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Abstract

In this study, feedback control system for synchro-
nization of Generalized Chua’s circuits (GCC) has
been implemented on Field Programmable Gate Ar-
ray (FPGA). The feedback control rule has been de-
rived by feedback linearization method. In order to
implement the designed synchronized system, Matlab
Simulink design for the GCCs has been translated to
Xilinx System Generator design to generate a Very-
High-Speed Integrated Circuits Hardware Description
Language (VHDL) code which is used to produce a
bitstream file. By Xilinx Integrated Software Environ-
ment (ISE) program, a VHDL code is converted to a
bitstream file which has been embedded into FPGA by
Field Upgradeable Systems Environment (FUSE). Fi-
nally, the synchronized GCCs states and attractor have
been observed on the HP 54540C oscilloscope.
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1 Introduction

Synchronization of chaos is an important topic in the
nonlinear science. There are various notions of chaos
synchronizations such as generalized synchronization
[Afraimovich, Verichev and Rabinovich 1987], com-
plete synchronization [Pecora and Carrol 1991; Fe-
mat and Solis-Perales 2008], partial synchronization
[Maistrenko and Popovych 2000] and phase synchro-
nization [Rosenblum, Pikovsky and Kurths 1997]. The
pioneering work [Pecora and Carrol 1991], has in-
creased the interest in synchronization after having re-
cently found many applications particularly in telecom-
munications [Abel and Schwarz 2002], in mechani-
cal systems [Blekhman, Landa and Rosenblum] and in
control theory [Nijmeijer 2001]. Some different forms
of synchronization of chaotic systems such as practical
synchronization and almost synchronization have been
studied by [Femat and Solis-Perales 1999].
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The paper is organized as follows: In Section 2 the
complete synchronization problem and the feedback
linearization method are explained based on the liter-
ature [Vidyasagar 1993; Fradkov 2007]. In Section 3,
the control command for complete synchronization of
GCCs have been derived. In Section 4, this control sys-
tem is simulated by Matlab Simulink then the simulated
design is converted to Xilinx System Generator design
and the designed synchronized GCCs is implemented
by FPGA by using ISE and FUSE programs. To the
best of our knowledge, although FPGA implementa-
tion of chaotic circuits exist in the literature [Sobhy,
Elkouny, Aseeri and Zakria 2003; Wang 2008], the im-
plementation of synchronized chaotic system by FPGA
is given as a first time by this manuscript. The imple-
mentation results of the GCCs have been observed on
the HP54540 scope. Finally, in Section 5, conclusions
are presented.

2 Complete Synchronization

In this study, the complete synchronization problem

will be considered as the tracking of the master system
trajectories by the slave system trajectories. The differ-
ence between master and slave system is called as the
error system which can be constructed using the defini-
tion given below.
Definition 2.1: Let & = Fp(z) and § = Fg(y) +
g(y)u(y) be two chaotic systems in a manifold M C
R™. Fjs, Fg smooth vector fields with scalar output
functions sy = h(z), ss = h(y) and z, y € R"
and ¢g(y) € R"™ is a smooth input vector [Femat and
Solis-Perales 2008] where subscripts M and S stands
for master and slave, respectively.

i =Fu(v), 1
¢ =Fpy(x) —Fg(z,e) — g(z, e)u, (2)
Se = h(x,e), 3)



where the error is defined as e = x — y and s, is the
output of the synchronization error system then the ex-
tended synchronization error system can be defined in
affine form as:

X =F(X) 4+ G(X)u, 4)
where X = [z,e]f, F(X) = [Fy,Fy —
Fs]T  and G(X) = [0, —g(z,¢)]T.

The complete synchronization is achieved if and
only if all the states of both the master and the
slave systems are exactly synchronized [Femat and
Solis-Perales 2008]. In order to obtain complete
synchronization, the synchronization error system
in Eq. (2) should be stabilized around the point
e* = 0. The definitions and the theorems given in
the following sequel will be used to find the proper
invertible transformation which will be used to derive
the control command for synchronization.

