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Reduced order hybrid function projective combination
synchronization of three Josephson junctions

KAYODE. S. OJO, ABDULAHI N. NJAH, SAMUEL T. OGUNJO and OLASUNKANMI I. OLUSOLA

In this paper, we examine reduced order hybrid function projective combination synchro-
nization of three chaotic systems consisting of: (i) two third chaotic Josephson 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 using active backstepping technique. The analytic results confirm the realization of re-
duced order hybrid function projective combination synchronization using active backstepping
technique. Numerical simulations are performed to validate the analytical results.

Key words: function projective synchronization, Josephson junction, backstepping con-
trol, chaos, reduced order synchronization, combination synchronization

1. Introduction

Chaotic systems exhibit sensitive dependence on initial conditions, hence, the con-
vergence of the trajectory of two similar or different chaotic systems originating from
different initial conditions seems improbable. Pecora and Caroll [11] pioneered the stud-
ies of synchronization of two chaotic systems in 1990. Since then many types of syn-
chronization methods including lag synchronization [3], complete synchronization [11],
phase synchronization [1], projective synchronization [7] have been proposed while
many techniques have been by employed to design suitable control functions for syn-
chronization of chaotic systems. These techniques include optimal control, active con-
trol, sliding mode control, impulsive control, backstepping control, etc.

Backstepping scheme has been efficient in the design technique for stabilization,
tracking and synchronization of chaotic systems. According to Tian et al., [13], some
of the advantages of the method include: applicability to a variety of chaotic systems
irrespective of whether they contain external excitation or not; needs only one controller
to realize synchronization of chaotic systems and finally there is no derivative in the
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controller. Backstepping technique offers faster and better transient error dynamics con-
vergence and synchronization time than the active control technique [8].

The idea of projective synchronization was proposed by Mainieri and Rehacek [7].
Projective Synchronization (PS)refers to the dynamical behavior in which the responses
of two identical systems synchronize up to a constant scaling factor o € R [14]. When
o = 1 we have complete synchronization and o = —1 gives antisynchronization of the
systems. Chen and Li [17] designed a new form of projective synchronization between
two identical systems using a scaling function factor. This new scheme was extended to
two different systems by Du et al [2]. Function projective synchronization in addition to
faster communication, enhances security in communication due to the unpredictability
in scaling function [16].

Hybrid function projective synchronization (HFPS) extends function projective syn-
chronization by using scaling functions which consists of different time varying func-
tions [4, 10]. When the scaling function is a matrix, a new form of function projective
synchronization called generalized function projective synchronization is achieved [16].
This scheme has been implemented for chaotic systems with unknown parameters [5],
fractional order [14], and other systems.

All of the synchronization schemes mentioned above and many others [8, 9] are be-
tween two similar or different chaotic systems. However, Runzi and Yinglan [12] have
proposed a communication scheme (combination synchronization) whereby the signal to
be transmitted is split between two drive systems so it can be transmitted at different in-
tervals. If this is effective, the transmitted signal may have stronger anti-attack ability and
antitranslated capability than that transmitted by the usual transmission model. Further-
more, in a communication network, there are many users (slave) but one control (master)
which connects different users to one another. There is the need to implement a synchro-
nization scheme whereby many users can be connected to and routed through a single
master securely. Combination synchronization of three classic systems was achieved by
Luo et al [6].

Although, reduced order and increased order synchronization have been imple-
mented between two systems, research on reduced order combination synchronization
are few. Increased order and reduced order combination synchronization of three differ-
ent nonlinear systems was implemented using active backstepping design [15] but the
reduced order hybrid function projective combination synchronization has not been im-
plemented. This scheme has great prospect in secure communication and other allied
fields. Hence, in this paper, we intend to design controllers to achieve reduced order hy-
brid function projective synchronization among three chaotic Josephson junction under
two conditions: i) two third order chaotic Josephson junctions as drives and one second
order chaotic Josephson junction as response system; (ii) one third order chaotic Joseph-
son junction as the drive and two second order chaotic Josephson junctions as the slaves
using active backstepping technique.
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2. Reduced order hybrid function projective combination synchronization of two
third order and one second order Josephson junctions

2.1. Design of controller via active backstepping technique

In this section, two third order Josephson junction in (1) and (2) are taken as the
drive system while one second order non-autonomous Josephson junction (3) is taken as
the response system in order to achieve generalized reduced order combination synchro-
nization among the three chaotic Josephson junctions.

