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Abstract: In this paper, we introduce a new type of synchronization for the fractional order (FO)
hyperchaotic models with different orders called compound-combination synchronization (CCS).
Using the tracking control method, a theorem to calculate the analytical controllers which achieve our
proposed synchronization is described and proved. We introduce, also, the FO hyperchaotic complex
Lii, Chen, and Lorenz models with complex periodic forcing. The symmetry property is found in the
FO hyperchaotic complex Lii, Chen, and Lorenz models. These hyperchaotic models are found in
many areas of applied sciences, such as physics and secure communication. These FO hyperchaotic
models are used as an example for our proposed synchronization. The numerical simulations show
a good agreement with the analytical results. The complexity and existence of additional variables
mean that it is safer and interesting to transmit and receive signals in communication theory. The
proposed scheme of synchronization is considered a generalization of many types in the literature
and other examples can be found in similar studies.

Keywords: compound-combination synchronization; fractional order; tracking control; hyperchaotic;
symmetry

1. Introduction

During recent decades, fractional calculus has been used in a broad area of applications,
including chaotic models [1-5], signal processing [6,7], fluid mechanics [8,9], and biological
population models [10,11]. FO derivatives provide an excellent instrument to describe
memory and the inherited properties of various materials and processes compared to
integer-order derivatives [12]. Therefore, modeling with FO derivatives may be more
accurate than modeling with integer-order derivatives. Many models have chaotic and
hyperchaotic solutions in fractional calculus, such as chaotic neural networks models [13],
hyperchaotic complex Duffing—van der Pol models [14] and chaotic generalized fractional
Lii and Lorenz models [15], etc. For other models see [16-20].

Chaos synchronization has begun to receive increasing attention and has become an
interesting problem due to its potential applications in secure communication and control
processing. Many control methods, including the adaptive control scheme [21], adaptive
back-stepping technique [22], active control method [23], sliding mode control scheme [24],
and tracking control method [25], have been developed for chaos synchronization for FO
calculus. Furthermore, many types of synchronization for FO calculus, such as combina-
tion synchronization between three hyperchaotic FO models, have been investigated [26].
Mahmoud et al. introduced combination-combination synchronization among four chaotic
FO models [27], while Sun et al. illustrated compound synchronization among four chaotic
FO models [28]. Different kinds of modulus-modulus synchronization were investigated
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by Mahmoud et al. [29]. In this paper, we introduce a new type of synchronization (syn-
chronization between three master models and two slave models) for the FO hyperchaotic
models, which has possible applications in modeling FO hyperchaotic circuits, such as the
hyperchaotic models in [30-32].

There also exist interesting cases of complex dynamical models [33-37], which have
many applications in many important fields of physics and engineering. Many hyperchaotic
complex Lii models with complex periodic forcing are introduced in [35], for examples the
following three models:

X1 = a1(y; — x1) + k1(1 4 i)coswnt,
Y1 =c1y1 — x1z1, (1)

N
71 = E(xlyl + X1y1) — biz1,
Xy = ay(y2 — x2),
Yo = Colp — X2Zp + kz(l + i)sinwst, @)

) 1, _
Zp = E(Xzyz + %oy2) — bazp,

X3 = az(y3 — x3) + kaexp(jwst),
Y3 = c3y3 — X323, (3)

, 1, _
Z3 = E(xays + %3y3) — b3z,

where a;, b;,, ¢;, w;, and k;; i = 1,2,3 are positive parameters, x; = x;1 + jXj, Yi = Xj3 + jXia,
z; = x;5;j = v/ —1 are the state variables for models (1)~(3), respectively.

