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ABSTRACT This article presents the fast convergent stability of disturbance observer (DO) and sliding
mode control (SMC) for a secure communication of fractional-order chaotic-based system. First, the
fractional-order is remodeled into a Takagi-Sugeno fuzzy (TSF) system with the aim of softening the calcula-
tions of observer and controller design. Second, the master and slave systems (MSSs) were synchronized by
the fast convergent stability (FCS) sliding mode control with double phases of the same stability condition.
Third, the disturbance observer was newly proposed for estimating the disturbance and uncertainty of the
secure communication system (SCS). Fourth, the stability of the proposed method was archived via the
Lyapunov condition. The MATLAB simulation with support of FOMCON tool box was used to validate
the correction of the proposed control theory. The obtained results such as small tracking errors and small
settling-times were used to confirm that the proposed theory is good at rejecting perturbations and used
control method is good at synchronizing the chaotic systems.

INDEX TERMS Disturbance observer, sliding-mode control, Takagi-Sugeno fuzzy, master and slave
systems, fast convergent stability, secure communication system.

1. INTRODUCTION
The secure communication of chaos-based system (CBS) is

for chaos and secure communication, such as brain imitating
neural network [13], dual function link brain emotional [14]

an attractive topics in applied control area. The background
of the secure communication of CBS is synchronization [1].
The discussions of secure communication system (SCS) of
CBS based on internet communication can be found in [2]
and [3]. The secure communications of the CBS of electronic
circuits can be found in [4] and [5]. The synchronization
control methods of electronic circuits can be found in [6], [7],
[8], and [9]. The synchronization of network system can be
found in [10], [11], and [12]. Some neural networks are used
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and TSK Brain emotional learnings controller [15].

SCS of the CBS can be applied for image encryption
[16], [17], for satellite image [17], and for multiple image
and video encryption [18]. To suppress the disturbance and
uncertainty of the SCS of CBS, the mathematical model of the
chaotic systems should be remodeled by the Takagi-Sugeno
fuzzy (TSF) systems. The synchronization control design and
disturbance observer (DO) design are then simpler the in
original format.

The concept of TSF modeling can be found in [19]. TSF
consists of sub-linear systems and fuzzy memberships. The
applications of TSF modeling in control can be found in
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[20], [21], [22], and [23]. In [24] the Hy, was designed for
T-S fuzzy system. The energy-to-peak filtering for T-S fuzzy
system can be found in [25]. To the best of our knowledge,
the number of discussion of DO for such a synchronization of
CBS based on the TSF control is limited. There are improve-
ment of nonlinear DO [1], [3], [4], and [6]. This paper used
the basic concept of the previous published paper of the new
DO of inversed model-based [26], [27], [28] to design a new
fast DO for the SCS of CBS. There are some first publications
of the new DO methods.

DO is an estimation method for estimating the unknown
information. Due to the reason of cost, structure, working
space. The DO is now more and more applied in industrial
equipment. As well known, the nonlinear DO can be found
in [29]. The applications of the nonlinear DO can be found
in [30] and [31]. Sometimes, the DO needs the information
of disturbance such as a fixed-format [32]. This paper aim to
provide a DO without the conjunction of the first derivative
and the fixed format of disturbance. The proposed DO with
the fast reaching law of previous SMC with an improvement
of adaptive gains to avoid the chattering phenomenon. The
DO can work with the background of SMC. Which was used
to synchronize the MSSs of SCS of CBS.

SMC is a nonlinear control method with existence of equiv-
alent and switching control values. These values are used to
stabilize and force the state of system onto the predefined
surface. The basic concept of SMC can be found in [33]
and [34]. The mixed-delays and uncertainty problems were
investigated by using robust SMC [35]. The main problem of
SMC is chattering, which comes from the switching control.
To avoid the inversed effects of chattering, the boundary layer
thickness of SMC can be found in [36]. In this paper, the
fast reaching law is used with the adaptive law to ovoid the
chattering. The basic mathematical model of the fast reaching
law can be found in [37]. The SMC in this paper is aim to
force the states of MSSs close to each other. The MSSs in this
paper are fractional-order (FO). The mathematical models
of MSSs are reused from [4] and [38]. The FO calculus
operations can be found in [39].

