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Abstract In this paper, active backstepping design
technique is applied to achieve reduced-order hybrid
combination synchronization and reduced-order pro-
jective hybrid combination synchronization of three
chaotic systems consisting of: (i) two third-order
chaotic Josephson junctions as drives and one second-
order chaotic Josephson junction as response system;
(i1) one third-order chaotic Josephson junction as the
drive and two second-order chaotic Josephson junc-
tions as the slaves. Numerical simulations are per-
formed to verify the feasibility and effectiveness of
the analytical results. Reduced-order combination syn-
chronization has more valuable practical applications
to information processing in physical, biological, and
social systems than the normal one master system and
one slave system synchronization scheme.
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1 Introduction

Chaotic dynamics is an interesting topic in nonlin-
ear science which has been intensively studied dur-
ing the last three decades. Chaotic phenomena can be
found in many scientific and engineering fields such
as biological systems, electronic circuits, power con-
verters, chemical systems, and so on [1]. A chaotic
system has complex dynamical behaviors that pos-
sess some special features, such as high sensitivity to
initial conditions, broad spectrums of Fourier trans-
form, bounded and fractal properties of the motion in
the phase space, etc. [2]. Pecora and Carroll in 1990
[3] addressed the synchronization of chaotic systems
using the drive-response concept. Also, in the same
year Ott et al. [4] succeeded in controlling chaos using
OGY method. Several researches have been carried
out theoretically and experimentally on chaos control
and synchronization due to its great potential applica-
tions in many areas like information science, medicine,
biology, economics, social science, engineering, etc.
[5-7]. In search of better methods for chaos control
and synchronization several variety of methods have
been developed for chaos control and chaos synchro-
nization of identical and non identical systems such
as linear feedback [8], optimal control [9], adaptive
control [10], active control [11], active sliding con-
trol [12], passive control [13], impulsive control [14],
backstepping control [15-18], etc. Of the several non-
linear control techniques mentioned above, the back-
stepping technique stands out of these nonlinear con-
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trol methods as a result of its flexibility in the con-
struction of control law and its ability to control chaos,
and to synchronize chaos in identical and non iden-
tical chaotic systems [19,20]. This is our fundamen-
tal reason for choosing backstepping technique in this
work.

As a result of fast growing interest in chaos con-
trol and synchronization various synchronization types
and schemes have been proposed and reported, such
as complete synchronization [21], phase synchroniza-
tion [22], generalized synchronization [23], lag syn-
chronization [24], anti-synchronization [25], projec-
tive synchronization [26], modified projective synchro-
nization [27], function projective synchronization [28],
modified-function projective synchronization [29], and
hybrid synchronization [30-32]. It has been discovered
a few years ago that some other important form of syn-
chronization like the increased-order synchronization
[33] and reduced-order synchronization abound in bio-
logical systems [34].

In hybrid synchronization of chaotic systems [35],
one part of the systems is completely synchronized
and the other part is anti-synchronized so that com-
plete synchronization (CS) and anti-synchronization
(AS) coexist in the systems. The coexistence of
CS and AS is very useful in applications such as
secure communication, chaotic encryption schemes,
etc. [30]. For hybrid projective synchronization of
chaotic systems, one part of the system synchro-
nizes to a positive scaling factor while the other part
synchronizes to a negative scaling factor where the
transformation scaling factors between the drive and
the response state variables are not equal to one.
Hybrid projective synchronization could be used to
achieve higher security than projective synchroniza-
tion in the application to secure communications,
because the unpredictability of the vector function
factor in hybrid synchronization is higher than that
of the same scaling factor in projective synchroniza-
tion [26]. Also, the co-existence of projective synchro-
nization and projective anti-synchronization in hybrid
synchronization offers the opportunity of transform-
ing digital signals through the continuous transforma-
tion between synchronization and anti-synchronization
which will enhance security in communication and
chaotic encryption schemes [36]. Furthermore, the
proportionality between the synchronized dynamical
states could be used to achieve fast communication
[37].
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Specifically, synchronization of nonlinear dynam-
ical systems gives the capability to gain an accu-
rate and deep understanding of collective dynami-
cal behavior in physical, chemical, and biological
systems. The presence of synchronous behavior has
been observed in different mathematical, physical,
sociological, physiological, biological, and other sys-
tems [38]. In general, synchronization of nonlinear
dynamical systems has great practical significance
and potential applications in secure communication,
laser dynamics, neuron systems, biological systems,
chemical systems, power converters, and informa-
tion science [39]. Synchronization of parallel array
of coupled Josephson junctions linked together by
inductors has been used to fabricate highly sensi-
tive detectors [22,40,41]. Also, synchronization of the
superconducting Josephson junction arrays is impor-
tant for the purpose of generating reasonably large
output power [42,43]. Anti-synchronization of chaotic
systems also, has very important applications. For
example anti-synchronization of lasers, may be used
to generate short pulses of high intensity, which gives
some new ways for producing pulses of special shapes
[36]. So, investigation of co-existence of synchroniza-
tion and anti-synchronization known as hybrid syn-
chronization will be an interesting and challenging
subject.

Most researches on chaos synchronization are based
on one drive to one response system, whereas in the
real life situations chaos synchronization also occurs in
more than two systems. Only very few research papers
have been published on combination synchronization
of three or four chaotic systems [44—46]. Combina-
tion synchronization scheme presented in this paper
is generalized in such a way that other forms of syn-
chronization scheme can be achieved from it. So, the
usual one drive system to one response system syn-
chronization scheme is special case of combination
synchronization. As aresult, combination synchroniza-
tion scheme is more flexibility and applicability to the
real world systems. In addition, the combination syn-
chronization also gives better insight into the com-
plex synchronization and several pattern formations
that take place in real world systems since synchro-
nization in real world systems are complex. The gen-
eralized reduced-order hybrid projective combination
synchronization scheme presented in this paper could
be used to vary the Josephson junction signal to any
desired level and to achieve a desired synchroniza-
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tion scheme through appropriate choice of the scal-
ing parameters. Moreover, it also gives a more suitable
understanding of synchronization in biological systems
wherein different organs of different dynamical struc-
tures and orders are involved. In general, combination
synchronization enhances the security of information
transmission better than the usual one master to one
slave synchronization. For instance, we split the trans-
mitted signals into several parts, each part loaded in
different systems; or divide time into different inter-
vals, the signals in different intervals loaded in differ-
ent systems. Then, the transmitted signals may have
stronger anti-attack ability and anti-translated capabil-
ity than that transmitted by the usual one drive to one
response secure communication scheme. Furthermore,
Combination synchronization scheme could be use in
a communication network, where many users (slave)
but one control (master) connects different users to one
another. So, the combination synchronization scheme
presented in this paper is an appropriate synchroniza-
tion scheme for these purposes.