Mahmoud et al. introduced the complex Chen model with complex periodic forcing [36]
and the complex Lorenz model with complex periodic forcing [37] as:

Xy = as(ya — xa) + ka(1 +i)coswat,

Y4 = (C4 — a4)x4 + Calq — X424, 4)

) 1, _
Zy = E(x4y4 + %4ys) — byzy,

X5 = as(ys — x5) + ksexp(jwst),

Y5 = C5X5 — Y5 — X525, (5)
, 1, _
Zs = 5(X5y5 + %5y5) — bszs,

where a;,b;,, ¢;, w;, and k;; | = 4,5 are positive parameters, x; = Y3+ jy(l_3)2,
YI = Ya-3)3 T JYu-3)14, 2 = Y(-3)5, are the state variables for models (4) and (5), re-
spectively. The models (1)-(5) without periodic forcing are symmetric.

The aims of this paper are: (1) propose a scheme for the CCS between three master
and two slave FO hyperchaotic models with different orders using the tracking control
method. (2) A theorem to calculate the analytical controllers which achieve our proposed
synchronization is stated and proved. (3) We stated special cases of our synchronization
which give other kinds of synchronization [26-28]. (4) The FO hyperchaotic complex Lii,
Chen and Lorenz models with complex periodic forcing are introduced. (5) As an example
for our proposed synchronization, we used the FO hyperchaotic complex Lii, Chen, and
Lorenz models. (6) The numerical simulation results verify the feasibility of the proposed
CCS scheme.

The rest of this paper is organized as follows. Section 2 defines CCS for five FO
hyperchaotic models with different orders. In Section 3, the CCS for five identical FO
hyperchaotic models is investigated by tracking control method and the FO stability theory.
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In Section 4, we introduce the FO hyperchaotic complex Lii, Chen and Lorenz models with
complex periodic forcing. Using Lyapunov exponents via a modified technique of Wolf
algorithm [38], these models have hyperchaotic solutions. These models are used as an
example for proposed CCS. In Section 5, the numerical treatments of our example are used
to test the analytical formula of the controller forces to achieve the CCS. Finally, Section 6
concludes the results of this paper.

2. Compound-Combination Synchronization Definition

The CCS among three master and two slave FO models with different orders is
designed in this section.
First, the three master FO models are given as:

‘DMxy(t) = f(t, x1(t)), (6)
‘D*2x5(t) = fa(t, x2(t)), ?)
‘D*x3(t) = f3(t, x3(t)). ®)

second, the two slave FO models are defined as:
‘DPy;(t) = g1(t, 11 (1)) +u1, )

‘DPys(t) = ga(t, ya(t)) + ua, (10)

where ¢D% and ¢DP are the Caputo derivatives for fractional orders «; and B, respectively, «;,
B € (0,1 (i =1,2,3) [39], x; = diag(xi1, i, Xi3, - - -, Xin) and y; = diag (Y1, Yj2, Yj3,- - Yjn)
are the state variables of models (6)~(10), f;(t,x;) = diag(fi1(t,x;), fio(t, %), ..., fin(t,x;)),
gi(yj) = diag(gi1(t,y;),82(t,y;),---,8jn(t,y;)) are continuous diagonal matrices functions,
and u]-(t, X1,X2,X3,Y1,Y2) = diag(ujl,ujz, .. .,ujn),i =1,2,3,j = 1,2, are controllers of the
slave models (9) and (10).

Definition 1. If there exist five constant diagonal matrices A1, Ay, A3, By, B, € (R" x R") and
By # 0or By # 0, such that

lim fle]| = lim |[Biy1 + Bayz — Arx1(A2x2 + Asxs)|| = 0, (11)

the compound-combination synchronization of the master FO models (6)—~(8) and the slave FO
models (9) and (10) is hold. Where ||.|| expresses the matrix norm.

Remark 1. A compound synchronization of four FO hyperchaotic models [28] can be obtained, if
By = 0 or By = 0 in the above definition.

Remark 2. The combination—combination synchronization of four FO hyperchaotic models [27] is
given from Definition 1 for the case of x1 as a constant matrix.

Remark 3. For the choice x1 as a constant matrix and either By or By as zero, then the combination
synchronization of three FO hyperchaotic models is deduced [26].

