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ABSTRACT This paper presents a novel approach for integrating synchronization techniques into chaotic
satellite systems using type-2 fuzzy brain emotional learning control and asymmetric membership function.
The proposed methodology aims to enhance the cognitive control capabilities of satellite systems, ensuring
better adaptability and performance in dynamic and uncertain environments. The type-2 fuzzy brain
emotional learning control system is designed to incorporate emotional learning mechanisms, enabling the
satellite systems to make intelligent decisions and adapt their control strategies based on past experiences.
By combining this emotional learning aspect with the asymmetric membership function, the control system
gains the ability to handle uncertainties and imprecision in the system’s inputs effectively. Furthermore,
integrating self-organizing algorithms facilitates the automatic organization and adaptation of the control
network structure, ensuring optimal system performance and scalability. To evaluate the effectiveness of the
proposed approach, extensive simulations were conducted using representative scenarios of chaotic satellite
systems. The results demonstrate the superiority of the type-2 fuzzy brain emotional learning control and
asymmetric membership function integration, as it outperforms traditional control approaches regarding
synchronization accuracy and robustness.

INDEX TERMS Brain emotional learning control, type-2 fuzzy system, self-organizing algorithm, chaotic
satellite system, asymmetric membership function.

I. INTRODUCTION
In recent years, the increasing demand for more sophisticated
and robust control techniques in satellite systems has driven
extensive research toward exploring innovative approaches
that can adapt to dynamic and uncertain environments [1],
[2], [3], [4]. Chaotic satellite systems, characterized by their
complex and nonlinear behavior, present unique challenges in
maintaining synchronization and stability [5]. In recent years,
a slew of methodologies and techniques has been proposed
in the literature to achieve synchronization in a chaotic satel-
lite system, encompassing fuzzy control [6], [7], [8], robust
nonlinear control [1], [9], neural network control [9], [10],
and sliding mode control [11], [12], [13]. Nevertheless, a

The associate editor coordinating the review of this manuscript and

approving it for publication was Zhiguang Feng .

significant portion of thesemethods remains intricate, leaving
ample room for enhancement in terms of synchronization
performance. To address these challenges, this paper pro-
poses a novel cognitive control framework that integrates syn-
chronization techniques into chaotic satellite systems using
Type-2 Fuzzy Brain Emotional Learning Control (BELC) and
Asymmetric Membership Function (AMF). Furthermore, the
proposed approach leverages self-organizing algorithms to
autonomously structure the control network, enhancing its
adaptability and performance.

Over the last few years, BELC has found extensive appli-
cation across a range of disciplines [14], [15], [16], [17],
[18]. The amygdala network and the orbitofrontal cortex
network (OCN) are both critical components of the BELC
network, they serve separate functions and are interconnected
at the final output. The fundamental difference in structure is
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that, unlike the amygdala network, the orbitofrontal cortex
network (OCN) does not have a firing space. This absence
grants the OCN the ability to quickly respond to changes
in input and makes the output calculation process faster.
While the amygdala establishes emotional associations and is
represented by an emotional neural network, the orbitofrontal
cortex integrates sensory information and is described by a
sensory neural network. The core element of the proposed
approach is the type-2 fuzzy BELC system, which intro-
duces emotional learning mechanisms inspired by the human
brain’s adaptive decision-making processes [19]. This aspect
enables the systems to learn from past experiences and emo-
tional responses, empowering them with the ability to make
intelligent and context-aware decisions in real time [20].
Additionally, the incorporation of the AMF further enhances
the control system’s capabilities, enabling it to handle uncer-
tainties, imprecision, and vagueness in the system’s inputs,
which are common in chaotic satellite systems. Conventional
practice often employs symmetric and fixed membership
functions in order to streamline the design of BELC or fuzzy
systems. However, research outlined in [21] suggests that the
use of symmetric MF may have a detrimental impact on sys-
tem accuracy. To address this concern, Pan et al. introduced
the asymmetric membership function in [22]. Recently, some
notable studies have used asymmetric membership functions
in their design network to improve the system performance,
examples of which can be found in [23], [24], [25], [26],
and [27]. In 2019, Zhao et al. presented a self-organizing
interval type-2 fuzzy neural network structure with AMF for
nonlinear system identification, validated through ethylene
cracking furnace yield soft-sensing models [23]. In 2021,
Lin et al. proposed an AMF based wavelet Petri fuzzy neu-
ral network controller for voltage stabilization in microgrid
power control [25]. In previous studies, many researchers
have demonstrated that type-2 fuzzy logic systems are more
effective in handling uncertainty compared to normal type-1
fuzzy logic systems [28], [29], [30], [31]. This study applies
a type-2 fuzzy system to asymmetric membership func-
tions and introduces a type-2 Adaptive Membership Function
(T2AMF), typically composed of two Gaussian MFs as the
upper MF and two Gaussian MFs as the lower MF. This
design allows it to accommodate membership functions with
uncertain means and widths. This, in turn, enhances its learn-
ing capability and flexibility, as reported in [23].
The integration of synchronization techniques into the