The distinctive attribute of reduced-order synchro-
nization in a master—slave configuration is that the
order of the slave is less than the order of the master,
where the number of first-order differential equations
is referred to as order. So reduced-order synchroniza-
tion is achieved if two or more dynamical systems of
different orders in a master—slave arrangement is such
that all the states variables of the slave system are syn-
chronized with the projection of the state variables of
the master. There is increasing interest in the study of
chaotic synchronization with different structures and
different orders due to its wide existence in biological
science and social science [33,35,47-49]. For instance,
the order of the thalamic neurons can be different from
the hippocampal neurons [50]. Another example is the
synchronization that occurs between heart and lungs,
where one can observe that circulatory and respiratory
systems synchronize with different orders [51]. Despite
the excellent application and importance of reduced-
order synchronization only a few research works have
reported [52-55]. In general, reduced-order combina-
tion synchronization gives a more desirable descrip-
tion of synchronization in biological systems wherein
different dynamical structures and orders are involved.
The original reduced-order synchronization is a special
case of the reduced-order combination synchronization
and thus, the original reduced-order synchronization
has limited flexibility and applicability to real world

systems. The reduced-order combination synchroniza-
tion is very interesting because the systems consist of
different complex dynamical structures and orders as
well as parameter mismatches which can further boost
the security of information transmission. To the best
of our knowledge, reduced order hybrid combination
synchronization is not yet investigated.

Meanwhile, Josephson junctions have been used to
reproduce many characteristic behaviors of biological
neurons like action potentials, refractory periods, and
firing thresholds. So Josephson junction can be coupled
in ways that mimic electrical and chemical synapses
[56]. Josephson junction is a good physical model for
the investigation of reduced-order hybrid combination
synchronization for two reasons: (i) the reduced-order
synchronization is a common phenomenon in biolog-
ical systems and Josephson junction could be used to
simulate biological model, (ii) Josephson neurons are
not difficult to design and are not expensive to fab-
ricate; a thousand could be placed on a single chip.
Josephson junctions operate fully in parallel, mean-
ing a single Josephson neuron in isolation would run
just as quickly as a thousand fully interconnected ones
which are several orders of magnitude faster than either
computer simulations of neurons or actual biological
neural network [56]. Motivated by the above discus-
sion, we present generalized reduced-order hybrid syn-
chronization of three chaotic Josephson junctions via
backsteping technique.

The rest of this paper is organized as follows: Sect. 2
gives the description of the systems. Section 3 presents
generalized reduced-order hybrid combination syn-
chronization between two third-order Josephson junc-
tions as the drive and one second order Josephson junc-
tion as the slave via active backstepping technique. In
Sect. 4, we present generalized reduced-order hybrid
combination synchronization between one third-order
Josephson junction as the drive and two second-order
Josephson junction as the slave via active backstepping
technique. Section 5 concludes the paper.

2 Description of Josephson junctions

2.1 Resistive—capacitive—inductive shunted Josephson
junction (RCLSJJ)

The resistive—capacitive—inductive shunted Josephson

junction in dimensionless form is described by the set
of first-order differential equations below
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Fig. 1 Phase portrait of chaotic attractors of resistive—
capacitive—inductive Josephson junction

X=y
1

y=—@G—g()y—sinx —z) (1)
Bc

'—L( —2)

z—ﬂLy Z),

where g(y) is the nonlinear damping function approx-
imated by current—voltage relation between the junc-
tions and is defined by

() — [ 0366 if Iy] > 2.9
EY=10.061 if |y <29

x, v, and z represent the phase difference, the volt-
age in the junction, and the inductive current, respec-
tively. B¢ and B are capacitive and inductive constant,
respectively. i is the external direct current. Figure 1
shows the chaotic attractor of the RCL-shunted Joseph-
son junction for the following set of parameters: i =
1 <i <13, Bc =2.6and B = 0.707 with the ini-
tial conditions (x, y, z) = (0, 0, 0). The RCL-shunted
Josephson has been found to be more appropriate in
high frequency applications. In RCL Josephson junc-
tion chaotic oscillation has modulated in response to
both the amplitude and frequency of an external sinu-
soidal signal.

2.2 Resistive—capacitive-shunted Josephson junction
(RCS1J)

The resistive—capacitive Josephson junction under the

external periodic force is given by the second-order
differential equation below

@ Springer
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Fig.2 Phase portrait of chaotic attractors of resistive—capacitive
Josephson junction

$é=—ag —sing +a + bsinowt, @)

where ¢ is the phase difference between quantum
mechanical wave function of two superconductors
junction separated by some non-superconducting mate-
rial or barrier. @ and a are the dimensionless damping
and applied current. b sin wt is the external periodic
sinusoidal force. b and w, respectively are the ampli-
tude and frequency of the external periodic sinusoidal
force. The second-order differential equation in (2) can
be transformed into a set of first-order differential equa-
tion as follows.

Y 3)

y=—ay—sinx +a+ bsinwt.

Figure 2 shows the chaotic attractor for resistive—
capacitive-shunted Josephson junction using the fol-
lowing parametervalues: « = 0.5, a = 0.89, b = 0.4
and w = 0.25.