3. The Compound-Combination Synchronization Planner

This section introduces the planner of the CCS of models with three master FO
models (6)—(8) and two slave FO models (9) and (10). We suppose the controller
U = Byuq + Byuy as follows:

u(t/ X1, X2, X3, ]/) == P(t/ X1, X2, x3) + T(t/ X1, X2, x3/]/1/ ]/2), (12)
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where p(t, x1,x2,x3) € R" x R" is a compensation control and given by:

p(t, x1,%2,x3) = “DP(A1x1(Agxa + Aszxs)) — g1(t, Aix1 Aoxz) — ga(t, Aix1 Asxs),  (13)
and 7: R x (R" x R") x (R” x R") x (R” x R") x (R" x R") x (R" x R") — (R" x R")
is a matrix function.

Using Equations (9) and (10), we have
B1CD/3]/1 + Bch‘Byg = B¢ (t, ]/1) + Bzgz(t, ]/2) + U. (14)
due to Equations (12)—(14), the model of error for CCS is:

°DPe = B1g1(t,y1) + Baga(t, y2) — g1(t, A1x1A2x2) — 2 (t, A1x1 Asxs) + T(t, x1, X2, X3, Y1, 2).- (15)

it is clear that CCS can be achieved if the error model (15) is asymptotically stable. So, the
following theory is presented to obtain the analytical formula of the matrix 7,

Theorem 1. If the matrix function T(t, x1, X2, X3,Y1,Y2) takes the form:

T(t, x1,%2,%3,Y1,Y2) = §1(t, A1x1A2x2) + §2(t, A1x1A3%x3) — B1g1(t, y1) — Baga(t, y2) — Ke, (16)
the CCS for the three master FO models (6)—(8) and the two slave FO models will be achieved

Proof. Since 7 is given by Equation (16), the error of model (15) can be written as:
‘DPe = —Ke. (17)

one defines a Lyapunov function as:
V(t) = ze'e, (18)
the FO derivative of V(t) is given by,
‘DPV(t) = CDﬁ(%eTe) < eTDPe, (19)
using Equation (17), then we have
‘DPV(t) < e'(—Ke) = —K|el* < —pimin]le]* < 0. (20)

where Ymin = min(pq, o, . .., Hy) is the minimum value of the eigenvalues of K. Since
V(t) is positive definite function and its FO derivative is negative definite, then the error
e(t) — 0as t — oo, and, hence, the CCS among three master FO models (6)—(8) and the
two slave FO models (9) and (10) can be achieved. [

Corollary 1. (i) The master FO models (6)—(8) will be in compound synchronization with the slave
FO model (9) if By = 0. So the controllers are written as:

U= Blul - P(t/ X1, X2, X3> + T(t/ X1, X2, x3/]/1)/ (21)
where p(t,x1,%3,x3) = CDﬁ(Alxl(Azxz + Asxz)) — g1(t, A1x1(Axxy + Aszxz)), and
T(t, x1,x2,x3,y1) = —Ke — B1g1(y1) + 81(t, A1x1(A2x2 + A3x3)).

(ii) The master models (6)—(8) will be in compound synchronization with the slave model (10)
if By = 0. Then, the controllers are:

U= BZuZ = P(tl X1,%X2, x3) + T(t/ X1, X2, x3/]/2)/ (22)
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where p(t, x1, X3, X3) = CDﬁ(Alxl(Azxz + Asxz)) — 92 (A1x1(Azxp + Asxs)),
and T(t,x1,X2,x3,Y2) = —Ke — B2go(y2) + §2(A1x1(A2x2 + Azx3)).

Corollary 2. For the choice x1 = N as a constant matrix, the master models (7) and (8) will
be in combination—combination synchronization with the slave models (9) and (10) under the
following controllers:

U = Byuy + Boupy = p(t, x9,x3) + T(t, X2, X3, Y1, Y2), (23)

where p(t,XQ,X3) = CDﬂ(AlN(AzxZ + A3X3)) — gl(AlNAzxz) — gz(AlNA3X3), and
T(t, x2,x3,¥1,y2) = —Ke — B1g1(y1) — B2g2(y2) + 81(A1NA2x2) + g2(A1NA3x3).

