5 satisfy (24) and (32)—these hold
for sufficiently small £; and €2 and large k; (respec-
tively, k).

The first inequality in (32) is equivalent to [in view of (16)]

which also holds for large values of k. Finally, the inequalities
in (29) hold under the conditions described above and for small
aig; in particular, one may pick ag o (1/k3,s) to satisfy (29b)
and (29c¢) for €5. Thus, we conclude global exponential stability
of the origin of (12); in particular, the synchronization objective
(5) is attained.

It is left to show that the trajectories of the slave system are
bounded under feedback. We invoke the following. 1) Since
the systems are assumed to operate in chaotic mode without
feedback, their trajectories converge to a compact invariant set.
Let r > 0 and let the closed ball B, strictly contain such a
compact set; let co > T* > 0 be the smallest number such that
&(t) € B, Yt > T*.2) The previous development shows that V'
is a positive definite Lyapunov function with a negative definite
derivative for any values of the states contained in a compact
set.* Hence, there always exist control gains such that the
system under feedback is exponentially stable at the origin for
any finite initial conditions. 3) It may be shown as in [10] that
the system under feedback is forward complete, that is, if there
exists a set of initial conditions and gains such that, together,
they generate solutions that tend to infinity, these solutions may
unboundedly grow only in infinite time. From this, it follows
that, for each § > 0 and T' > 0, there exists M (9, T") such that

O <6 =) <M, T), Vte[0,T]

where M is in general a nondecreasing function of its argu-
ments. Since, by assumption, the system operates in open loop
for all ¢t € [0,7] for any T >0, |£(t)| < max{M(0,T),r}
for all ¢t € [0,7) and any T > 0. That is, the solutions are
bounded. Note that the bound max{M (d,T),r} is indepen-
dent of the gains, and for 7' > T, we can safely assume
that max{M (6,T),r} = r and (., depends only on r; hence,
point 2 of the proposition follows. If 7" and § are given and
max{M(6,T),r} = M, then (3,5 depends on T and § and so
does k1; hence, point 1 of the proposition follows. In either
case, k1 does not depend on the initial conditions £(0), nor is it
required that [£(0)] < r. |

A. Simulation Results

We have tested the controller in simulations using parameters
from the literature: the system parameters are set as in (2),

“Indeed, if there exists B¢ > 0such that || < S, there also exists Bzs > 0
such that |xs| < Bzs; this is also the case for all other state variables.

0 2 4 6 8 10 12 14
time [s]

Fig. 2. Synchronization error trajectories for the x- and the z-coordinates.
Control action starts at t = 10 s.

%

el

s € 20

8 2

S @

B 5

3 5

b N

g

z S 20

s 5

B

é 44 46 48 50 52 54 0 20 40 60
time [s] time [s]
(a) (b)

Fig. 3. (a) Master and slave system’s integral curves xm, (t) and xg(¢).
(b) Synchronization error trajectories for the z-coordinates. Control action
starts at t = 50 s.

error coordinate e, (1)
o

45 50 55 0 15 30 45 60 75

master and slave coordinates y,, () and y, (1)

time [s] time [s]
(2) (b)

Fig. 4. (a) Master and slave system’s integral curves vy, (t) and ys(¢).
(b) Synchronization error trajectories e, (t). Control action starts at t = 50 s.

and the initial conditions are set as in (3), so the hyperchaotic
fourth-order system is in the chaotic regime. The system is
left to freely evolve under the chaotic regime for 10 s, that is,
T = 10 in Proposition 1. Then, the control action starts at this
moment. All the conditions in the proof—(24), (25), (29), and
(32)—hold for k; = 5e7, 1 = 0.01, e = 0.005, (.5 = 30,
Bem = 130, a3 = 0.01/8,s, and ag = 0.01.

Some simulation results are shown in Fig. 2.

We ran another series of simulations with k; = le4 for
which the conditions of Proposition 1 do not necessarily hold.
However, the simulation results show that the system is ex-
ponentially stable. This demonstrates that the conditions of
Proposition 1 are by no means necessary and may only be
regarded as one tuning scheme among many others.

The numeric simulations results for this second run are
shown in Figs. 3-6. In Figs. 3(a), 4(a), 5(a), and 6(a), we show
the systems’ trajectories for both the master and the slave;
from Figs. 3(b), 4(b), 5(b), and 6(b), one can appreciate the
exponential convergence of the synchronization errors, notably
the short transient after 7' = 50 s when the control is turned on.
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Fig. 5. (a) Master and slave system’s integral curves w, (t) and ws(t).
(b) Synchronization error trajectories e, (¢). Control action starts at ¢ = 50 s.
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Fig. 6. (a) Master and slave system’s integral curves z,(t) and zs(t).
(b) Synchronization error trajectories e (¢). Control action starts at t = 50 s.

III. CONCLUSION

We have shown that synchronization of Lii chaotic systems
is possible via one control input and measuring only one
variable. Our control law is a simple proportional feedback that
is activated after a certain amount of time (one switch). The
controller achieves exponential synchronization.
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