3 Generalized reduced-order hybrid combination
synchronization of two third-order and one
second-order Josephson junctions

3.1 Design of controller via active backstepping
technique

In this section, two third-order Josephson junction in
(4) and (5) are taken as the drive systems, while one
second- order non-autonomous Josephson junction (6)
is taken as the response system in order to achieve
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generalized reduced-order hybrid projective combina-
tion synchronization among the three chaotic Joseph-
son junctions. The first drive system is

)'Clzxz

¢ 1(' (x2) i )

=—(@- —sinx; —

X2 ,3Cl g(x2)x2 X1 — X3 )
. 1

X3=IB—L(X2—X3)

and the second drive system is

V=
' 1 (i —g(n) i )
=—0- —siny; —
Y2 Bc 8\W2)y2 yY1—Y3 (5)
1

y3=——02 — ),

BL
while the response system is given as
21 =22+ up
. . . (6)
Zp = —azp —sinzy +a + bsinwt + us,

where u1, and u; are the controllers to be designed. We
define the error systems as follows

er = y1z1 — (a1x1 + Biy1 + a3x3 + B3y3)

e = Y222 + (a2x2 + Bay2)

Using the error systems defined in (7) with systems
defined in (4)—(6) yields the following error dynamics

(7

é1 = yi1z2 + yiu1 —a1x2 — Biy2
asz B3
—(x2 —x3) — ——(y2 — y3)
L L

B B

Y1
= E(Ez — Xy — Boy2) —a1x2 — B1y2

—;—z(xz —X3) — g—z(yz —y3) + y1u1

€ = yo(—azp —sinz| +a+ bsinwt + uy)

oy .
+——=(@{ — g(x2)x2 — sinx; — x3)

Bc

+&(i —g(y2)y2 —siny; — y3)
Bc

= —a(ex —ax2 = fory2)
+y2(—sinz; + a + bsinwr + uy)

o . .
+—=({ — g(x2)xp — sinx; — x3)
Bc

+&(i —g(y2)y2 —siny; — y3).
Bc

Thus, the error dynamics of the system can be written
as:

. Y1

el = —ex +yiu1 + Ag (8)
Y2

é = —aey + yaus + Az, (&)

where

Y1
Al = —%(Otzm + Bay2) —arxp

2()62 —X3) — ﬁ—z(yz —¥3)

BL B
Ay = a(aaxs + Boy2) + ya(—sinz; + a + bsin wt)

—Biy2 —

a .
+——( — g(x2)x2 — sinx; — x3)

Bc
+&(i —g(y2)y2 —siny; — y3)
Bc

then we have the following results.

Theorem 1 [f the controllers are chosen as

I (v
U = — (—((xzxz + Boy2) +a1x2 + Bi1y2
Y1 \"2

a3 B3
B (- 2y —y3) —k
+,3L (x2 —x3) + BL 2 —y3) 611)
1
Uz = —(( = bg2 = alevz + fay2)
Y2

—y2(—sinz) +a + bsinwt) — nql
V2

oy .
——(i — g(x2)x2 —sinx| — x3)

Bc

—&(i —g(y2)y2 —siny; —y3)), (10)
Bc

where q1 = e| and gy = e then, the drive systems (4)
and (5) will achieve generalized reduced-order hybrid
combination synchronization with the response systems

(6).

Proof Our goal is to find the control functions which
will enable the systems (4), (5), and (6) to realize gener-
alized reduced-order hybrid combination synchroniza-
tion via active backstepping technique. The design pro-
cedures includes three steps as shown below:
Step 1

Let g1 = ey, its time derivative is

. . Y1
CI1=€1=%€2+V1M1+A1, (11

where e = «1(q1) can be regarded as virtual con-
troller. In order to stabilize g;-subsystem, we choose
the following Lyapunov function vy = %q% The time
derivative of vy is

. . Y1
V1 = q141 = qI (%Oll(m)-i-)/lul +A1) (12)
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Suppose «1(q;) = 0 and the control function u; is
chosen as
uj =—i(A1+kq1) (13)
V1
then v; = —kq12 < 0, where k is positive constant
which represent the feedback gain. Then, ¥ is neg-
ative definite and the subsystem g; is asymptotically
stable. Since, the virtual controller «1(gq) is estima-
tive, the error between e; and «(g) can be denoted
by g2 = e2 — a1(q1). Thus, we have the following
(g1, q2)-subsystems
. 14!
41 = —q2 — kqi
V2 (14)
G2 = —aqa + yaus + Az
Step 2
In order to stabilize subsystem (14), the following
Lyapunov function can be chosen as v, = vy + %q%
The time derivative of v, is

. V1
0y = —kqi + @2 (Eéh —aq2 + yur + Az) (15)
If the control function u; is chosen as
1 14!
Uy = — (—Az — kg +aq — —CI1) (16)
V2 V2

then v, = —kq12 — qu2 < 0, where k is a positive
constant which represent the feedback gain. Then, v,
is negative definite and the subsystem (qi, ¢2) (14)
is asymptotically stable. This implies that generalized
reduced-order hybrid combination synchronization of
the drive systems (4) and (5) and the response system
(6) is achieved. Finally, we have the following subsys-
tem
i1 ="gp —kay
V2 (17
i =-"q1 — ka2
V2

so this completes the prove. O

The following Corollaries can easily be obtained
from Theorem 1, the proofs of these Corollaries are
similar to Theorem 1 so, they are omitted.

Leta; =ap = a3 =0, y1 = y» = y3 = 1, then,
we have Corollary 1.

Corollary 1 If the controllers are chosen as

up = By + Bay2 + é(yz -¥3)
BL

upy = (@ —k)qo — q1 — apry> +sinzy —a — bsinwt

—&(i — g(y2)y2 —siny; — y3), (18)
Bc
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where q1 = z1 — P1y1— B33, q2 = 22+ Pay2 then the
drive system (5) achieve reduced-order-modified pro-
Jective hybrid synchronization with the response system

(6).