control framework is of utmost importance in maintaining
the coherence and stability of satellite systems operating
in chaotic conditions [32]. Synchronization ensures that all
the interconnected satellites in a network behave in a coor-
dinated manner, enabling them to achieve desired mission
objectives efficiently [33]. Synchronization techniques are
important in chaotic satellite systems for several reasons:
communication reliability, coordination and control, security,
resilience to interference and noise, distributed computing.
Recent noteworthy studies on satellite systems synchroniza-
tion are referenced in [8], [9], [10], [34], and [35]. In 2022,

Alsaade et al. proposed a fixed-time adaptive controllers for
chaotic attitude synchronization and anti-synchronization of
master-slave satellites [35]. In 2023, Silahtar et al. provided
two controllers, the fuzzy sliding mode controller and a new
intuitionistic fuzzy sliding mode controller, for rendezvous
and docking tasks of nonidentical cubic satellites [8]. The
proposed approach aims to achieve synchronization while
preserving the system’s robustness and adaptability under
varying operational conditions. Moreover, the introduction
of self-organizing algorithms in the proposed framework is
motivated by the need for an autonomous and scalable control
network. Self-organizing algorithms facilitate the automatic
organization and adaptation of the control system, allowing it
to reconfigure its structure based on the changing dynamics
of the satellite system. This characteristic ensures that the
control network remains optimal and efficient, even when the
system encounters uncertainties or new challenges.

To evaluate the effectiveness of the proposed approach,
comprehensive simulations were conducted using represen-
tative scenarios of chaotic satellite systems. The simulation
results demonstrate the superiority of the type-2 fuzzy BELC
and AMF integration, as it outperforms traditional control
approaches in terms of synchronization accuracy and robust-
ness. Furthermore, the self-organizing algorithms showcase
their ability to dynamically structure and optimize the con-
trol network, thereby improving the overall system perfor-
mance. The main contribution of this study is the design of
a novel approach for integrating synchronization techniques
into chaotic satellite systems through the combination of
Type-2 Fuzzy BELC, AMF, and Self-Organizing algorithms
(ST2ABELC). The proposed cognitive control framework
demonstrates promising results and holds great potential for
revolutionizing the control of complex satellite systems in
real-world applications. The adaptability, robustness, and
synchronization capabilities of the proposed approach make
it a compelling solution for addressing the challenges posed
by chaotic satellite systems and enhancing their overall per-
formance in various dynamic and uncertain scenarios.

II. PROBLEM FORMULATION
Let’s consider the chaotic satellite systems, termed the master
and slave systems, as described in [3]:

ȧ1(t) = λ1a2(t)a3(t) −
1.2
T1

a1(t) +

√
6

2T1
a3(t)

ȧ2(t) = λ2a1(t)a3(t) +
0.35
T2

x2(t)

ȧ3(t) = λ3a1(t)a2(t) −

√
6

T3
a1(t) −

0.4
T3

a3(t) (1)

and

ḃ1(t) = λ1b2(t)b3(t) −
1.2
T1

b1(t) +

√
6

2T1
b3(t) + ε1(t)

+ 1f (b1) + υ1(t)

ḃ2(t) = λ2b1(t)b3(t) +
0.35
T2

b2(t) + ε2(t) + 1f (b2) + υ2(t)