Motivations of this paper are came from the previous
papers. The proposed DO in [1] is complicated. In [3], the DO
is depended on the SMC. In [5], disturbance rejection of SMC
was not mentioned. The number discussions of complicated
disturbance and uncertainty is limited. Especially, the free
condition of the first derivative disturbance for SCS is also
limited number of investigations. Combinations of SMC and
DO, the contributions of this paper are listed as follows:

1. The MSSs were synchronized with an improvement of
fast reaching law SMC. The double phases with the
same reaching condition were proposed for synchroniz-
ing two different chaotic systems. The adaptive laws
were designed to avoid the chattering value. The proof
of improvement of SMC was provided in this paper.

2. A new DO was proposed for rejecting both disturbance
and parameter variations of SCS. Two case studies were
used for illustrating the performances of proposed DO
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with disturbances and fully disturbances and uncertain-
ties. In both cases, the performances were good for
rejection ability.

3. The mathematical proof was provided precisely together
with the simulation in MATLAB software to show the
correction and effectiveness of proposed method on the
SCS of CBS.

The organization of this paper is as follows: First, the intro-
duction of the basic related control method is presented.
Second, the preliminary mathematics are presented. There are
mathematical of fractional-order (FO) of Chen chaotic sys-
tem together with some FO calculus operations and primary
concept of fast convergent speed SMC and proposed DO
are all represented. Third, the proposed control methods for
SCS of CBS are presented. Fourth, an illustrative example is
given to show the effectiveness and correction of the proposed
theories. Final, the conclusion and future work will be given
to conclude the contributions of the work and draw the future
direction of our research.
Notes: sign(x) = [sign(xl), sign(xa), , sign(Xp) ]T
where x = [x1, X2, ,xn]T. sign(x;) = l’;—:l sign(x;) = 1 if
x; > 0, sign(x;) = —1 if x;<0, and sign(x;) = 0if x; = 0.
I"™™ is the identity matrix. A7 is transposed matrix of A.

Il. MATHEMATICAL MODEL OF CHAOTIC SYSTEM AND
SOME PRELIMINARY MATHEMATICS

In this section, the preliminary of FO, TSF, fast convergent
SMC, and proposed DO are all presented. First, the concepts
of FO operation is presented. Second, the concept of TSF is
presented. Third, the basic concept of fast convergent SMC
is represented. Final, the basic operation of the proposed DO
for SCS is shown.

A. FO CALCULUS
Definition 1 [39]: The Euler’s Gamma function.

The Gamma function is
o0

r(a)=/t°‘—1e—“dz (1)
0
Herein, the o and ¢ are the order and the time of the the
operation.
Definition 2 [39]: Fractional function derivatives and its
integrals.

d(l’
_ a>0
dr®
. 1, a=0
pr=1{" )
/ d)™, a<0
a
Definition 3 [39]: The Caputo fractional derivative.
t
1 Je(T)
D¥h(t) = d 3
Ph) ra—ax/a—rWJH ! @
a

wherel — 1 < o < [.
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Definition 4 [39]: Stability of the FO system.
Consider

DX = h(X) “
where X = [X1, ... X7 and h(X) = [m(X), ... O are

the state and the functions of the system. Where 0 < a< [ is
the FO. System (4) stable if

larg(eig(/))| > a% )

where J = 0h(X)/dx. Some properties of FO calculus are as
below.
Property 1: If o = 0 the operation is then

DOR(X) = h(X) (6)

Property 2: Caputo operation with property of linearization

D}(8(X) + h(X)) = D/!g(X) + D{'h(X) ™)
Property 3: The product property.