X1 = x

X2 = —(i—g(x2)xy —sinx; —x3) (1)
Bc
1

X3 = E(xz —x3)

the second drive system is

yio=
. L. :
Yo = =(i—g2)y2—sinyi—y3) )
Bc
5 = g 0nn)
X3 = - 02—)3
Pr
while the response system is given as
a4 = 2+
. . 3)
Zy = —0zp—sinz;+a-+bsinwt+uy

where u;(t), i = 1,2 are the controllers to be designed. We define the error systems as
follows

er = zi— (o (t)x1+ Py +03(t)xs +B3(t)y3)

e = 2+ (02(t)x2+B2(t)y2).

“4)

Using the error systems defined in (4) with systems defined in (1), (2) and (3) yields the
following error dynamics

) B

ér=2— o (t)x—Pi(1)y2 B B (y2—¥3)
—aty (£)x1 — Bu(£)y1 — &3(£)xs — B3 (£)ys +uy
— 2 oa(t)2 ~ o2 — (o~ Bu(pa— 5 (2 —x0) - B3 (2= ya)
. B.
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—6uy (1)x1 — B (1)y1 — 03(£)x3 — B3 (£)3

O (¢
éy = —0zp —sinz; +a—+bsin®t +up + E( ) (i — g(x2)xp — sinx; — x3)
C
t),. . . ;
B i g —siny, )+ a0 +Ba(0)
= —o(ex — o (t)xp — Ba(t)y2) + 0o (t)x2 + Bz(t) —sinzy +a-+bsin®t +uy
o), . . r) . .
+ 20 gl —sinx —x3) + 20 g(rm)y —sinyy —ys).
Bc Bc
Thus,the error dynamics of the system can be written as:
él=ey+u +A4 5)
é) = —0ey+uy+Ar (6)
where
o3(1) Bs(1)

Ay = —00(t)xa — Ba(t)ys — oy (t)x2 — B (t)y2 — B (xz—XS)—BT(yz—)B)

— 0ty (£)x1 — i (£)y1 — &3(1)x3 — B3(1)ys
Ay = (X((Xz(t)Xz + Bz(t)yz) —sinz; +a—+ bsinot + OQ(I)XZ + BQ(I)
(1) Ba(t)

B (i — g(x2)xy — sinx; —x3) + B (i—g(y2)y2 —siny; —y3).

Our goal is to find the control functions which will enable the systems (1), (2) and
(3) realize reduced order hybrid function projective combination synchronization by
active backstepping technique. The design procedure includes three steps as shown
below:

+

Step 1
Let g1 = ey, its time derivative is

g1 =¢é1=er+u+A4 (7

where e, = aj(q;) can be regarded as virtual controller. In order to stabilize g-
subsystem, we choose the Lyapunov function v; = %q% The time derivative of v is

VI = 4141 :(Z1(061(q1)+u1+A1), (8)
Suppose o (g1) = 0 and the control function u; is chosen as

uy =—(Ay +kqp) )
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then v; = —kg? < 0 where k is positive constant which represent the feedback gain.
Then, v; is negative definite and the subsystem g; is asymptotically stable. Since, the
virtual controller o (g;) is estimative, the error between e, and o1 (¢g1) can be denoted
by g2 = e2 — 0 (q1). Thus, we have the (q;,¢>)-subsystems

41 = q2 — kq1
(10)
ga = —0Olga +ux +As.