Definition 2.2: System (4) is said to have relative
degree p, p < n at point 9 € R™ with respect to the
output

Se = h(x)

if for any = € (2, where (2 is some neighborhood of ),
the following conditions are valid

() LgLih(z) = 0, k = 0,1,..p — 2, Vz in a
neighborhood of zg and k < p — 1,
(i) Lo Ly h(xo) # 0.

where Lyg(x) = aa—d)w(x) stands for the
L

Lie derivative of the vecltor function ¢ along the vector
field v. Relative degree p is exactly equal to the
number of times one has to differentiate the output
in order to have the input explicitly appearing in the
equation which describes the evolution of s{" (¢) in
the neighborhood of zy [Fradkov 2007; Vidyasagar
1993].

Theorem 2.3: System (4) is feedback linearizable in
the neighborhood 2 of a point 2y € R” if and only if
there exists a smooth scalar function i (z) defined in 2
such that the relative degree p of (3) and (4) is equal to
n [Fradkov 2007].

Theorem 2.4: Consider the system (4). Suppose
that there exist 2n — p functions ®;(x,e) such that
Le®i(z,e) = 0,4 = p+ 1,...,2n. This system is
feedback linearizable at (z, 0) if and only if there ex-
ists a function h(z, ¢) such that
(i) < Oh,adi'G > (z,e) = Ofork = 1,....p —
1;p > 1 and (z, e) in a neighborhood € of (z,0),

(ii) < Oh, ad®G > (z,0) # 0 fori = p,...,nat (x,0),
where p = d stands for the dimension of the tangent
space and the accessibility distribution function C(z, €)
can be expressed as C; = span{adt 'G} where
adp = [F,G] and ad%* = [F, [F,|..., [F,G], ...,]]] for
d =1, ...,n where [F, G] is called the Lie bracket of F
and G [Femat and Solis-Perales 2008].

Corollary 2.5: Two chaotic systems with the same or-
der are completely synchronizable if and only if the dy-
namical error system is feedback linearizable at (z, 0)
[Femat and Solis-Perales 2008].

Feedback linearization problem: The system in (4)
is called feedback linearizable if there exist a smooth
reversible change of coordinates z = ®(z,e) and
smooth transformation of the feedback [Vidyasagar
1993; Andrievskii and Fradkov 2003].

u=Az,e)+ p(z, e, &)

where v € R™ is the new control if the closed-loop
is linear and then the resulting variables z and v satisfy
linear dynamical system in the form of

=Az+ b (6)

2= ®(z,e) = [h(z,e), Lph(z,e), ..., L7 bz, e)]T

1
- (~Llh(z,e)+ 7
u LgL%_lh(x,e)( Fh(z,e) +v) (N
)
Ma,e) = —Lph@.e)
Lo Lh h(z,e)
1
p(w,e)

T LoLf h(z,e)

v=K(z —z)

where K; with ¢ = 1,..., p are the control gains and
chosen in such a way that the closed-loop subsystem
Z converges to the origin and z’s are the coordinates
of the stabilization point. In order to achieve complete
synchronization z;’s are set to zero.

3 Synchronization of Generalized Chua’s circuits

In this manuscript master system has been chosen as
the GCC [Suykens and Vandewalle 1997] which is de-
scribed by

71 = alry — f(x1)]
Ty =x1 — T2 + T3 (8

23 = — Py



where

2g—1

1

f(x1) = mag_121 + By Z (mi—1 —my)(Jzr + ¢l — |21 — a)

i=1

In order to obtain 7-scroll attractor in the GCC, the pa-
rameters have been chosen [Yalcin, Suykens and Van-
dewalle 2005] as below:

a=9
B =100/7
qg=3

c=1[1 215 3.6 6.2 9 14 25]

m=1[0.9/7 —3/7 35/7
2.52/7 —1.68/7 2.52/7

—2.4/7
— 1.68/7]

