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Abstract

This paper, mainly concerns the adaptive projective reduce order synchronization behavior of uncertain chaotic system.
By Lyapunov stability theory, the adaptive control law and the parameter update law are derived to make the states of two
chaotic and hyperchaotic systems asymptotically synchronized up to a desired identical and different scaling matrix. Numerical
simulation results show that the proposed method is effective, convenient, and also faster for projective dual synchronization of
chaotic and hyperchaotic systems. (©2017 All rights reserved.
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1. Introduction

The applications of fractional order chaotic and hyperchaotic systems are bountiful all around us and
its interest is fast gaining momentum. The science of fractional chaos is an interdisciplinary field which
crosses boundaries in the academic world such as economics, engineering, biology, chemistry, physics,
and etc. Issues in topics such as, the synchronization of order chaotic systems in a broad variety of
situations and the use of fractional order chaotic dynamics for various purposes, are at the forefront
of recent application topics in nonlinear science. These topics unites the knowledge of basic mathe-
matical properties of fractional order chaos and specific practical considerations of various applications
[7,15, 19, 26, 27, 31, 32]. Synchronization of chaotic system with integer order is understood well since the
pioneering work by Pecora and Carrol [18]. Studies on chaos synchronization for the fractional order sys-
tems are just beginning to attract some attention due to its potential applications in secure communication
and control processing. There are many different methods and strategies of fractional order continuous
and discrete chaos synchronization have been developed such as activation feedback method, linear and
nonlinear feedback synchronization [3, 4, 8, 13, 20, 25, 29], sliding mode control [12, 16, 22, 23, 30, 34],
adaptive control [1, 2, 5, 9, 14, 21, 33], and projective synchronization [10, 17, 24]. To the best of our
knowledge, most of research efforts mentioned above have concentrated on studying the synchronization
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of fractional order chaotic systems whose models are identical, different. However, synchronization of
fractional order chaotic systems also can be induced even in strictly different order or reduced order syn-
chronization [6], especially the systems in biological science and social science. So, the study of reduced
order synchronization is very important from the perspective of control theory and very necessary from
the perspective of practical application. Reduced order synchronization is the problem of synchronizing a
slave system with projections of a master system. In this paper, we will show that the projective reduced
order synchronization between different fractional order chaotic systems may be used to manipulate the
scaling factor such that the drive and response systems could be synchronized up to a desired scaling
matrix, on the other hand, since the fractional order chaotic systems have uncertain parameters, it is dif-
ficult to find the projective reduced order synchronization. In this case, modified adaptive control is an
effective method for synchronizing the fractional order chaotic systems with uncertain parameters in the
sense of projective reduced order synchronization.

The rest of the paper is organized as follows. In Section 2, we briefly describe the problem. In Sections
3 and 4 we describe adaptive projective reduced-order synchronization strategies in different projection
with parameter update law for fourth order fractional order hyperchaotic Chen system and third order
fractional order Genesio-Tesi system. Conclusions are given in Section 5.

2. Problem description and control design for the projective reduce order synchronization

2.1. Problem description

Given the fractional order chaotic system, i.e., the drive system is
Dix = f(x) + F(x)«,

where x = (x1,X2,...,Xm )| € R™ is the state vector of the system, o € R¥ is the unknown parameter vector
of the system, and f(x) : R™ — R™, F(x) : R™ — R™*K_ On the other hand, the controlled response
system is given by:

Diy =g(y)+Gy)p+1, (2.1)

where y = (yl,yz,...,yn)T € R™ is the state vector of the system, 3 € RY is the unknown parameter

vector of the system, and g(y) : R™ — R™, G(y) : R™ — R™¢ U € R™. When order n = m, { = k
and the functions f = g,F = G, the response system is identical to the drive system, and the projective
synchronization problem has been well studied [10, 17, 24]. When two systems satisfy the condition
m < n (of course f # g, and F # G), that is, the order of the response system is lower than that of the
drive system, the projective synchronization is only attained in reduce-order. Therefore, we can divide
the master system into two parts. The projection:

Dixi = fi(x) + Fi(x) e, (2.2)
where x; € R™, f; : R™ — R™, and F; : R™ — R™*¥ and the rest:
Dixj = fj(x) + Fj(x) e,

where x; € RY, f; : R™ — R"*, and F; : R™ — Ru*k and orders n,u satisfy n +u = m. The purpose of the
reduce order synchronization is to design a controller U, which is able to synchronize the two identical
or different chaotic (hyper-chaotic) systems with a scaling matrix, i.e.,

lim [y(t) —Hxi(t)]| =0,
t—o0

where H is called the scaling matrix and ||.|| represents the Euclidean norm.
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Lemma 2.1 ([1, 2, 19]). If p > q > 0, m and n are integers such that 0 < m—1<p<m0<n—-1<q<n,
then we obtain

oD{ (oD ¥ (1)) = DY U (1).

Lemma 2.2 ([1, 2, 19]). If p, q > 0, then there exist integers mand nsuchthat 0 < m—1<p<m,0<n—-1<
q < m, then

P q p+q - q—j (t=a) "7
aDj (ath(t)) =Dt e J; [ Py fit ]t:am'

Lemma 2.3 ([1, 2, 19]). Suppose f(t) has a continuous kth derivative in [0, t](k € N,t > 0) and let p, q > 0, then
there exists somen € N withn < kand p,p+q € [n—1,n], then

oDI DI (1) = (DPTIF(1).

2.2. Projective reduce order synchronization controller design
The error vector between the systems (2.1) and (2.2) can be expressed as

D{e(t) = g(y) + G(y)p — Hfi(x) — HFi (x)ac+ UL (2.3)
Here, let the control function U be

U = Hf;(x) + HF;(x)x — g(y) — G(y)B
_ (D;J*l

_ ) 5 (t)~ta—1)-1 (2.4)
+ DI HF(x)&—G e(t)) m———e
7 MR )& - Gly)B ) =)
and adaptive laws of parameters are taken as
& =—[F(x)]"He, B=[Gly)l"e, (25)

where, &, B are estimated values of «, 3, respectively.

Theorem 2.4. For given synchronization scaling matrix H = diag(hy, hy, ..., hn) and any initial conditions,
projective reduce order synchronization between system (2.1) and system (2.2) will occur by the control law (2.4)
and the updating law of parameters (2.5).

Proof. Inserting (2.4) into (2.3) yields the following:

Die(t) = D{ ™" |HFi(x) (& — o) — G(y)(B — B) — (D "e(t) ————= —e|. (2.6)

Construct a positive Lyapunov function candidate in the form of:

1 T~
“leTe+a"a+B R,

V=
2

where & = & — o, p =  — B. The time derivative of V along the trajectory of the error dynamical system
(2.6) is as follows

2.7)
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Using Lemma 2.2 in Eq. (2.7) we get

V= e |9 D%e(t) + (D9 Tert) U | L aTa TR
- t t t M—(q—1))
From Egs. (2.5) and (2.7), we get
‘ B B _ - —(q—1)-1
V=e'|DJ 1<D§ ! [Hﬁ(x)a— G(y)p— (D¢ le(t))(rt()_(q _1))—e]>
(o)~(aD-1 (2.8)
—1 2T ~ 5T5
Now, using Lemma 2.1 and Eq. (2.5), Eq. (2.8) reduces to
o ) . ) (t)~(a—1-1

t)*(Q*l)*l

[Q R S ~ T 3 T
F—(q=1)) e HF(x)&+e' G(y)p =—e' e <.