Letyr =y2=y3 =1, 1 = fo = B3 =0, then
we obtain Corollary 2.

Corollary 2 If the controllers are chosen as

a3
up = o1xp +oaxy + ——(x2 — x3)
BL
uy = (¢ —k)q2 — q1 —aoxxy +sinz; —a — bsinwt

o . .
——— (@ — g(x2)x2 — sinx; — x3), (19)
Bc
where q1 = 71 — 01 X] —®3X3, g2 = 22 +a2X) then the
drive system (4) achieve reduced-order-modified pro-
Jective hybrid synchronization with the response system

(6).

Suppose y1 = y» = y3 = l, a1 = a2 = a3 =
0, B1 = B2 = B3 =0, then, we obtain Corollary 3.

Corollary 3 If the controllers are chosen as

u; =0

. . (20)
uy = (¢ —k)ga —q1 +sinz; —a — bsinwt,
where q1 = 71, q2 = 22 then the equilibrium point

(0,0, 0) of the response system (6) is asymptotically
stable.

Suppose yi = o =y3 =1, 1 =p =B =1,
and o1 = oy = a3 = 1 then, we obtain Corollary 4.

Corollary 4 If the controllers are chosen as

1
up = ﬁ—L(m —x3+y2—y3) +2(x2+ y2)
uy = (@ —k)qo — q1 — a(x2 + y2)
q q | Yy @1
+sinz;—a—>b sina)t+ﬂ—(g(x2)x2+g(y2)y2
c

+ sin x| + sin y; + x3 + y3 — 2i),

where g1 = z1—(X1+y1+X3+Y3), q2 = 22+ (x2+y2)
then, the drive systems (4) and (5) achieve reduced-
order hybrid combination synchronization with the
response system (6).

Leta; =ap = a3 =1, By = o = B3 = 1, then
we obtain Corollary 5.
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Corollary 5 If the controllers are chosen as

L (7
up=—\—0Go+y2)+x2+m»m
Y1\
1
+—2 —x3+y2— y3))
BL

1 Yi
ur = — (¢ —k)g2 — —q1 —alx2 + y2) (22)
V2 V2

+ y2(sinzy —a — bsinwt)
1
B
—8(»2)y2 —siny; — y3),
where gy = yzi — (xi+y1+x3+y3), o =yz2 +
(x2 + y2) then the drive system (4) and (5) achieve

reduced-order-modified hybrid projective combination
synchronization with the response system (6).

(2i — g(x2)xp —sinx] — x3

3.2 Numerical simulation results

To verify the effectiveness of the designed controllers
we used ode45 fourth-order Runge—Kutta algorithm
run on Matlab. In the numerical simulation procedure
the system parameters are chosen to ensure chaotic
dynamics of the state variables as shown in Figs. 1
and 2. Assume that () y1 = y» = 3 = ] =
oy = a3 = B = B2 = B3 = 1 in accordance with
Corollary 4. The initial conditions of the drive sys-
tems and response system are given as (xy, x2, X3) =
0,0,0), (y1,y2,y3) = (111), (21, 22) = (0, 1), thus
we have the initial conditions of the error systems as
(10, 5). Corresponding numerical results are as fol-
lows: Figure 3 shows that reduced order hybrid com-
bination synchronization among systems (4), (5), and
(6) is achieved as indicated by the convergence of the
error state variables to zero as soon as the controllers
are switched on for ¢+ > 100. Figure 4 shows the tra-
jectory of drive and the response state variables when
the controllers are activated for # > 100 this again con-
firms reduced-order hybrid combination synchroniza-
tion among systems (4), (5), and (6). (i) We assume
thaty; = y» = y3 =05, a1 = a2 = a3 = f) =
B> = B3 = 1 in accordance with Corollary 5 with the
same initial conditions as given above and the same
set of system parameters. The corresponding numeri-
cal results are as follows: Figure 5 shows that reduced
order hybrid projective combination synchronization
among systems (4), (5), and (6) is achieved as indi-
cated by the convergence of the error state variables

20 : :
o 0%
20 ‘ ‘ ‘ ‘
0 50 100 150 200 250
time
10
o OM/\/V’\J\A/\wv’\J\
10
50 100 150 200 250
time
20 ‘ :
© 10 //WWV\
o ‘ ‘ ‘ ‘
) 50 100 150 200 250
time

Fig.3 Errordynamics among the drives and the response system
with controllers deactivated for 0 < r < 100 and activated for
t > 100, wheree; = z1 —x1 —y1 — (x3+y3), €2 =22 —X2 — 2

_ 2 2
and e = /e + €3

400

z
1

- = XY XY,

W
[s]
(=]

Z1,X1+y1+X3+y3
- n
o o
o (=]
/
N

0 50 100 150 200 250

50 100 150 200 250
time

Fig. 4 Dynamics of the drives (dashed line)and the response
(solid line) variables with controllers deactivated for 0 < r <
100 and activated for r > 100

to zero as soon as the controllers are switched on for
t > 100. Figure 6 shows the projection of drive and the
response state variables when the controllers are acti-
vated for + > 100 this again confirms reduced-order
hybrid projective combination synchronization among
systems (4), (5), and (6).