Driving the master system by control input w and
changing the parameter 3 to v in Eq. (8) then describ-
ing equations for the slave system can be written as:

1= alys — fy1)] + 91(y)u
Yo =y1 — Y2 +ys + g2(y)u )
Yz = —yy2 + g3(y)u

and the error dynamics in Eq. (2) is written as:

€1 = alez — f(e1)] — g1(x, e)u
€2 = e1 —ex +e3 — g2(x, e)u (10)

€3 = —fBxg + (w2 — €2) — g3(x,e)u

then, the extended synchronization error system dy-
namics in Egs. (1), (2) for GCCs can be obtained as:

7y = afze — f(21)]

Ty =x1 — T2+ T3

T3 = —fz9 (11)
€1 = alez — f(e1)] — g1(z, e)u

€2 =e1 —ea+e3 — ga(x,e)u

€3 = —fry +v(x2 — e2) — g3(z,e)u

F(X) and G(X) can be found as in Eq. (4)

alry — f(z1)] 0
1 — T2 + T3 O
_ ) . 0
=1 alea—fe) |7 |—a@ea| 12
€1 —extes —g2(z,€)
(v = B)xe + —vez —g3(z,e)

The corresponding accessibility distribution func-
tion C3(z,e) can be calculated where Cz(z,e) =
span{G, adrG,ad%G}. Let G be defined as G =
[0, 0, 0, —g1, —g2, —g3]* with g1, g and g3 con-
stants, then adrG and ad%G will be calculated to ob-
tain Cs(z, e).

0 0 0
0 0 0
0 0 0

Cs(z,e) = span i

—g1 —g1af(€1) + g2 a
92 g1—g2+gs b
—93 —792 c*

(13)

a* = af(er)[gea — graf(er)] + al(ge — g1 — g3)
b = gilaf(er) + 1]+ g2(y —a—1) + g3
=91 — 92 +g3)

For simplicity by setting g1 = 0,92 = 0O and g3 = 1

then C3(x, 0) can be written as in Eq. 14.

Cs(z,0) = span (14)

OO O OO
O—R OO OO
|
—_ o OO
= =9

I
—_

In order to derive the control command, we need to de-
termine the dimension of the tangent space d which is
generated by the corresponding distribution so the con-
ditions of Theorem 2.4 must be satisfied. The dimen-
sion of the tangent space d is determined to be equal to
3 since the conditions below have been satisfied.

Oh
=0

863

oh

Doy 0

_ @+@+ @750
a()el 862 7862



For this case h(x, e) = e; can be chosen as an output
function which satisfies conditions of Theorem 2.4 then
d = p = Dim(C3(x,0)) = 3, Vo € R? and consider-
ing Theorem 2.3, to have feedback linearizable system
for p = 3, the conditions below must be fulfilled.

Lgh(z,e)
Lo Lph(z,e)
LgL%h(z,e) #

0
0
0
then the transformation can be found as

21 = h(z,e) =e;
2o = Lph(z,e) = ¢1 = ales — f(e1)] (15)

23 = L%h(z,e) = 61 = ale; — ex +e3 — f(€1)]

The complementary functions which should satisfy
such that Lg®;(x,e) = 0,4 = 2n — p,...2n can be
found as

Z4 = X1
25 = gy (16)
Zg — X3

Egs. (16) and (17) constitute an invertible transforma-
tion around (x,0) which means there is a proper con-
trol command u(x, e) such that the slave system trajec-
tory tracks master system trajectory exactly. The trans-
formed system can then be written as follows:

Z"l = Z9
2.2 = Z3
73 = Lyh(z,e) + LaLiu(z, e)
2y = 71
Zs = Xy
Zg = X3

where the control command in Eq. (7) can be found as:

1

- (—IL3%h
LgL%h(x,e)( rhz,€) + ma +

u(z, e)
KoZ + K323)
and hence based on Eq. (15) and Definition 2.2
the control command can be obtained as:

u(z,e) = alea — f(e1)] 71(61 — ey + e3) +

(v = Brz — yez — f(e1) — —{ke1 + wzafez —
fle1)] + Kzale; —ea +e3 — f(ei)}}

k1 = —50, ko = —25 and k3 = —20 have been
chosen to make the subsystem (21, 2o, 23)T is stable at
(z,0).