VOLUME 12, 2024 47595



N. H. Hung, T.-L. Le: Enhanced Satellite Synchronization Using Type-2 Asymmetric Fuzzy BELC

ḃ3(t) = λ3b1(t)b2(t) −

√
6

T3
b1(t) −

0.4
T3

b3(t) + ε3(t)

+ 1f (b3) + υ3(t) (2)

where a(t) = [a1(t), a2(t), a3(t)] and b(t) = [b1(t), b2(t),
b3(t)] represent the chaotic positions of the master and slave
systems; T1, T2, T3 represent the primary inertia coeffi-
cients; λ1 =

T2−T3
T1

, λ2 =
T3−T1
T2

, λ3 =
T1−T2
T3

denote
the chaotic coefficients; ε(t) = [ε1(t), ε2(t), ε3(t)] and
1f (b) = [1(b1), 1b2(t), 1b3(t)] represent the external
disturbances and system uncertainties, respectively; υ(t) =

[υ1(t), υ2(t), υ3(t)] correspond to the input control torques
signal.

Rewrite (1) and (2) in vector form as follows:

ȧ(t) = H(a(t)) (3)

ḃ(t) = H(b(t)) + ε(t) + 1f (b(t)) + υ(t) (4)

The vector synchronization errors between the mas-
ter and slave chaotic systems are denote as e(t) =

[e1(t), e2(t), e3(t)], which can be expressed as:

e1(t) = b1(t) − a1(t)

e2(t) = b2(t) − a2(t)

e3(t) = b3(t) − a3(t) (5)

Consequently, the error dynamics can be represented as:

ė1(t) = λ1 (b2(t)b3(t) − a2(t)a3(t)) −
1.2
T1

e1

+

√
6

2T1
e3 + ε1(t) + 1f (b1) + υ1(t)

ė2(t) = λ2 (b1(t)b3(t) − a1(t)a3(t)) +
0.35
T2

e2(t) + ε2(t)

+ 1f (b2) + υ2(t)

ė3(t) = λ3 (b1(t)b2(t) − a1(t)a2(t)) −

√
6

T3
e1(t)

−
0.4
Iz
e3(t) + ε3(t) + 1f (b3) + υ3(t) (6)

Vector error Dynamics can be obtain as follows:

ė(t) = He(t) + f (t) + ε(t) + 1f (b(t)) + υ(t) (7)

where

H =


−1.2
T1

0
√
6

2T1
0 0.35

T2
0

−
√
6

2T3
0 −0.4

T3

 ;

f (t) =

 λ1 (b2(t)b3(t) − a2(t)a3(t))
λ2 (b1(t)b3(t) − a1(t)a3(t))
λ3 (b1(t)b2(t) − a1(t)a2(t))


Considering (7), the design of the ideal controller becomes
feasible:

u∗(t) = −He(t) − f (t) − ε(t) − 1f (b(t)) − ė(t) (8)

Nonetheless, it is imperative to recognize that the precise
knowledge of external disturbances and system uncertainties

in equation (8) remains unattainable. Consequently, in this
investigation, we present the ST2ABELC controller, devised
tomimic the ideal controller and accomplish the synchroniza-
tion of the master and slave chaotic satellite systems.

III. STRUCTURE OF ST2ABELC CONTROLLER
Figure 1 illustrates the schematic synchronized diagram
of the chaotic satellite systems synchronization, termed
ST2ABELC, designed for chaotic satellite systems synchro-
nization. Figure 2 depicts the architecture of ST2ABELC,
comprising the amygdala network and the orbitofrontal cor-
tex network.

FIGURE 1. Schematic synchronize diagram of the chaotic satellite systems
synchronization.

The amygdala system’s rule for a sensory neural network
can be expressed as follows:

IF I1 is ϕ1j and . . . and Ii is ϕij and . . . and Ini is ϕnij

THENak = θjk for i = 1, . . . , ni; j = 1, . . . , nj;

k = 1, . . . , nk (9)

where ni and nk respectively are the number of inputs and the
number of outputs; nj is the number of membership function

in each inputs. ϕij =

[
ϕ
ij
ϕij

]
and θjk =

[
θ jkθ jk

]
stand

for the range values defining the membership grades and the
amygdala weights, respectively.