4 Generalized reduced-order hybrid combination
synchronization of one third-order and two
second-order Josephson junctions

4.1 Design of controller via active backstepping
technique

In this section, one third-order Josephson junction
in (4) is taken as the drive system while two second-
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100
o 0 w
~100 . . . .
0 50 100 150 200 250
time
50
oN 0 W\/\/\M\,J\_
_50 . . . .
0 50 100 150 200 250
time
100
o 50 M
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0 50 100 150 200 250
time

Fig.5 Error dynamics among the drives and the response system
with controllers deactivated for 0 < ¢t < 100 and activated for
t > 100, where ¢] = y1z1 —x1 — y1 — (X3 + y3), €2 = Y222 —

x2—y2,e=‘/e%+e%andy1=y2=y3 =0.5

z
1

- = XY XY

©
o
o

[o2]
o
o

Z.I,)(1+y1+X3+y3
N
o
o

Fig. 6 Dynamics of the drives (dashed line) and the response
(solid line) variables with controllers deactivated for 0 < ¢ <
100 and activated for t > 100

order non-autonomous Josephson junction in (23) and
(24) are taken as the response systems in order to
achieve generalized reduced-order hybrid combination
synchronization among the three chaotic Josephson
junctions.

b= vy + 1
nemm . 23)
Yy = —ayy —siny; +a + bsinwt + us,
21=2+u3

5 . . (24)
20 = —azo —sinz; +a + bsinwt + uy,
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where wui, us,u3, and uy are the controllers to be
designed. We define the error systems as follows

el = Y121 + Biy1 — (@1x1 + a3x3)

(25)
e2 = Y222 + (Boy2 + a2x2)

Using the error systems defined in (25) with systems
defined in (4), (23), and (24) yields the following error
dynamics

é1 = y122 + yiuz —oxp + Br(y2 +up)

—g—z(m - X3)

Y1
%(62 —aoxy — Boy2) —a1xz2 + B1y2

as
——=(x2 — x3) + y1u3 + Brui
BL

éy = ya(—azp —sinzy +a + bsinwt + ug)
+Bo(—ays —siny; +a + bsinwt + us)

oy .
+——(@{ — g(x2)x2 — sinxj — x3)

Be
= —a(ez — fay2 — a2x2)
+y2(—sinz; +a + bsinwt) + youa
+B2(—ay; — siny| + a + bsin wt)

oy .
+pPouz + ﬁ_(l — g(x2)x2 — sinx] — x3)
c

Thus, the error dynamics of the system can be written
as:

e = £€2+U1+31 (26)
V2

éy = —aey + U + By, (27)

where

Y1
By = —E(azm + Bay2) —a1x

a3
+B1y2 — ——(x2 — x3)
BL
By = a(Bayr + azx2) + y2(—sinz) +a + bsinwt)
+B2(—ay; — siny; +a + b sin wt)

oy .
+—=( — g(x2)x2 — sinxj — x3)

Bc
Uy = Biuy + y1u3

Uy = Boup + youy

then we have the following results.
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Theorem 2 If the controllers are chosen as

Y1
Uy = E(azm + B2y2) +ax2

o3
- (x2 — x3)

BL
U = (0 —k)qa — y2(—sinz; 4+ a + bsin wt)

—Biy2 +

—Ba(—ayr —siny; +a + bsinwr)
—a(foryr + ax2)
o

Bc

where q1 = e1 and g = e then, the drive systems (4)
and (23) will achieve generalized reduced-order hybrid
combination synchronization with the response systems
(24).

. . 1
(i — g(x2)xs — sinxy — x3) — %ql, 28)

Proof Our goal is to find the control functions which
will enable the systems (4), (23), and (24) torealize gen-
eralized reduced-order hybrid combination synchro-
nization via active backstepping technique. The design
procedures includes three steps as shown below:

Step 1
Let g1 = e, then its time derivative is
. . Y1
q1 = €] =y—€2+U1+B1, (29)
2

where e» = «1(q1) can be regarded as virtual con-
troller. In order to stabilize g;-subsystem, we choose
the following Lyapunov function vy = %qlz The time
derivative of v is

0 = q141 = qi (%m(m)wl +Bl) (30)

Suppose «1(g1) = 0 and the control function Uj is
chosen as

Ui = —(B1 + kq1) €29

then v; = —kql2 < 0 where k is positive constant
which represent the feedback gain. Then, ¥ is neg-
ative definite and the subsystem g is asymptotically
stable. Since, the virtual controller «1(gq) is estima-
tive, the error between e; and «(g1) can be denoted
by g2 = e2 — a1(q1). Thus, we have the following
(g1, q2)-subsystems

. Y1
g1 = —q> —kqi
y2 (32)

g2 = —aqy + Us + Bs.

Step 2

In order to stabilize system (32), a Lyapunov func-
tion can be chosen as v, = v; + %qzz Its time derivative
is

. Y1
0y = —kqi + @2 (%m —aqg + U+ Bz) . (33)
If the control function u» is chosen as
Y1
Uy = (—Bz —kqy + gy — %611) (34)

then 1y = —kq12 — qu2 < 0 where k is a positive con-
stant which represent the feedback gain. Then, v, is
negative definite and the subsystem (g1, g2) in (27) is
asymptotically stable. This implies that the drive sys-
tem (4) and the response systems (23) and (24) achieve
generalized reduced-order hybrid projective combina-
tion synchronization. Finally, we have the following
subsystem

. Y1
g1 = —q2 — kqi
V2 (35)
. Y1
42 = ——q1 — kqa.
V2
This completes the proof. O

Leta; = ar = a3 = 1, B1 = B2 = Othen, we have
Corollary 6.

Corollary 6 If the controllers are chosen as

1 1 1
uz = — (—(X2 —x3) + y—xz - ké]l)
V2

Y1 \BL
1
ug = — ((Ol —k)gz — ﬁm —ax
V2 V2
—y2(a + bsinwt — sinzy)
1

——(i — g(x)xp —sinx| — X3)) , (36)

Bc

where e; = y1z1 — (X1 + x3), €2 = Y222 + X3 then
the drive system (4) achieve modified projective hybrid
synchronization with the response system (24).

Letay = ap = a3 =0, B1 = B = 0, then we
obtain Corollary 7.

Corollary 7 If the controllers are chosen as
1
uz = —(—kqi)
Vi
1 1
Uy = —((06 — g — 2q)
V2 V2

—y2(a + bsinwt — sin Zl)), (37

@ Springer
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where e1 = y121, €2 = Y222 then the equilibrium
(0, 0, 0) of the response system (24) are asymptotically
stable.

Suppose y1 = y» = 1, a1 = ap = a3 = 0 and
B1 = B2 = 1 then, we obtain Corollary 8.