4 Simulation and implementation results of the
designed synchronized system

After deriving the control command for the GCCs
with different initial conditions and different parame-
ters, Matlab Simulink has been used to simulate pro-
posed system. The GCC master and the slave sys-
tem block and the designed control system is built with
Simulink blocks.

The simulation results of the waveforms z1(¢) and
y1(t); xo(t) and yo(t); x3(¢) and y3(t) can be seen in
Fig. (1). In the same figure, the error signals e (¢),
eo(t) and es3(t) approaching to zero after some short
transient can be seen.

Figure 1. Simulink - 7-scroll Chua’s Master and Slave System

state variables (21 (%), y1(t)), (z2(t), y2(¢)), (x3(t), y3(t))
and € (t) €9 (t) eg(t), respectively.

After simulating the designed synchronized GCCs
system, in order to generate a VHDL code, Xilinx Sys-
tem Generator blocks can be used. System Genera-
tor is a very useful tool since Simulink design is easily
converted to System Generator blocks and it works un-
der Matlab as a toolbox which provides re-simulation
of the designed synchronized for generating a VHDL



code, and the new results are bit and cycle accurate.
System Generator blocks representation of the GCC
master system can be seen in Fig. (2).

a-b » %) Xt
integrator F 1

AddSub alfa

4{ % (14.280> P )
integrator F 3

Figure 2. 7-scroll Chua’s Master System with System Genera-
tor Blocks.

System Generator simulation results can be seen in
Figs. (3) and (4). Since these results are the same
with Simulink results hence the conversion opera-
tion is achieved successfully. After assigning proper
pinout specifications for XtremeDSP Development Kit
for Virtex-4 and defining clock period then the VHDL
code has been generated.

Figure 3. System Generator - 7-scroll Chua’s Master and
Slave System state variables (xl (t), U1 (t)), (.’EQ (t), Y2 (t)),
(SL‘3 (t) , Y3 (t)) and e (t), €9 (t), €3 (t), respectively.

Figure 4.  7-scroll Chua’s Master and Slave System Generators with
Simulink and System Generator Blocks, respectively.

Logic Utilization Used | Available | Utilization
Number of Slice Flip Flops | 1,944 | 30,720 % 6
Number of 4 input LUTs 7,033 | 30,720 % 22
Number of occupied Slices | 5,412 | 15,360 % 35
Number of DSP48s 189 192 % 98

Table 1. Device Utilization Summary

After generating a VHDL code, ISE program has been
used to produce bitstream file. ISE program provides
the report of device utilization to detect whether de-
signed system is realizable, as can be seen in Table
I. Synchronized 7-scroll Chua’s circuits and the con-
troller can be implemented on a XtremeDSP Develop-
ment Kit for Virtex-4 device as our device utilization
constraints are fulfilled.

Bitstream file has been obtained with ISE then to con-
figure XtremeDSP Development Kit for Virtex-4 board
FUSE program is used. After configuring FPGA,
the implementation results have been observed on the
scope as can be seen in Figure 5 and 6. These results
exactly match with the results obtained with Simulink
and System Generator, which show the successful im-
plementation of synchronization of the GCCs.