+ (D e(t))

According to the Lyapunov stability theory, the error variable becomes zero as time t tends to infinity,

ie., tlirn |le(t)|| = 0. This means that the drive system (2.1) and the response system (2.2) achieved the
—00
projective reduce order synchronization about the scaling matrix H. This completes the proof. O

3. Projective reduce order synchronization between the projection (xyz) of the fractional-order hyper-
chaotic Chen and Genesio-Tesi systems

In this section, we take the projection (xyz) of the fractional-order hyperchaotic Chen system [28] and
Genesio-Tesi system [11] into consideration. The fractional-order hyperchaotic Chen system is described
as follows:

D% = ai(y1 —x1) +wy,
D{?y; = dix1 —x1z1 + €11,

3.1
D§321 = X1Y1 — b121, ( )
D{*wi = yaz1 + 11wy,
and the fractional-order Genesio-Tesi system is described as follows:
D% =y2 +uy,
Dy =z + 1wy, (3.2)

DgBZz = —a2Xp — b2y2 — C222 + X% + us,

where q is the fractional-order satisfying 0 < q < 1 and uy,up,u3 are three control functions to be
designed and all parameters a;,ds, c1, by, 71, a2, by, c2 are unknown. The error system between system
(3.1) and system (3.2) can be defined as

Di'ei(t) = (e2 + hoy1) —hiai(y1 —x1) —hawy +uy,
Dﬂzez(t) = (e3 + h3z1) — hodixq + hoxiz — haciyr + Uy, (3.3)
D{Pes(t) = —az(e; +hixg) — ba(ex + hayy) — cales + haz1) + (e +hixg)? — haxqys + habizy +us,
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where e; = x2 —hixy, €2 =yo —hpyi, e3 = zp —hzzg and h = dig(hy, hy, h3) is the scaling matrix. Our goal
is to derive the controller U with a parameter estimation update law such that Egs. (3.1) synchronize Egs.
(3.2), the controllers are taken as

w = —(e2 + hoy1) + hyay(ys —x1) + hywy + DI [hldl(yl —x1)

—(gq1—1)—1
(D8 ey () _ el},

IM—(q1—1))
Uy = —(e3 + hazy) + hodixg — hoxqzy + hacyy; + DI [hl dix1 + hat1y1
a (t)~(a2—1)-1 (3.4)
— (DF e (t) = —e2,
(g2 - 1)

Uz = az(eg +hix1) + ba(ex + hayr) + ca(es + hazi) — (e1 + hixg)? + haxays
—hsbizq + Dg371 |:€12(€1 + hoxq) + 62(62 + hzyl) + éx(e3 + hgzy) — h36121

—(a-1)—1
—(Dﬁrles(t))(t) - —63},

N(—(gs—1)
and parameter update rules are

a1 = —hi(y1 —x1)ey,

di = —hoxiey,

¢1 = —hayrer,

131 = hszies, (3.5)
Gz = —(e1 +hixi)es,

by = —(e2 + hay1)es,

¢z = —(e3 +hszi)es,

where, 41, dy, €1, by, G2, by, & are estimates of ay, dy, c1, by, az, by, co, respectively.

Theorem 3.1. For given synchronization scaling matrix h = diag(hy, hy, ..., hn) and any initial conditions, pro-
jective reduce order synchronization between system (3.1) and system (3.2) will occur by the control law (3.4) and
the updating law of parameters (3.5).

Proof. Inserting (3.4) into (3.3) yields the following:

q1 _ nai—1 [ q1—1 (t)i(qlil)il
Di{'e;(t) = D¢ hidi(yr —x1) — (DY' ei(t)) o= —e1|,

Dd2¢,(t) = DI | hydixg + hotry; — (D ey (1)) o—— —

D®es(t) = DI da(eq + huxa) + balez + hays) + Ea(es + hazi) — habizg
) (t),(qu),l ]

. . €3],

I—(q3—1))

where d; = 41 —ay,d; = d; —dy, & = ¢ —cq,by = by —by,d = dy —ap, by = by —by, & = & —co.
Consider the following Lyapunov function candidate:

— (D es(1))

1 - ~ ~
V:E(eTe—l—d%—i—d%—i-é%-i-b%‘l‘dz‘f‘b%‘f‘é%)- (3.7)
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The time derivative of V along the solution of error dynamical system equation (3.7) gives

V= (elél +exér +e3é3+ aq (il + &181 + 6161 + 6161 + dzﬁz + 6262 + 5262). (3.8)
Using Lemma 2.2 in Eq. (3.8) we get
(t)~ (-1 |
M—(a1 - 1))
(1)~ (a—1)—1]
M—(q2— 1))