D" 1(X) = D} D"h(X) ®)

B. TSF MODELING
Definition 5: TSF modeling [19].
By considering system

X = gX, w)X + h(X, wu ©
y=IX, )X

where X and y are state and output vectors, respectively.
g, h, and [ are the smooth functions. The condition X; €
[Xmin, Xmax], where j = 1, ..., p. The weighting function

§ are
j Xmax — X()
() = Amax — A1)
0( ) Xmax - Xmin (10)
m @) =1—m)

The fuzzy membership is
P
piX) = n @ij(Xi) QY
j=

where ¢;;(X;) is either n{)(-) or njl(-). System (9) can be

X =) oiX)AX +Bju)

' (12)
y= ) eilX)CiX

i=1

System (12) is called TSF system. m is number of fuzzy rules.
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C. TSF MODELING
Consider the reaching law as follows:

4
sat
oy + Kk exp(—ay |s|)

) (13

. S
§s=— (
80+f|ex|

where s is surface of SMC, y > 0,0 < oy < l,ay > 0,
and k > 0. The Lyapunov is selected as follows:

V() = 25 (14)
) =3s
Taking derivative for Eq. (14) have
V(s) = s§
y s
= s(— sat( ) (15)
on +kexp(—an Is)) " eo + [ lexl

Case 1: |s| > &g +f lex]
According to the [37], the settling-time of Eq. (15) can be
calculated by solving Eq. (22).

Slon + k exp(—ay |s)] = —«ksign(s) (16)

Integrating Eq. (22) respect to the time from zero to Tax,
where Trax 1S maximum value of time, where the stability is
obtained.

S(Tmax) Tmax
. [on + K« exp(—ay [s)]ds = / -y a7
sign(s)
s(0) 0

If s > 0, we have

S(Tmux)

osliom + K exp(—ay |s)ds = —pt|i™  (18)
s(0)
or
§(Tmax)
ons(0) 1
nax = . — — / Kexp(—ay Ishds  (19)
% %
s(0)
or
ons(0) 1
Tmax = + —« (1 —exp(—ans(0)))  (20)
yon
If s < 0, Eq. (17) becomes
ons(0) 1
Tiax = ———— + ——ic(1 — exp(ays(0)) (1)
y Yo
or
oy |s(0)] 1
nax = ———— 4+ ——«(1 — exp(—ay IsO)) (22)
yon
We have 1 — exp(—ay |s(0)]) < 0, then
0
Tmax < w (23)

The settling-time of reaching law in Eq. (13) better than the
conventional SMC with reaching law as below.

§ = —ksign(s) 24)
Case 2: |s| < gg —i—f lex]
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We have
S[oy + k exp(—ay IsD] < —y (25)
Integrating both sides Eq. (25) yields
$(Tmax) Tmax
fon +kexpl-an sDlds = [ =y @6)
5(0) 0
or
0 1 S(Tmax)
Tom = 25O L[ expcan shds  @7)
Y 14
s(0)
If s > 0, Eq. (27) can be
ons(0) K
Tmax = — —— (1 —exp(—ans(0))  (28)
14 YON
Maximum value of settling-time of Eq. (28) is
ON
Tinax < 7 (29)

If s < 0, Eq. (32) can be written as follows:

ons(0) K
Tinax = - (1 — exp(ans(0))) (30)
14 Yan
or
1
Tmax < ——« (1 —exp(— |eys(0)])) (31)
YON

The development of fast reaching law of SMC is better than
the conventional SMC. Then, the reaching law of this section
is used for constructing the synchronization and DO. In this
paper, the mathematical model of previous paper [4] is reused.
The master system is

2
Da
—Xn(0) = ) 0K (DAKn(O) + Clu(®) - (32)

i=1

where [,,(t) = [lxm(t) Lym(®) Lyn(t) ]T is master’ disturbance
and uncertainty vector. The parameters of (32) are as follows:

—35 35 0
c=0r"3 A =| -7 28 —100| and
0 25 -3
-35 35 0
Ay=| =7 28 100
0 -25 -3

The slave system is

DaX = S Xi(DA; X B Cl 33
E s(t)—zw( 5i(0)A;Xs(t) + Bug(t) + Cly(1)) (33)

i=1

where (1) = [lxs(t) Lys(t) lzs(t)]T is disturbance and
uncertainty vector of slave system. B = I3%3,

Assumption 1: The disturbances and uncertainties of
the MSSs need to be bounded as follows: |l,,(?)] <
L1, lym(t)| < Ly, |lzm(t)| < Ly, ()] < Ly, lys(t)| =
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Ls>, and |l;x(¢)| < Lg3, where Ly, L2, L3, Ls1, Ly2, and
L3 are positively defined.