Corollary 8 If the controllers are chosen as
1
= = — —k
uy =u3 = 5(=kq)
1
u1=u4=§(((x —k)g2—q1—2(a + bsinwt) (38)

+sinz] + sinyl),

where q1 = z1 + Y1, @2 = 22 + Y2 then anti-
synchronization is achieved between systems (23) and
(24).

Letoj = =3 =1, B81=HFh =1L ynn=n=
1 then, we have Corollary 9.

Corollary 9 If the controllers are chosen as

1 1
Uy =u3 =5 (ﬂ—L(xz —x3) — kqi +2x2)

1
Uy =g = 5((01 —k)g2 —q1 — axy (39)
—2(a + bsinwt) 4 sin z; + sin y;

1

— (i - g0z —sinx; = x3)),
Bc

where g1 = z1+y1— (X1 +x3), g2 = 22+ y2+x2 then

reduced-order hybrid combination synchronization is

achieved among systems (4), (23), and (24).

Let y1 = y2 = 1, i = B2 = 1 then, we have
Corollary 10.

Corollary 10 [f the controllers are chosen as

1l [«
Uy =u3 = = (—3(x2 —x3) + (a2 +ap)xp — k‘ZI)
2 \BL

1
Uy = ug = 5((01 —k)g2 —q1 — ax;

—2(a + bsinwt) + sin z1 + sin yj
o

ool = gl —sinxg —x3)) (40)

where g1 = z1 +y1 — (1x1 +a3x3), g2 =22+ 2 +
arxy then reduced-order modified projective hybrid
combination synchronization is achieved among sys-
tems (4), (23) and (24).

@ Springer

4.2 Numerical simulation results

To verify the effectiveness of the designed controllers
we used ode45 fourth-order Runge—Kutta algorithm
run on Matlab. In the numerical simulation procedure
the system parameters are chosen to ensure chaotic
dynamics of the state variables as shown in Figs. 1 and
2. Assumethat )y =y =B1 =P =a1 =ay =
a3 = 1 in accordance with Corollary (9). The initial
conditions of the drive systems and response system
are given as (x1,x2,x3) = (0,0,0), (y1,y2,¥y3) =
(1,1,1), (z1,z2) = (0, 1), thus we have the initial
conditions of the error systems as (4, 3). Correspond-
ing numerical results are as follows: Fig. 7 shows
that reduced order hybrid combination synchroniza-
tion among systems (4), (23) and (24) is achieved as
indicated by the convergence of the error state vari-
ables to zero as soon as the controllers are switched
on for + > 0. Figure 8 shows the projection of the
drive state variable on response systems when the con-
trollers are activated for + > 0O which again con-
firm reduced order hybrid combination synchroniza-
tion among systems (4), (23), and (24). (ii) We assumed
thato) =ap =3 =05, yy =y =p1=p=1in
accordance with Corollary (10) and used the same ini-
tial conditions and system parameters as given above.
The corresponding numerical results are as follows:
Figure 9 shows that reduced order hybrid projective
combination synchronization among systems (4), (23),
and (24) is achieved as indicated by the convergence
of the error state variables to zero as soon as the con-
trollers are switched on for r > 0. Figure 10 shows the
projection of the drive state variable on response sys-

5
o 0
5 . . . .
0 50 100 150 200 250
time
5
o 0
5 . . . .
0 50 100 150 200 250
time
5
0
0 . . . .
0 50 100 150 200 250
time

Fig.7 Errordynamics among the drive and the response systems
with controllers activated for > 0, where e; = 71 —x] — y1 —

(x3 + y3), €2=12—X2—y23nd€=\/e%+e§
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Fig. 8 Dynamics of the drive (dashed line) and the responses
(solid line) variables with controllers activated for r > 0
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time
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time

Fig.9 Errordynamics among the drives and the response system
with controllers activated for > 0, wheree; = z1+y; —(a1x1+
a3x3), e =22+ y2 —opxp anday = ap = a3 = 0.5

tems when the controllers are activated for ¢ > 0 which
again confirm reduced-order hybrid projective combi-
nation synchronization among systems (4), (23), and
(24) with system 4) as the drive systems and systems
(23) and (24) as response systems.

5 Conclusion

The generalized reduced-order hybrid projective com-
bination synchronization discussed in this paper can
be used to improve security of information transmis-

200

1501 -~

100f e

z1+y1,x1+x3
¢
\

501 ~eT

0 50 100 150 200 250

Lo ”h 1‘ ! "‘ :\, " [ 2 . I

L I i

2 \‘\ ot I‘f‘\ J‘y v‘\ i r‘(\ ;w ! ﬂl’V’(zﬂ'é‘ oo
N | !

| NIRRT

™ R 1N

[INEATR AN T A

AT Lo S B AR B
N v

0 50 100 150 200 250
time

Fig. 10 Dynamics of the drives (dashed line) and the response
(solid line) variables with controllers activated for ¢ > 0

sion in two ways: (1) a signal f(¢) can split up into
two different signals say, f1(¢) and f>(¢). Each signal
fi1(®) and f>(t) is loaded into each first-drive third-
order JJ and, after synchronization has taken place
between the response (second-order) JJ and the two
third-order drive JJs, the message can be retrieved; (2)
another way is to load the split up signals fi(¢) into
the first-drive third-order JJ at time #; and load the sec-
ond signal f> () into the second-drive (third-order) JJ at
another time 7, and after each of the drive JJs has under-
gone synchronization with the response JJ, the message
can retrieved and recombined. Reduced-order hybrid
and reduced-order hybrid projective combination syn-
chronization have been achieved for three chaotic sys-
tems consisting of: (i) two third-order chaotic Joseph-
son junctions as drives and one second-order chaotic
Josephson junction as response system; (ii) one third-
order chaotic Josephson junction as the drive and two
second-order chaotic Josephson junctions as the slaves
via active backstepping technique. We showed from the
theoretical analysis that various controllers which are
suitable for different type of synchronization scheme
can be obtained from the general results. The typical
one drive to one response is a special case of com-
bination synchronization hence, it has more potential
applications in physics, biology, electrical engineering,
communication theory, and many other fields.