5 Conclusion

The control system, the GCC master system and the
GCC slave system have been embedded in FPGA. The
control command has been designed to synchronize the
GCC master and the slave system by feedback lin-
earization method. Since FPGAs are digital circuits
the robust nonlinear control command can thus be ob-
tained. As a future work a chaotic communication sys-
tem using GCC will be embedded in FPGA

References

Abel A. and Schwarz W. (2002)Chaos communications
- principles, schemes and system analysis. Proceed-
ings of the IEEE, 90 (5), pp. 691-710.

Afraimovich V. S., Verichev N. N. and Rabinovich
M. L. (1987) Stochastic synchronization of oscilla-



At ’\'W \v'v\ i
|
o al wy Wy |

Aoa g
i M m
A ‘M\Nﬂym(
Wy Vi \J i J U

A
At anl L apd
MM I AN
v Vi

y

VAN Vif 1
“\ J Y \J

Figure 5. The trajectories observed on the HP54540
scope - The left column of the figures represents X1 on Y1, T2
on Y2 and T3 on Y3; the right column of the figures represents cor-
responding error signals which are €1, €2 and €3, respectively.

ﬁp RUNNING

F1

—25.000 ns

0.000 5 Z5.000 ms
S.00 mss DIV
Figure 6. X1 versus g of 7-scroll Chua’s system on the
HP54540C scope.

tions in dissipative systems. Radiophysics and Quan-
tum Electronics, 29, pp. 795-803.

Andrievskii B. R., Fradkov A. L. (2003) Control of
Chaos: Methods and Applications. I. Methods. Au-
tomation and Remote Control, 64 (5), pp. 673-713.

Blekhman I. I., Landa P. S. and Rosenblum M. G.
(1995) Synchronization and chaotization in interact-
ing dynamical systems. Applied Mechanics Review,
48, pp. 733-752.

Femat R. and Solis-Perales G. (1999) On the Chaos
Synchronization Phenomena. Physics Letters A, 262
(1), pp. 50-60.

FOS: 0.000 W

TRIGGER MODE:
EDGE

Femat R. and Solis-Perales G. (2008). Robust Synchro-
nization of Chaotic Systems via Feedback. Springer-
Verlag. Berlin Heidelberg.

Fradkov A. L. (2007). Cybernetical Physics: From
Control of Chaos to Quantum Control. Springer-
Verlag. Berlin Heidelberg.

Maistrenko Y. and Popovych O. (2000) On strong and
weak chaotic partial synchronization. International
Journal of Bifurcation and Chaos, 10, pp. 179-203.

Nijmeijer H. (2001) A dynamical control view on syn-
chronization. Physica D, 154, pp. 219-228.

Pecora L. M. and Carrol T. L. (1991) Synchronization
in chaotic systems. Physics Review Letter, 64 (8),
pp- 821-824.

Rosenblum M. G., Pikovsky A. S. and Kurths J. (1997)
Phase synchronization in driven and coupled chaotic
oscillators. Physica D, 104, pp. 219-238.

Sobhy M. L., Elkouny A. A., Aseeri M. A. and Za-
kria N. S. (2003). Field Programmable Gate Ar-
ray (FPGA) as a New Approach to Implement the
Chaotic Generators. In ISPC International Signal
Processing Conference Texas, USA, Mar. 31-Apr. 3.

Suykens J. A. K., Vandewalle J. (1997)A Family of
n-scroll attractors from a generalized Chua’s circuit.
Archiv fur Elektronik und Ubertragungstechnik, 51
(3), pp. 131-138.

Vidyasagar M. (1993). Nonlinear System Analysis.
Prentice-Hall. New Jersey.

1vs2Wang Z. (2008) Chaotic attractor and its circuit im-

25.0 mUsDIV

plementation based on FPGA. Computer Engineering
and Applications, 44 (36), pp. 85-86.

Yalcin M.E., Suykens J.A.K. and Vandewalle J. (2005).
Cellular Neural Networks, Multi-scroll Chaos and
Synchronization. World Scientific Series on Nonlin-
ear Science. Singapore.

REALTINE 4 f zz.10 mu