The proposed DO can be found below.

Remark 1: The parameters of master and slave systems
were an example of remodel the original chaotic system to
the TSF system. These value depends on the rescaled states
of chaotic system.

D. PROPOSED DO

We have
D—ax (1) — llax (1)
dt " dt
2
=Y 0Xmi(DAXn(1) + Cly(1))
i=1
2
— Y 0Xi(DAX() + Bug(t) + Cly(1)  (34)
i=1
or

2 2
D 0Xis)AX (1) + Bus(t) = > oxXim(t)AXn(t)
i=1 i=1

—D—X () — Clg(t (D—X (t) — ClLy(t) (35)
_dt“_l Xy - s )_ dl m - m )

or

2 2
Cl() = " oXis()AX(1) + Bus(t)— Y o(Xim (1)AXn(1)
i=1 i=1
(36)
According to the previous paper [38], if g—ZXS(t) — Z—ZX,,,([)
or Xs(t) = Xpn(£).1(t) = [L:(t), Iy(2), L (¢)]7. In this paper
the proposed DO is shown in Theorem 1 below.
Theorem 1: If DO for the SCS in Eq. (34) is proposed as
follows:
2
(6) = (Cy) [D_ o(Xijs()AX(1) + Bjus(t)

i=1

2
= oXyjm(O)AXn(1)]
i=1
; Ii(t
+ / Vi — sat( i )~
ow+ijep(—ay [0 eoy+J [0
(37
The disturbance tracking error is then calculated as follows:
o [10)|
if
e so,j+/ 50 (39)
and

1 ~
T < =11 = exP(= |ar 1O 40)
Yii%NTj
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when
i < eos+ [ fi0) 41

Proof: The disturbance error is

2

Iit) = (Cy) Z (Xijs(1)AiXi(t) + Bijug;(t)
i=1

2
— Y oXym(DAGXmi(1) = i) (42)

i=1

Taking the first derivative for both sides of Eq. (42) yields

i) = o) + L (O
oij + Kexp(—ang ‘lj(z)‘) coj+ [ ‘lj(t))
(43)
or
0 = - W s — 20
oy + Kexp(—an; ‘zj(t)‘) coj+ [ ‘lj(l‘)‘
(44)

The stablity of the proposed DO is same with the reaching
law in Eq. (13).
This completes proof of Theorem 1:

Iil. PROPOSED APPROACH
A. SMC FOR SCS
The surface of SMC for each axis is designed as below.

DO(*]
5= qa—19
Dosz . .
I e sat(—2——)]
dt*=="ong + K exp(—an,, |ej]) £0¢j + f |e]~|
(45)
where j = 1 + 3, taking derivative for Eq. (45) have
DOl
Sj = d[_aej
D1 » .
o T4 sat(——2 )]
dt®=! " one + Kejexp(—an, ej|) coej + [ |ej|

(46)

By ignoring the effection of disturbance and considering §; =
0,. Solving Eq. (46) by

DG{
0= ﬁ@j
Da—l Vei e;
a_l[ - il sat( ! )]
dt ONej + Kejexp(—an,; ej|) €0+ [ |ej|
47)
or

2 2
D 0XimOAXn(1) = > oXis(t)AX,(t) — Bus(t)

i=1 i=1
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p*! Vej

0
dre—1 [oNej + kejexp(—an,;

(—L )=
e + [ lej]

(43)

sa
e

The equivalnent control is then calculated

B jlteqsj

2 2
=Y o QmAiXm — Y o(Qii)AyX;
i=1 i=1
Da_l Yej

dre—1 [aNej + kejexp(—an,;

sat( & )]
gD e+ [ el
(49)