(1)~ (as=1)—1]
MN—(qs —1))

V= <e1 Dy 9(DIe;(t)) + (DI ey ()

+e| D} 2(DPey(t)) + (DFey(t))

+e3|Dy P (DPes(t)) + (DPes(t))

+ a1a1 + d1d1 + C1C1 + b1b1 + azaz + b2b2 + C202> ,

- (

Dy~ ql(Dq1 [hldl(yl_xl)_(D’?lil 1(t) (rt — ))_61]>

(—(q1—1
qi—1)—1
+ (D§161(t))m1 (3.9)
1 . - ~ 1 (t) (q2—1)—1
+e|Dy 9 (Dq [hzd1xl+h261y1—(D§ ez(t))m—ez})
(q2—1)-1
D)

+es|D qS(D{*% [62(61 +hyx1) + ba(ea + hayy) + Ea(e3 + hszy)
- qs—1)—1 qz—1)—1
— h3b12] - (D17q363( ))IE()(q:))—l)) e3:|) + (Dg3e3(t))m]

+dd; + 21131 + &6+ 6161 + drdy + 6262 + Czéz) .
Now, using Lemma 2.1, Eq. (3.9) reduces to

V=e [hlﬁl (Y1 —x1) — 61} +e [hzalxl +hoC1yr — 62} +e3 [ﬁz(el + hoxq)
+ ba(ez + hoyr) + E2(e3 + hazy) —habyzy — 63] + a4 ( —hi(y —Xl)el)
+d; ( —h2X1€2> +¢ ( — h2y1€2> + b1 (h321€3) + ﬁz(— (e1 + h1X1)€3)

+52(— (e2 +h2y1)€3> + 52(— (e3 +h321)€3>,
:—e%—e%—eg < 0.

Since V is positive definite and Vis negative definite in the neighborhood of zero solution of system equa-
tion (3.6), it follows tlim |le (t)|] = 0. Therefore system (3.2) can synchronize system (3.1) asymptotically.
—00

This completes the proof. O
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Figure 1: (a): Error signals between drive and response systems, (b)-(c): Estimated values for unknown parameters with same
scaling factors in (xyz) projection.
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Figure 2: (a): Error signals between drive and response systems, (b)-(c): Estimated values for unknown parameters with different
scaling factors in (xyz) projection.

To verify and demonstrate the effectiveness and the feasibility of the presented projective reduce
order synchronization method, the simulation results have been performed. In the numerical simulation,
the Adams-Bashforth-Moulton method is used to solve the systems. The fractional order is chosen as
qi = 094,i = 1,2,3,4 to ensure the hyperchaotic and chaotic behavior. The parameters are always
chosen as a; = 35,dy = 7,¢4 = 12,b; = 3, a» = 6,cp = 1.2,by, = 2.92. The initial conditions are
(x1(0) =12,y1(0) = 22,21(0) = 31,w1(0) = 4) and (x2(0) = 0.3,y2(0) = 0.7,2,(0) = 1.2). In addition, the
initial condition of the parameter update law is (a;(0) = 0.2,d;(0) = 0.2,¢;(0) = 0.2,b1(0) = 0.2) and
(a2(0) = 10,b2(0) = 0.2,¢c2(0) = 0.2). Fig. 1 displays the time evolutions of the dynamics errors and
depicts the dynamics of the parameters estimation of the systems (3.1) and (3.2) with the scaling factor
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hy =—1,1=1,2,3. Fig. 2 displays the time evolutions of the dynamics errors and depicts the dynamics of
the parameters estimation of the systems (3.1) and (3.2) with different scaling factors hy =2, h, = —3,h3 =
1. Obviously, the projective reduce order synchronization errors converge asymptotically to zero and two
systems (3.1) and (3.2) are indeed achieved with projective reduce order synchronization. Furthermore,
the estimated values of unknown converge to a; =35,dy =7,¢; =12,b; =3, ap = 6,cp =1.2,by =2.92
ast — oo.