Corollary 3. (i) The master models (7) and (8) will be in combination synchronization with the
slave model (9) if By = 0 and x1 = N is a constant matrix. Therefore, the controllers are given as:

U = Byuy = p(t,x2,x3) + T(t, x2, X3, 1), (24)

where p(t,xp,%3) = °DP(AIN(Axxa + Asx3)) — g1(A1N(Axxy + Azxz)), and

T(t, x2,x3,y1) = —Ke — B1g1(y1) + 81(A1N(Azx2 + A3x3)).
(ii) The master models (7) and (8) will be in combination synchronization with the slave
model (10) if By = 0 and x1 = N is a constant matrix. Then, the controllers are written as:

U = Boup = p(t,x2,x3) + T(t, X2, x3,2), (25)

where p(t,x2,x3) = °DP(AIN(Ayxs + Aszxz)) — £2(A1N(Axxy + Azxs)), and
T(t, X, X3,y2) = —Ke — Bzgz(yz) +g2(A1N(A2x2 + A3X3)).

4. An Example

We study the CCS for five hyperchaotic fractional models with different orders as an
example using the scheme of Section 3. We consider the fractional versions of models (1)-(3)
in real forms, respectively, as:

‘D" x11 = ay(x13 — x11) + kycoswst,

DM x1p = al(x14 - xlz) + kicoswqt,

‘D" x13 = c1X13 — X11X15, (26)
‘D" x14 = c1X14 — X12%15,

‘D" x5 = x11X13 + X12X14 — b1X15,

‘D%xy1 = ap(x23 — x21),

‘D"2x9p = ap(x24 — x22),

D% x53 = CpXp3 — X21X25 + kosinwot, (27)
D% x5y = CoXo4 — X22X25 + kosinwot,

[ Y24
D™ x55 = xp1X23 + X22X04 — b2X25,

‘D™ x31 = a3(x33 — x31) + kacoswst,

‘D" x3p = a3(x3q — x32) + kasinwst,

‘D™ x33 = c3X33 — X31X35, (28)
‘D™ x34 = C3X34 — X32X35,

‘D™ x35 = x31X33 + X32X34 — D335,

where ‘D% are the Caputo fractional derivatives with order 0 < a; < 1;i = 1,2,3. For
the choice a1 = 35,b; = 4, ¢1 = 25,k = 10, w1 = 5, &1 = 0.95 for the model (26) and the



Symmetry 2023, 15, 279

6 of 12

initial values x1g = diag(—4.2595, —4.3055, —6.1868, —6.2533,27.5840), we used a modified
technique of the Wolf algorithm to calculate the Lyapunov exponents of the model, and
the results are: A = 12.4479, A, = 2.9483, A3 = 0.5194, A, = —6.6970, and A5 = —19.6768.
These Lyapunov exponent results show that model (26) has hyperchaotic solution of order 3,
as shown in Figure 1 in (X1, X14, X15) space. Model (27) has a hyperchaotic solution for the
values of the parameters ay = 34, by = 4, cp = 25, kp = 10, wp = 5, ap = 0.96 and the initial
values x9 = diag(0.1,0.2,0.14,0.2,0.4) as depicted in Figure 2 for (xp3, X1, X25) space. By
similar way, if we choose a3 = 35, b3 = 4, c3 = 25, k3 = 10, w3 = 5, a3 = 0.97 and the initial
values x39 = diag(0.1,0.2,0.14,0.2,0.4), model (28) has hyperchaotic solution as drown in
Figure 3 in (x31, X3, X35) space.

x, 20 10 0

H12

Figure 1. Hyperchaotic solution for the fractional complex Lii model with complex periodic forc-
ing (26).
41,
30,
w20,

10,

Figure 2. Hyperchaotic solution for the fractional complex Lii model with complex periodic forc-
ing (27).
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10 -
-20

Xap X

Figure 3. Hyperchaotic solution for the fractional complex Lii model with complex periodic forc-
ing (28).