The reaching law is
Vsj

Bj g, (1) = sat( I
P ONsj + Ksjexp(_aij |Ssj|) £osj + f |€xj’
(50)
The proposed DO for SCS can be found in Eq. (37).
B. STABILITY ANALYSIS
The Lyapunov condition is selected as follows:
1, 14
Taking the derivative for Eq. (51) have
Vit) = 553 + i) (52)

By using Eqgs. (37) and (45-50) to solve Eq. (52) yields
Vi = sis + 1
ysj

5
= —sjl sat( )
" oy + Kgexp(—ans lss]) oy + [ |ex]
. Yi Ii(t)
—Ii( L sat(————))
onj + Kiexp(—an ’lj(t)‘) eoj+ [ ‘lj(t)(
<0 (53)

This completes the proof.
Therefore, the proposed DO for three axes are as below.
First, DO for x-axis is

2
Crik() = [Z (Xijs(1)A11X(1) + Br1us(t)

i=1

2
— Z CU(Xijm(t))Al IXm(t)]

i=1

n / vl
ot -+ kjep(—an [ (1))

li(t)
xsat(———— (54)
£o11 +f‘11(t)‘
DO for y-axis is
2
Coaly(1) = [Z o(Xijs(1))Ai 2 X5(1) + Bouy(t)

i=1
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2
= > OXijm()Ai 2 Xm(1)]

i=1

n / Yi2
oni2 + kppexp(—an |72(t )‘)
h(t)

xsat(——— (55)
con+ [ ‘b(t)‘
DO for z-axis is
R 2
C33l(t) = [Z o(Xijs(1)A31X(t) + B3pus(t)
i=1
2
— > OXijm()A31 X (1)]
=1
n / Vi3 _
oni3 + kizexp(—an3 ‘ls(t)‘)
wsat(—30) (56)

ez + [ ‘73(0‘
The equivalent control value for x-axis is

Bl,lueqsl

2 2
=Y QA1 Xn — Y o(Qyi)A11 X

i=1 i=1

D*! Yel el
+—l sat( ]
dt*=1"one1 + kelexp(—an,, le1])  eoe1 + [ leil
(57)
The reaching law is
Vs1 51
B 1usws1 (1) = sat( )
e ons1 +is1exp(—angt s ) gos1+ [ lexil
(58)
The equivalent control value for y-axis is
Bl,2ueqs2
2 2
=Y o(Qm)AnXn — Y o(Qij)AnRX;
i=1 i=1
D! Ye2 e
——l . sat( )
dr oNe2 + ke2exp(—an,, lea]) €02 + [ le2]
(59
The reaching law is
Vs2 52
B 2utgp50(8) = sat(
" ons2+ipexp(—ang Isal) oo+ [ lexal
(60)

The equivalent control value for z-axis is

Bl,3ueqs3

2 2
=Y o(Qm)A1Xn — Y o(Qij)AX;

i=1 i=1
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[ [
Sent data Encrypted Received data ‘
— signal
; A
.

Master states

FIGURE 1. SCS of CBS.

-1
D* Ye3 e3

+ [ sat( )]
dr*=1 " one3 + ke3exp(—an,, les])  €oe3 + [ lesl
(61)
The reaching law is
Vs3 53
B 3ugy53(1) = sat(
" ons3Higgexp(—ang Isa) g0+ [ lexsl
(62)

Remark 2: A; j is element at row ih and colum j of maxtrix
A. Ajj is row i with colum from 1 to j.

IV. AN ILLUSTRATIVE EXAMPLE

This paper used the MATLAB simulation to validate the
correction and power of the proposed control method. There
are two cases of studies of parameter variations and both
disturbance and parameter variations are considered. The
structure of SCS of CBS is shown in Figure 1 below.

Remark 3: The order of FO chaotic system was selected
a =0.98.