4. Projective reduce order synchronization between the projection (xyw) of the fractional order hy-
perchaotic Chen and Genesio-Tesi systems

In order to investigate the projective reduce order synchronization behavior between the projection
(xyw) of the fractional order hyperchaotic Chen Egs. (3.1) and the fractional order Genesio-Tesi systems
Egs. (3.2), we assume that the (xyw) projection of the fractional order hyperchaotic Chen systems is the
master system, therefore, the error system can be presented in the form of

D{'e;(t) = (e2 + hoy1) —hiai(yr —x1) —hywy +uy,

Dﬁzez (t) = (e3 +hzzy) —hodixg + hox1z1 — hociyr +uy,

D{e3(t) = —az(e1 + hix1) —ba(ez + hay1) —caes +haz1) + (e + hixg)?
—hayiz1 —hgmwy +ug,

(4.1)

where e; = x2 —hixy, €2 = Yo —hpyi, e3 = zp —hzw; and h = dig(hy, hy, h3) is the scaling matrix. Our
goal is to derive the controller U with a parameter estimation update law such that Egs. (3.1) synchronize
Egs. (3.2), the controllers are taken as

w; = —(ez +hay1) + hyas (yg —x1) + hywy +DI! [hﬁll(m —x1)
_ (t)~ (-1
(DO e T,
R TR D
Uy = —(63 + hgzl) + hpdix1 —hoxiz1 + haciyg + Dgz_l |:h1 a1X1 +haC1yq
- (1)~ (a2-1)—1 (42)
— (D ep (1)) g —e
e N ) M

Uz = az(eg +hyxg) + balez + hoy) + cales + hazg) — (e +hixq)? +hayizg

+harywy + DPT { (e1 +hax1) + balez + hoyp) + Eales + hazy) + hatywy

P e
T ST (g 63]

and parameter update rules are

a; = —hy(y1 —x1)ey,

di = —hoxier,

¢1 = —hayrey,

#1 = —hswyes, 4.3)
ay = —(eg +hixq)es,

by = —(e2 +hay)es,
& = —(e3 +haz1)es,
where, a1, dy, €1, %1, 4z, by, &, are estimates of a1, dy, c1, 71, Az, ba, o, respectively.
Theorem 4.1. For given synchronization scaling matrix h = diag(hy, hy, ..., hn) and any initial conditions, pro-

jective reduce order synchronization between system (3.1) and system (3.2) will occur by the control law (4.2) and
the updating law of parameters (4.3).
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Proof. Inserting (4.2) into (4.1) yields the following:

T _ t)—(Q1—11—1
D%e(t) = DI hya —xq)— (DI e (t (—€:|,
¢ e1(t) =Dy H 1(y1 —x1) — (D' e ))F(—(ql—l)) 1
roo —(gq2—1)-1
D{ey(t) = DP " | hadixg + hotiy; — (Dgz_lez(t))(t)i - 62}
I M—(q2—1))

(4.4)

D{Pes(t) = D?3_1 ap(e1 +hixy) + baler + hoyy) + Cales + hazy) + hafywy
) (t),[qu),l }

1L

I—(q3—1))

where d; = a1 —ay,d; = dy —dy, & = & —cq, ¥ = f1 —711,d2 = G —az, by = by —by, & = & —ca.
Consider the following Lyapunov function candidate:

— (D3 Tey(t))

1
V= 7<e e+a1+d2+é§+?%+dz+b2+c2)
The time derivative of V along the solution of error dynamical system equation (3.7) gives
V= <61é1 +epéy + e3é3 + dgdq + &1 31 + C181 + T + dpdn + 6262 + 5262). (4.5)

Using Lemma 2.2 in Eq. (4.5) we get

| - (@11
- <el Diql(oslelmw(Dslel(tn(ﬁf_(ql_m]

1-d2 (42 a2 ()t
+ex | Dy (Dy?e2(t)) + (Dy eZ(t))r( (gp—1))

- (y~ et
e Dy PDPes(t) + (DPes(t) x T

+dpdq + &131 + 181 + F ¥ + dodp +67_62 + Czéz),

- (

1—1)
+(D§1€1(t))(r()(:1_1))]