Step 2
In order to stabilize subsystem (10), a Lyapunov function is chosen as vy = v| + %q% Its
time derivative of v, is

V2 =—q1 +q2(q1 — 0qr +ur +As). (11)
If the control function u; is chosen as
uy = 0q2 — q1 — Az — kg (12)

then v, = —kq? — kq3 < 0 where k is a positive constant which represents the feedback
gain. Hence, v, is negative definite and the subsystem (q1,¢>) in (10) is asymptotically
stable. This implies that reduced order hybrid function projective combination synchro-
nization of the drive systems (1) and (2) and the response system (3) is achieved. Finally,
we have the subsystems

41 = q2 — kq1
(13)
G2 = —q1 —kqa.
Let o = oy = a3 = 0 then, we have Corollary 1.
Corollary 1 If the controllers are chosen as
_ Bs(r) ; ; k
up = (Bi()+P2(t))y2+ B (v2 =3) +Bi()y1 +Bs(t)ys — kqu
u = (06—]()6]2—6]1 —OLBQ(Z)yz—I—SinZl —a—bsinox (14)
_Pa(1)

Be (i —g(y2)y2 —siny1 —y3) —Ba2(1)y2
where q1 = z1 — B1(t)y1 — B3(t)y3, g2 = 22+ P2(t)y2 then the drive system (2) achieve
reduced order modified hybrid function projective synchronization with the response

system (3).

Let B1(t) = B2(r) = B3(r) = 0, then we obtain Corollary 2.
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Corollary 2 If the controllers are chosen as

o3 (1 . .
u = (Ocl(t)—i-OCz))Q—l- Ei)(XQ—)Q)—km+(X1(I)X1-|—OC3(I)X3
u, = (ou—k)ga—q1— a0 (t)xy +sinz; —a— bsinot (15)
0]

Be (i — g(x2)xy — sinx; —x3) — 0z (¢)x2

where q1 = z1 — oy (t)x1 — 03(1)x3, g2 = 22 + 02 (1) x2 then the drive system (1) achieves
reduced order modified hybrid function projective synchronization with the response
system (3).

Suppose a1 (1) = ax(f) = os(r) = Bi(t) = P2(r) = B3(r) = 0, then we obtain
Corollary 3.

Corollary 3 If the controllers are chosen as
uy = —kq
(16)
up = (ou—k)qa—qi+sinz; —a—bsinot

where q\ = z1, g2 = 2o then the equilibrium point (0,0,0) of the response system (3) is
asymptotically stable.

Suppose B (1) = B2(r) = Ba(r) = ay(t) = aa(t) = a3(¢) =y. We obtain Corollary 4.

Corollary 4 If the controllers are chosen as

t
Uy = YéL)(xz—Xfryz—ys)+20€1(f)(xz+y2)+7(t)(xl+)’1+X3+y3)—kql
u = (u—k)ga—q1—ay(t)(xa+y2)+sinz; —a—bsinot —(t)(x2+y2)  (17)
()

—E(% — g(x2)x2 — g(y2)y2 — sinx; —siny; —x3 —y3)

where q; = z1 —Y(t)(x1 +y1 +x3+y3), g2 = 220 +Y(t) (x2 + y2) then the drive systems (1)
and (2) achieve reduced order hybrid function projective combination synchronization
with the response system (3).

Let all the scaling functions be a;(z), 02(), os(t), B1(¢), B2(¢) and B3(z), then we
obtain Corollary 5.
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Corollary 5 If the controllers are chosen as

w = an(thr -+ Bat)ya o () By (1)y2 + “Ei’) (2 —x3) + BE(Lt)(yz )
0 (£)x1 + P ()1 + 63 (t)x3 + B3 (£)ys — ka
uy = —o(0(1)x2+Pa(t)y2) +sinzy —a— bsinor — 6y (t)xa — Ba(r) + (00— k)g2 — g
- “E(t) (i — g(x2)x — sinx; —x3) — P(1) (i—g(y2)y2 —siny; —y3) (18)
c Bc

g1 = 21— (o ()x1 + Br()yr + o3 ()xs + B3(1)y3), 2 = 22 + (0 (t)x2 + P2(1)y2) then
the drive system (1) and (2) achieve reduced order modified hybrid function projective
combination synchronization with the response system (3).
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0 50 100 150 200 250
time
20 T . . .
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20 . L . .
0 50 100 150 200 250
time
400 T :
o 200 -
e
0 ) . . .
0 50 100 150 200 250
time

Figure 1. Error with control function deactivated.