In Figure 1, the basic communication method of CBS is
shown with the function of secure the data. First, the states
of MSSs need to be precisely tracked each other. Second, any
changes need to be suppressed such as disturbance, uncer-
tainty or sometimes the attack from hacker or destroyer. The
parameters of control system are as follows:

The parameters of sliding surface were designed as fol-
lows: one1 = 0.75, k.1 = 10, aN, = 10, Ye1 = 35, €0e1 =
0.1,one2 = 0.8,ke2 = 2,an, = 20,702 = 15,6002 =
0.15, 053 = 0.85,k03 = 2,05, = 15,73 = 3, and
coe3 = 0.2

The parameters of reaching law are as follows: oyy =
0.9, k51 = 15, an, = 15, 51 = 500, €051 = 0.15, 0n52 =
0.85, k52 = 15, an,, = 15, ys2 = 500, €0e2 = 0.15, ons3 =
0.95, k3 = 20, an, = 20, y53 = 1 =500, and go,3 = 0.2.

The parameters of proposed DO are as follows: oy =
0.8, k71 = 0.15, oy, = 0.15, Yl = 3750, eg;1 = 20, oy =
0.85, k2 = 1.5, an, = 1.5, yio = 3750, e0p = 10, o33 =
0.9, ki3 = 1.5, an,; = 0.15, yy3 = 5000, and gg;3 = 20.

This section shows two cases study. First the disturbances
on public channels are considered.

Remark 4: Both cases are used the same control gains.
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1
— xm-axis trajectory|
== xs-axis trajectory

System state on x-axis

b 0 1 2 3 4 5 6 7 8 9 10
Time (s)

(@)
— ym-axis trajectory|
4 = ys-axis trajectory

s - o

System state on y-axis

b =

Time (s)

(b)

o

System state on z-axis

050 J
0 1 2 3 4 5 6 7 8 9 10
Time (s)
©

ation tracking error values

1 2 3 4 5 6 7 8 9 10
Time (s)

(d)

FIGURE 2. States of MSSs: (a), states on x-axis, (b) states on y-axis,
(c) states on z-axis, and (d) tracking errors.

Case 1: Effectiveness of the proposed DO on SCS with
disturbances on public channels.

The tested disturbances are /1 = 5sin(2xt), the infor-
mation of I, are amplitude is 2, Period is 0.75 second,
Pulse Width is 60%, and phase delay is 1.25 second. I3 =
2.5sin(2nt) + 2.5 cos(2nt), for x-, y-, and z- axes, respec-
tively. The performances of the control system for SCS of
CBS are shown in Figures 2 to 7 below. First, Figure 2 is used
to show the performances of synchronization control.

The synchronization is obtained in the very short times.
Texmax < 0.03(8), Teymax < 0.035 (s) and Tz max < 0.05 (s).
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Master and Slave phase on yx-axis

=== System phase on xym-axis|
= System phase on xys-axis

Time (s)

(2)

35

o

Master and Slave phase on xz-axis

-3 -2 -1 0 1 2 3 4

35+

©
n

Master and Slave phase on yz-axis

Time (s)

©

—3D phase portrait of master system|
— 3D phase portrait of slave system

z-axis

(C))
FIGURE 3. Phases of MSSs: (a), phases on x-axis, (b) phases on y-axis,
(c) phases on z-axis, and (d) phases in 3D space.

The tracking error values are e,(f) < (—6.75, 6.75) x
1074, ey(t) < (=104, 1.04) x 1074, and e)(r) <
(—6.5, 6.5)x1073. The maximum values of tracking errors
are ey max ~ 0.026, eymax ~ 0.065, and e;max ~ 0.14. The
phases of MSSs are mostly identical to each other and same
format with the original chaotic system. The performance of
phase portraits are as in Figure 3 below.

The phases of MSSs are mostly identical, which is used
to perform that the synchronization control is good at com-
plicated disturbances such as sine, square and cosine waves.
The performances of the proposed DO in the fist 10 seconds
can be found in Figure 4 below.
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==Tested disturbance on x-axis
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As Shown in Figure 4, the DO is good at rejecting dis-
turbances at sine, cosine, and square formats. The tested
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FIGURE 6. DO performances with fully disturbance and uncertaity: (a),
tested perturbations on x-axis, (b) tested perturbations on y-axis, and
(c) tested perturbations on z-axis.

disturbance was mostly rejected by proposed DO. The per-
formances of DO effects to the outcome of SCS. The sent
and received data are shown in Figure 5 below.