The FO of models (4) and (5) can be written in the real forms, respectively, as:

‘DPy11 = as(y13 — y11) + kacoswyt,

‘DPy1y = ay(y14 — y12) + kacoswyt,

‘DPy13 = (ca — as)y11 + catis — y11¥1s, (29)
‘DPy14 = (ca — aa)y12 + cayra — Y12y1s,

‘DPy1s = y11v13 + y12y14 — bayis,

“DPyp1 = as(y23 — y21) + kscoswst,

‘DPyny = a5(yos — y2) + kssinwst,

“DPyas = csy21 — Y23 — Ya1¥25, (30)

“DPyay = cs5y2 — You — Y22U2s,

‘pF Y25 = Y21Y23 + Y22Y24 — bsyos.
for the choice ay = 42, by = 4, ¢4 = 26, ky = 85, wy = 5, B = 0.99 for the model (29)
and the initial values y19 = diag(5.441,5.5045,4.3299,4.3645,16.6665), model (29) has
hyperchaotic solution, as shown in Figure 4 in (y11, y13, ¥15) space. Model (27) also has a
hyperchaotic solution for the values of the parameters a5 = 15, b5 = 5, c5 = 45, ks = 10,
ws = 13, B = 0.99 and the initial values yyy = diag(1,2,3,4,5) as depicted in Figure 5 for

(Y21, Y22, Y24) Space.
We consider the three hyperchaotic fractional complex Lii models (26)-(28) as the mas-

ter models and the hyperchaotic fractional complex Chen model (29) and the hyperchaotic
fractional complex Lorenz model (30) as the slave models as an example to achieve the
CCS. The slave models after adding the controllers are:

‘DPy1y = as(y13 — y11) + kacoswyt + uy,

‘DPy1s = a4(y14 — y12) + kacoswyt + uy,

‘DPy13 = (ca — ag)y11 + cayis — yuyis + us, (31)
‘DPy1s = (ca — a4)y12 + cayia — Yio¥is + ta,

‘DPy1s = yi1y13 + y1oy1a — bayis + us,
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“DPyay = as(ya3 — yo1) + kscoswst + vy,

‘DPyny = a5(yos — y22) + kssinwst + vy,

‘DPyps = csya1 — Y23 — Ya1Y25 + U3, (32)
‘DPyps = csy22 — You — Y22Y25 + V4,

‘DPyas = ynyas + Y2oyaa — bsyas + vs.

25
2‘]_
15-
ﬁ
10 - f
5- ;u
oL - —_ __ /
: ; : : ; |
15 w5 0 540 45 20y,

I'!"I1:‘]

Figure 4. Hyperchaotic solution for the fractional complex Chen model with complex periodic
forcing (29).

¥ou
ER A

Figure 5. Hyperchaotic solution for the fractional complex Lorenz model with complex periodic
forcing (30).

5. Numerical Simulation

In this section, we tested and demonstrated the validity of the CCS for our ex-
ample. Using Theorem 1 and the same values of the parameter values of the master
models (26)—(28) and the slave models (29) and (30) which are used in Figures 1-5, the gain
matrix K = diag(1,2,3,4,5) and the scaling matrices are chosen as Ay = Ay = A3 = By
= By = I, where [ is (5 x 5) identity matrix, then the matrix T takes the form:
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T =—diag(1,2,3,4,5)diag(e1, ez, €3, €4, e5) + diag(as(x13x23 — X11%21) + kacoswyt, ay(x14X04 — X12X22) + kgcoswyt,
(€4 — ag)x11%21 + C4X13%23 — X11X21X15X25, (C4 — A4)X12X22 + C4X14X24 — X12X22X15X25, X11X21X13X23
+ X12X20X14X04 — byX15X25) + diag(as(x13x33 — X11%31) + kscoswst, as(x14x34 — X12X32) + kssinwst,
C5X11X31 — X13X33 — X11X31X15X35, C5X12X32 — X14X34 — X12X32X15X35, ¥11X31X13X33 + X12X32X14%34 — b5X15X35) (33)
— diag(as(y13 — y11) + kacoswyt, ag(y14 — y12) + kacoswyt, (c4 — ag)y11 + cay1s — y11y1s, (c4 — a4)y12 + cayia
— Y12Y15, Y11Y13 + Y1214 — bay1s) — diag(as(y23 — yo1) + kscoswst, as(yo4 — y22) + kssinwst, csyz — Y23 — ya1y2s,
C5Y22 — Yoa — Y22Y25, Y21Y23 + Y22Y24 — b5Y25),
where e = diag(eq, e, €3, €4, €5), the matrix of error, e; = r; — d; = y1; + yoi — x1;(X2; + X3;);