1-q 1~ -1 ()~ (a-D-1
D; q (Dq [hlal(yl—m)—(D? eq(t ))m el])

(t)~(a2-1)-1 B ezD

e M—(q2—1))

D~ qz(qu [hzalm +hciyr — (D2 ley(t))

(t)—(qul)fl

+ (DszeZ(t))m

+e3 D1 q3(D1 q3[(12(€1 +h1X1)+b2(ez+h2y1)+C2(€3+h3l1)

(t)~(as—1)-1 , (t)—(as—1)-1
ety %)) ¢ PPt r (qg—m]

+hafwy — (D Pes(t))

+ (1161 + alal + 6161 + f]f‘l + dzﬁz + 6262 + ézéz) .
Now, using Lemma 2.1, Eq. (3.9) reduces to

V=e [hl ar(yr —x1) — 61} +e [hzalxl +haC1yy — 62} +e3 [ﬁz(el +hyxq)
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=—6a—-9

+ ba(ex + hoyy) + C2(e3 + hazy) + haFywy —63} +511(—h1(91 —X1)€1)
+ ?ll ( —h2X1€2> + 51<—h2y162> +T"1<—h3wle3> + flz(— (eq +h1x1)e3)

+52(— (e +h2y1)e3) + 52(- (e3 +h3Z1)€3)

2_ 2 <.

Since V is positive definite and V is negative definite in the neighborhood of zero solution of system equa-
tion (4.4), it follows tlim |le (t)|] = 0. Therefore system (3.2) can synchronize system (3.1) asymptotically.
—00

This completes the proof.

O
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(0 ;

Figure 3: (a): Error signals between drive and response systems, (b)-(c): Estimated values for unknown parameters with same
scaling factors in (xyw) projection.

Figure 4: (a): Error signals between drive and response systems, (b)-(c): Estimated values for unknown parameters with different
scaling factors in (xyw) projection.
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To verify and demonstrate the effectiveness and the feasibility of the presented projective reduce
order synchronization method, the simulation results have been performed. In the numerical simulation,
the Adams-Bashforth-Moulton method is used to solve the systems. The fractional order is chosen as
qi = 094,i = 1,2,3,4 to ensure the hyperchaotic and chaotic behavior. The parameters are always
chosen as a1 = 35,d;y = 7,¢1 = 12,11 = 05, ap = 6,co = 1.2,by, = 292. The initial conditions are
(x1(0) = 12,y1(0) = 22,21(0) = 31,w1(0) = 4) and (x2(0) = 0.3,y2(0) = 0.7,22(0) = 1.2). In addition,
the initial condition of the parameter update law is (a;(0) = 0.2,d;(0) = 0.2,¢1(0) = 0.2,71(0) = 0.2) and
(a2(0) = 10,b2(0) = 0.2,¢c2(0) = 0.2). Fig. 3 displays the time evolutions of the dynamics errors and
depicts the dynamics of the parameters estimation of the systems (3.1) and (3.2) with the scaling factor
hy =—1,i=1,2,3. Fig. 4 displays the time evolutions of the dynamics errors and depicts the dynamics of
the parameters estimation of the systems (3.1) and (3.2) with different scaling factors hy =2, h, = —3,h3 =
1. Obviously, the projective reduce order synchronization errors converge asymptotically to zero and two
systems (3.1) and (3.2) are indeed achieved with projective reduce order synchronization. Furthermore,
the estimated values of unknown converge to a; =35,d; =7,¢1 =12,11 =0.5, ap =6,cp =1.2,b; =2.92
ast — oo.

5. Conclusion

We have studied the projective reduce order synchronization of uncertain chaotic systems with dif-
ferent order. A novel adaptive reduce order synchronization controllers with corresponding parameter
update laws is proposed to projective synchronize the projection of the fourth-order fractional order hy-
perchaotic Chen system with the third order fractional order chaotic Genesio-Tesi system even though
their parameters are unknown. This technique has been successfully applied to several examples. The-
oretical analysis via the Lyapunov stability theory and numerical simulations have been shown to verify
our results for the projective reduce order synchronization of the proposed method.
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