The sent and received data were mostly tracked each other,
which is used to confirm that the proposed method is good in
synchronization the chaotic system. The secure communica-
tion was successfully archived.

Case 2: Effectiveness of the proposed DO on SCS with
fully disturbances on public channels and uncertainties.

In this section, the information of disturbance on x-axis
are as follows: amplitude is 1.5, Period is 2 second, Pulse
Width is 75%, and phase delay is 1.25 second, the informa-
tion of disturbance on y-axis are as follows: amplitude is 2,
Period is 2.5 second, Pulse Width is 60%, and phase delay is
1.25 second, and the information of disturbance on z-axis are
as follows: amplitude is 2.5, Period is 3 second, Pulse Width
is 70%, and phase delay is 1.25 second. The uncertainties of
master are add as follows: Aa,, = 1.5sin(107¢), Ab,, =
1.5cos(12.57¢), and Ac,, = 2.5sin(257t). The uncertain-
ties of TSF are then calculated as follows: as shown in the
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—1.5sin(107t) 1.55in(107t) 0
AA1y = | —1.5sin(10rt) 4 2.55in(257t)  2.5sin(257t) 0 ,
0 0 —1.5¢cos(12.57t)
i —1.55in(107t) 1.5s5in(1071t) 0 ]
AAyy = | —1.5sin(10mrt) 4 2.55in(257t)  2.5sin(257t) 0 ,
0 0 —1.5¢cos(12.57t)
TABLE 1. Comparison of this work to previous paper [5]. [2] Y-J. Chen, H-G. Chou, W.J. Wang, S.-H. Tsai, K. Tanaka,
H. O. Wang, and K.-C. Wang, “A polynomial-fuzzy-model-based
Factor Thi " Paper [5] synchronization methodology for the multi-scroll Chen chaotic secure
actors § pape ape communication system,” Eng. Appl. Artif. Intell., vol. 87, Jan. 2020,
Maximum settling-time T 0.05 Art. no. 103251.
ezmax <Y >1 [3] V. N. Giap, Q. D. Nguyen, and S. C. Huang, *“Synthetic adaptive fuzzy
(second) second disturbance observer and sliding-mode control for chaos-based secure
communication systems,” IEEE Access, vol. 9, pp. 23907-23928, 2021,
Maximum tracking error >5 doi: 10.1109/ACCESS.2021.3056413.
¢zmax ~ 014 [4] V.N.Giap, Q. D. Nguyen, N. K. Trung, S. C. Huang, and X. T. Trinh, “Dis-
Disturbance rejection Yes No turbance observer based on terminal sliding-mode control for a secure com-

equation at the top of the page, and as shown in the equation
at the top of the page.

The performances of proposed DO method with fully dis-
turbance and uncertainties in the first 5 seconds are shown in
Figure 6 below.

Remark 5: This section shown the performance of DO with
disturbance rejection ability only.

The comparisons of this work to previous paper are shown
in Table 1 below.

V. CONCLUSION

This paper proposed a new DO for the synchronization of the
CBS with an application of SCS. Two cases of disturbances
on public channels and fully disturbances and uncertainties
were considered and tested. Both cases, the perturbations
were rejected mostly. The proposed DO can reject the pertur-
bations in very fast time. Especially, the disturbance informa-
tion was not needed such as the information of first derivative
or disturbance formats. The proposed DO can be applied in
other control system such as motor control, power electronics,
etc. This is open a new gate of design the DO for SCS of CBS
with the inversed model based. Furthermore, the improved
reaching law was provided with the reduction chattering func-
tion and fast convergent speed. The improvement of reaching
law was successfully applied to design the SMC and DO.
Otherwise, many types of disturbance was tested on the SCS
with a good result. The novelty of this paper is the new DO.
In the future work, the improvement of DO will be considered
for the FO system with fully considerations of disturbance,
uncertainty, and time-delay.
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