i=1,2,...,5
For our example, the error of model (17) is:

‘Db = — (34)

o O O o

S OO N O

S O W oo

O = O O O

a O O O O
N

According to Theorem 1, the CCS between the three master models (26)—(28) and
the two slave models (31) and (32) is hold. In the numerical results, we used the PECE
(Predict-Evaluate—Correct-Evaluate) method [40]. The results of the CSS are described
in Figures 6-8. Figure 6 shows the same hyperchaotic solution for the three master
models (26)—(28) in (dq,dy, ds) space and the two slave model (31) and (32) in (ry,72,75)
space. The state variables between the three master models (26)—(28) and the two slave
models (31) and (32) are depicted in Figure 7. Figure 8 gives the time slave of the synchro-
nization errors; it is clear that CCS is achieved, as indicated by the convergence of the error
state variables to zero.

(a) (b)

3000 3000
23 —
1000 1000
400 400
400 400
l|:|2 £00  -400 1:|1 r -gon -400 r,

Figure 6. Hyperchaotic solution for (a) the three master models (26)—(28) in (dy, da, ds5) space, (b) the
two slave model (31) and (32) in (rq, 72, 5) space.
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(@)

200 NWN\/\A‘/L’W\’;/W/V; —d

'200 C I 1 L I 1- = r1
(b)

200 ] ' ‘ ' ‘ SJ—

F 4 ==1

_400 1 1 L I
(c)

'200 C L 1 1 I 177 |'3
(d)

400 0 T T T T ] —d4
-400 : 1 I 1 L : - I'4
4000 ©

[ T T T T ] —d5
0 I I I I - r5
0 2 4 6 8 10

Figure 7. The state variables after the CCS between the three master models (26)—(28) (solid curves)
and the two slave models (31) and (32) (dashed curves): (a) d; and rq versus t, (b) dy and r, versus t,
(c) d3 and r3 versus t, (d) d4 and r4 versus t, (e) ds and r5 versus t.

0.3 .

——€, = = €, —=—-8g €, —-—-€g

0.2

o —
1

-

0.1

o=
=T
-

-0.2 ‘ :

0 5 ¢ 10 15

Figure 8. The synchronization errors of the three master models (26)-(28) and the two slave
models (31) and (32).

6. Conclusions

In this paper, we proposed a new type of synchronization for three master fractional
models and two slave fractional models with different orders, called CCS. According to
Remarks 1-3, this kind of synchronization can be considered as a generalization of other
synchronization types. The proposed CCS is achieved using stability theory and tracking
control. We stated and proved Theorem 1 to derive the analytical controller which used
to achieve the CCS. The FO hyperchaotic complex Lii (1)—(3), Chen (4), and Lorenz (5)
models with complex periodic forcing are presented. These models have hyperchaotic
solutions as shown in Figures 1-5, respectively. To test our proposed CCS, we used these
models as an example. Numerical simulations used to test the correction and validity of
the CCS. Because the CCS has more dimensions, our results increase the security of signal
transmission and reception in secure communications. The results of the CCS are depicted
in Figures 6-8.
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