2.2. Numerical simulation results

The designed controllers are verified in our numerical simulation using the ode45
fourth order Runge-Kutta algorithm in Matlab. In the numerical simulation procedure
we used the systems parameters within the chaotic region and controllers are chosen in
accordance with Corollary 4. The initial conditions of the drive systems and response
system are given as (x1,%2,%1) = (0,0,0), (y1.y2,y3) = (111), (z1,72) = (0, 1), ¥(t) =
2.0+ 0.01sin(0.057) and k = 1. Corresponding numerical results are as follows: Fig. 1
depicts the error dynamics of the systems when controllers were deactivated. The errors
did not converge to zero. Fig. 2 shows that reduced order hybrid function projective
combination synchronization among systems (1), (2) and (3) is achieved as indicated
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Figure 2. Error with control function activated at ¢ 2> 100.
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Figure 3. Dynamics of the state variables.

by the convergence of the error state variables to zero as soon as the controllers are
switched on for ¢ > 100. Fig. 3 shows the projection of the drive state variables on the
projection of the response state variables when the controllers are activated for ¢ > 100
which also confirms reduced order combination synchronization among systems (1),
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Figure 4. Evidence of hybrid projective synchronization.

(2) and (9). Fig 4 shows the evidence of realization of reduced order hybrid function
projective combination synchronization.

3. Reduced order hybrid function projective combination synchronization of one
third order and two second order Josephson junctions

3.1. Design of controller via active backstepping technique

In this section, one third order Josephson junction in (1) is taken as the drive system
while two second order non-autonomous Josephson junction in (19) and (20) are taken
as the response systems in order to achieve reduced order hybrid function projective
combination synchronization among the three chaotic Josephson junctions .

yio= ytu

(19)
Y = —Oy;—siny;+a-+bsinot—+up
71 = 22 + U3

(20)
Zp = —0z—sinzy+a—+bsinmr+ uy

where u,us,us3 and u4 are the controllers to be designed. We define the error systems as
follows

e = zi+yi—(ou(r)x; +a3(r)x3)
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(21)
e = Zp+y2+0ox;a.

Using the error systems defined in (21) with systems defined in (1), (19) and (20) yields
the following error dynamics

. ot . :
é1=2+yr+uz—o(t)x2+u — Ei)(xz—xﬁ — G (#)x1 — G (f)x3
B o3(t) . .
= ey — (0(t) + 01 (1))x2 — B (x2 —2x3) — Guy (1)1 — O3 (¢) X301 +u3
é) = —0zp —Sinz; +a+ bsin®f + ug — Oy, — siny; + a+ bsin ®f + up
(1) . . .
é(c ) (i — g(x2)xp — sinx; —x3) + 02 (1)x2
= —o(ez + 0 (t)xp) —sinzy +2a+ 2bsinwt — siny; + 0 (¢)x2
Ol (1 .
+ é( ) (i — g(x2)x2 — sinx; — x3) + up + ug.
C
Thus,the error dynamics of the system can be written as:
é1=ey+U+B; (22)
ér=—0er+U,+ B (23)
where
B o3 () . .
B, = —(0(2(1) +O€1(l‘)))€2 — [3 (XQ —X3) — Ocl(t)xl — ()L3(l))€3
L
B, = (X(Xz(l‘))@) —sinz; +2a+2bsinwt —siny| + 0(2(2‘))62
O (1 .
+ 220 g1y — sinwy —x)
Bc
Ui =u; +us
Uy = up + uy.

Our goal is to find the control functions which will enable the systems (1), (19) and (20)
realize generalized reduced order combination synchronization by active backstepping
technique. The design procedures includes three steps as shown below:
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Step 1
Let g1 = ey, its time derivative is

g1 =¢é =ey+U;+B 24)

where e, = a(q;) can be regarded as virtual controller. In order to stabilize g-
subsystem, we chose a Lyapunov function v = %q% Time derivative of v is

Vi =q141 = q1(%(q1) + U1 +By). (25)
Suppose o (g1) = 0 and the control function U, is chosen as
Uy =—(Bi+kq1) (26)

then v; = —kq% < 0 where k is a positive constant which represent the feedback gain.
Then, v; is negative definite and the subsystem ¢; is asymptotically stable. Since, the
virtual controller o (g;) is estimative, the error between e, and o (¢g;) can be denoted
by g2 = €2 — 0 (q1). Thus, we have the (g, ¢2)-subsystems

q1 = q2 —kqi
(27)
g2 = —0qx+ U+ B>.