References

1. Chen, G.: Controlling Chaos and Bifurcation in Engineering
Systems. CRC Press, Boca Raton (1999)

@ Springer



594

K. S. Ojo et al.

2.

10.

11.

12.

15.

16.

17.

18.

19.

Farivar, F., Shoorehdeli, M.A., Teshnehlab, M.: Modified
projective synchronization of unknown heavy symmetric
chaos gyroscopic systems via Gaussian radial basis adap-
tive backstepping control. Nonlinear Dyn. 67, 1913-1941
(2012)

. Pecora, L.M., Carroll, T.L.: Synchronization of chaotic sys-

tems. Phys. Rev. Lett. 64, 821-824 (1990)

Ott, E., Grebogi, C., Yorke, J.A.: Controlling chaos. Phys.
Rev. Lett. 64, 1196-1199 (1990)

Wang, X., Zhang, J.: Tracking control and the backstepping
design of synchronization controller for Chen systems. Int.
J. Mod. Phys. B 25(28), 3815-3824 (2011)

Mengue, A.D., Essimbi, B.Z.: Secure communication using
chaotic synchronization in mutually coupled semiconductor
lasers. Nonlinear Dyn. 70, 1241-1253 (2012)

Ojo, K.S., Njah, A.N., Ogunjo, S.T.: Comparison of back-
stepping and modified active control in projective synchro-
nization of chaos in an extended bonhoffer- van der pol oscil-
lator. Pramana 80(5), 825-835 (2013)

Ma, M., Zhou,J., Cai, J.: Practical synchronization of nonau-
tonomous systems with uncertain parameter mismatch via
a single state feedback control. Int. J. Mod. Phys. C 23(11),
12500731 (2012)

Zhu, H.: Anti-synchronization of two different chaotic sys-
tems via optimal control with fully unknown parameters. J.
Inf. Comput. Sci. 5(1), 011-018 (2010)

Li, Y., Tong, S., Li, T.: Adaptive fuzzy feedback control
for a single-link flexible robot manipulator driven DC via
backstepping. Nonlinear Anal. 14, 483—494 (2013)
Kareem, S.0., Ojo, K.S., Njah, A.N.: Function projec-
tive synchronization of identical and non-identical modi-
fied finance and Shimizumorioka systems. Pramana 79(1),
71-79 (2012)

Yang, C.C.: Robust synchronization and anti-
synchronization of identical ¢° oscillators via adaptive
sliding mode control. J. Sound Vib. 331, 501-509 (2012)

. Foroogh, M., Mohammad, R.J.M., Zahra, R.C.: Synchro-

nization of different-order chaotic systems: adaptive versus
optimal control. Commun. Nonlinear Sci. Numer. Simul. 17,
3643-3657 (2012)

Feng, G., Cao, J.: Master—slave synchronization of chaotic
systems with modified impulsive controller. Adv. Differ.
Equ. 24, 2401-2412 (2013)

Li, S.-Y,, Yang, C.-H., Lin, C.-T., Ko, L.-W., Chin, T.-T.:
Adaptive synchronization of chaotic systems with unknown
parameters via new backstepping strategy. Nonlinear Dyn.
70,2129-2142 (2012)

Vaidyanathan, S.: Anti-synchronization backstepping con-
trol design for Arneodo chaotic system. Int. J. Bioinform.
Biosci. 3(1), 21-33 (2013)

Njah, A.N., Ojo, K.S.: Synchronization of parametrically
and externally excited ¢® van der pol oscillators with appli-
cation to secure communications. Int. J. Mod. Phys. B
24(23), 4581-4893 (2010)

Ojo, K.S.,Njah, A.N., Adebayo, G.A.: Anti-synchronization
of identical and non-identical ¢° van der pol and ¢° duff-
ing oscillator with both parametric and external excitations
via backstepping approach. Int. J. Mod. Phys. B 25(14),
1957-1969 (2011)

Ojo, K.S., Njah, A.N., Ogunjo, S.T.: Comparison of back-
stepping and modified active control in projective synchro-

@ Springer

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

nization of chaos in an extended Bonhoffer van der pol oscil-
lator. Pramana 80(5), 825-835 (2013)

Krstic, K., Kanellakopoulus, I., Kokotovic, P.O.: Nonlinear
and Adaptive Control Design. Wiley, New York (1995)
Yao, C., Zhao, Q., Yu, J.: Complete synchronization induced
by disorder in coupled chaotic lattices. Phys. Lett. 377,
370-377 (2013)

Chirta, R.N., Kuriakose, V.C.: Phase synchronization in
an array of driven Josephson junctions. Chaos 18, 013125
(2008)

Zang, H.-Y., Min, L.-Q., Zhao, G., Chen, G.-R.: Generalized
chaos synchronization of bidirectionally arrays of discrete
systems. Chin. Phys. Lett. 30(4), 0405021-0405024 (2013)
Li, C., Lia, X.: Complete and lag synchronization of hyper-
chaotic systems using small impulses. Chaos 22, 857-867
(2004)

Jian, X.: Anti-synchronization of uncertainrikitake systems
via active sliding mode control. Int. J. Phys. Sci. 6(10),
2478-2482 (2011)

Chen, J., Jiao, L., Wu, J., Wang, X.: Projective synchroniza-
tion with different scale fectors in driven-response complex
network and its application to image encryption. Nonlinear
Anal. 11, 3045-3058 (2010)

Li, G.H.: Modified projective synchronization of chaotic
system. Chaos Solitons Fractals 32(5), 1786-1790 (2007)
Luo, R.Z., Wei, Z.M.: Adaptive function projective synchro-
nization of unified chaotic systems with uncertain parame-
ters. Chaos Solitons Fractals 42(2), 1266-1272 (2009)

Yu, F,, Wang, C., Wan, Q., Hu, Y.: Complete switched modi-
fied function projective synchronization of five-term chaotic
systems with uncertain parameters and disturbances. Pra-
mana 80(2), 223-235 (2013)