Step 2
In order to stabilize system (8), the following Lyapunov function can be chosen as v, =
vi+ %q% Its time derivative of v; is

vy =—q1 +q2(q1 — 0g2 + Ur + By). (28)
If the control function u, is chosen as
U =—B, —kqx+0q2 — qi (29)

then v, = —kq% — kq% < 0 where k is a positive constant which represent the feedback
gain. Then, v, is negative definite and the subsystem (g1,¢2) in (27) is asymptotically
stable. this implies that the drive system (1) and the response systems (19) and (20)
achieve reduced order function projective combination synchronization. Finally, we have
the following subsystems

g1 = q2> —kqi
(30)
g2 = —q1 —kqa.

Here we limit our results to only two major Corollaries which result into hybrid function
projective combination synchronization.
Let oy = 0y = 03, u; = u3 and up = uy. Then, we have Corollary 6.
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Corollary 6 If the controllers are chosen as

1
W= u— 2("‘[;5’) (2 — x3) + 61 (£) (51 +-33) — ka1 + 204 1))
Uy = uy= %((oc—k)qz —q1 — (aoy (1) + 6 (¢))x2 + sinz; +siny; — 2a — 2bsin ot
—al(t) (i —g(x2)xy —sinx; —x3)) 3D
Bc

where ey = z; — Qi (x] +x3), ez = 22 + QU x) then the drive system (1) achieve reduced
order hybrid function projective combination synchronization with the response systems
(19) and (20).

Let all the scaling functions be o (), 02(7), a3(7) with u; = u3 and up = uy. Then,
we have Corollary 7.

Corollary 7 If the controllers are chosen as

1
Uy = uUz= 5((0(,1 (Z) —|—0€2(l)))€2 + (OQY)@CQ —X3) +(‘x1(t)x1 +(§L3(I)X3 —kql) (32)
Uy = uy= %((oc—k)qz —q1 — (a0 (t) + 6 (t))xz +sinz; + siny; —2a — 2bsin ot
_Ga(t) (i —g(x2)xy — sinx; —x3))
Bc

where e; =z +y1 — (04 (¢)x] + a3(t)), ex = 22 + y2 + 0 (t)x2 then reduced order mod-
ified hybrid function projective combination synchronization is achieved between the
drive systems (1) and the response systems (19) and (20).

3.2. Numerical simulation results

The designed controllers are verified in our numerical simulation using the
ode45 fourth order Runge-Kutta algorithm in Matlab. In the numerical simulation we
used the systems parameters within the chaotic region and controllers are chosen in
accordance with Corollary 6. The initial conditions of the drive systems and respon-
se system are given as (x1,x2,x3) = (0,0,0), (y1,y2,y3) = (111), (z1,22) = (0,1),
v(t) =2.040.01sin(0.05¢) and k = 1. Corresponding numerical results are as follows:
Fig. 5 shows the error dynamics of the drive and slave systems when the controllers were
deactivated. Fig. 6 shows that reduced order hybrid function projective combination
synchronization among systems (1), (19) and (20) is achieved as pointed by the conver-
gence of the error state to zero as soon as the controllers are switch on for ¢ > 100. Fig.7
shows projection of the drive state variables on the response state variables when the
controllers are activated for # > 100 which also confirms reduced order hybrid function
projective combination synchronization among systems (1), (19) and (20).
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Figure 6. Error with control function activated.

4. Conclusion

Reduced order hybrid function projective 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; (ii) one third order
chaotic Josephson junction as the drive and two second order chaotic Josephson junc-
tions as the slaves using active backstepping technique has been realized. We showed
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200
2y,
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time
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time

Figure 7. Evidence of hybrid projective synchronization

from the theoretical analysis that various controllers which are suitable for different type
of synchronization scheme can be obtained from the general results. Moreover, reduced
order hybrid function projective combination synchronization has more potential appli-
cations to secure information transmission in communication systems and information
processing in biological systems.
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