Sudheer, K.S., Sabir, M.: Hybrid synchronization of hyper-
chaotic Lu system. Pramana 73(4), 781-786 (2009)

Khan, A., Tripathi, P.: Synchronization, anti-
synchronization and hybrid-synchronization of a double
pendulum under the effect of external forces. J. Comput.
Eng. Res. 3(1), 166-176 (2013)

Xie, Q., Chen, G.: Hybrid synchronization and its applica-
tion in information processing. Math. Comput. Model. 35,
145-163 (2002)

Miao, Q.-Y., Fang, J.-A., Tang, Y., Dong, A.-H.: Increase-
order projective synchronization of chaotic systems with
time delay. Chin. Phys. Lett. 26(5), 050501-050504
(2009)

Laoye, J.A., Vincent, U.E., Akigbogun, O.O.: Chaos con-
trol and reduced order synchronization of rigid body. Int. J.
Nonlinear Sci. 6(2), 106—113 (2008)

Chen, J., Liu, Z.R.: Method of controlling synchroniza-
tion in different systems. Chin. Phys. Lett. 20(9), 141-143
(2003)

Wen, S., Chen, S., Lii, J.: A novel hybrid synchronization of
two coupled complex networks. Circuits and Systems IEEE
International Symposium, pp. 1911-1914 (2009)

Zhu, H.-L., Zhang, X.-B.: Modified projective synchroniza-
tion of different hyperchaotic systems. J. Inf. Comput. Sci.
4(1), 3340 (2009)

Koronovskii, A.A., Moskalenko, O.I., Shurygina, S.A.,
Hramov, A.E.: Generalized synchronization in discrete
maps. New point of view on weak and strong synchroniza-
tion. Chaos Solitons Fractals 46, 12—-18 (2013)



Reduced-order hybrid combination synchronization of three Josephson junctions 595

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

Chen, G.R., Dong, X.: From Chaos to Order Perspectives.
Methodologies and Applications. World Scientific, Singa-
pore (1998)

Chevriaux, D., Khomeriki, R., Leon, J.: Theory of a Joseph-
son junction parallel array detector sensitive to very weak
signals. Phys. Rev. B 73, 214516 (2006)

Al-Kawaja, S.: Chaotic dynamics of underdamped Joseph-
son junctions in a ratchet potential driven by a quasiperiodic
external modulation. Physica C 420, 30 (2005)

Dana, S.K.: Spiking and bursting in Josephson junction.
IEEE Trans. Circuits Syst. II 53(10), 1031-1034 (2006)
Dana, S.K., Sengupta, D.C., Edoh, K.D.: Chaotic dynam-
ics in Josephson junction. IEEE Trans. Circuit Syst. I 48,
990-996 (2001)

Runzi, L., Yinglan, W., Shucheng, D.: Combination syn-
chronization of three classic chaotic systems using active
backstepping. Chaos 21, 043114 (2011)

Runzi, L., Yinglan, W.: Active backstepping-based combi-
nation synchronization of three chaotic systems. Adv. Sci.
Eng. Med. 4, 142-147 (2012)

Runzi, L., Yinglan, W.: Finite-time stochastic synchroniza-
tion of three different chaotic systems and its application in
secure communication. Chaos 22, 023109-10 (2012)
Femat, R., Solis-Perales, G.: Synchronization of chaotic sys-
tems of diffrent order. Physica Rev. E 65, 0362261-0362267
(2002)

Bowong, S., McClintock, P.V.E.: Adaptive synchronization
between chaotic dynamical systems of different order. Phys.
Lett. 358, 134-141 (2006)

49.

50.

51.

52.

53.

54.

55.

56.

Ho,M.C., Hung, Y.C,, Liu, Z.Y., Jiang, .M.: Reduced-order
synchronization of chaotic with parameters unknown. Phys.
Lett. 348, 251-259 (2006)

Terman, D., Kopell, N., Bose, A.: Dynamics of two mutually
coupled slow inhibitory neurons. Physica D 117, 241-275
(1998)

Stafanovska, A., Haken, H., McClintock, P.V.E., Hozk, M.,
Bajrovic, F,, Ribaric, S.: Reversible transitions between syn-
chronization states of the cardiorespiratory system. Phys.
Rev. Lett. 85, 48314834 (2000)

Bowong, S.: Stability analysis for the synchronization of
chaotic system of differrent order: application to secure com-
munications. Phys. Lett. A 326, 102-113 (2004)
Alsawalha, M.M., Noorani, M.S.M.: Chaos reduced-order
anti-synchronization of chaotic systems with fully unknown
paramrters. Commun. Nonlinear Sci. Numer. Simul. 17,
1908-1920 (2012)

Zhang, G., Liu, Z., Ma, Z.: Generalized synchronization
of different dimensional chaotic dynamical systems. Chaos
Solitons Fractals 32, 773-779 (2007)

Idowu, B.A., Ucar, A., Vincent, U.E.: Full and reduced-order
synchronization of chaos in Josephson junction. Afr. Phys.
Rev. 3(7), 35-41 (2009)

Crotty, P., Schult, D., Segall, K.: Josephson junction simu-
lation of neurons. Phys. Rev. E 82, 011914 (2010)

@ Springer



	Generalized reduced-order hybrid combination synchronization of three Josephson junctions via backstepping technique
	Abstract
	1 Introduction
	2 Description of Josephson junctions
	2.1 Resistive--capacitive--inductive shunted Josephson junction (RCLSJJ)
	2.2 Resistive--capacitive-shunted Josephson junction (RCSJJ)

	3 Generalized reduced-order hybrid combination synchronization of two third-order and one second-order Josephson junctions
	3.1 Design of controller via active backstepping technique
	3.2 Numerical simulation results

	4 Generalized reduced-order hybrid combination synchronization of one third-order and two second-order Josephson junctions
	4.1 Design of controller via active backstepping technique
	4.2 Numerical simulation results

	5 Conclusion
	References