The orbitofrontal system’s rule for an emotional neural
network can be expressed as follows:

IF I1 is δ1j and . . . and Ii is δij and . . . and Ini is δnij

THEN ok = υijk (10)

where δij =

[
δ ijδij

]
and υijk =

[
υ ijkυ ijk

]
stand for the range

values defining the membership grades and the amygdala
weights, respectively.
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FIGURE 2. Structure of the proposed ST2ABELC network.

Then, the k th output in ST2ABELC is computed as follows:

ukST2ABELC = ak − ok for k = 1, 2, . . . , nk (11)

where ak and ok are the output of the amygdala network and
the orbitofrontal cortex network, respectively.

FIGURE 3. Type-2 Asymmetric GMFs. (a) upper membership function;
(b) lower membership function; (c) combined T2AMF.

A. THE AMYGDALA NETWORK
The amygdala network exhibits a unique configuration as an
IT2FNN, encompassing five spaces. The process of signal
propagation and the fundamental operations within each of
these spaces are elucidated below.

1) THE INPUT SPACE
Nodes within this space are denoted by I = [I1, I2, . . . Ii, . . .
Ini ]

T
∈ ℜ

ni , where Ii stand for the ith input, and ni rep-
resent the count of input signals. This space is dedicated

solely to reception, without any computational processes;
consequently, all nodes will be seamlessly passed on to the
subsequent space.

2) THE MEMBERSHIP FUNCTION SPACE
This space performs calculations of membership grades
based on the input variables Ii, utilizing the type-2 asym-
metric Gaussian membership function (T2AGMF). Shown in
Figure 3, the T2AGMF exhibits the inherent uncertainties
in its standard deviation denoted as ṽlij ∈

[
vlij, v

l
ij

]
and

ṽrij ∈

[
vrij, v

r
ij

]
. As a result, the outputs from this space

yield uncertain membership grades ϕ̃ij ∈

[
ϕ
ij
, ϕij

]
, which

are defined as follows:

ϕij =



exp


−

(
Ii − clij

)2
2
(
vlij
)2

 , Ii ≤ clij

1, clij ≤ Ii ≤ crij

exp


−

(
Ii − crij

)2
2
(
vrij
)2

 , crij ≤ Ii

(12)

ϕ
ij

=



γ ∗exp


−

(
Ii − clij

)2
2
(
vlij
)2

 , Ii ≤ clij

γ, clij ≤ Ii ≤ crij

γ ∗exp


−

(
Ii − crij

)2
2
(
vrij
)2

 , crij ≤ Ii

(13)
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To prevent the emergence of inappropriate membership func-
tions, it is essential to incorporate the following constraints

clij ≤ clij ≤ crij ≤ crij
vlij ≤ vlij ≤ vrij ≤ vrij
0.5 ≤ γ ≤ 1

(14)

where ϕij and ϕ
ij
represent the upper and lower bounds of

the membership function, respectively. Additionally, clij and
crij denote the means of the two upper Gaussian membership
functions, while vlij and vrij represent their variances. Fur-
thermore, clij and crij signify the means of the two lower
Gaussianmembership functions, and vlij and v

r
ij indicate their

variances.

3) THE FIRING SPACE
In this space, the fuzzy firing operation is conducted, leverag-
ing the membership grades derived from the preceding space.
The output corresponding to the j-th rule within this domain
can be defined as:

φ
j
=

ni∏
i=1

ϕij (15)

φj =

ni∏
i=1

ϕ
ij

(16)

4) THE WEIGHT MEMORY SPACE
Within this space, the fuzzy rule is executed using the weights
of the amygdala network. Due to the interval nature of the
firing domain, the weights are also represented as interval
values. The weight associated with the i-th rule and k-th
output of the amygdala network can be expressed as:

θ̃jk =

[
θ jkθ jk

]
(17)

5) THE AMYGDALA OUTPUT SPACE
The defuzzification process in the premise parts of fuzzy
rules is executed using product operations within this space.
The amygdala network’s output in this space is determined
through a combination of the firing space output and the
output weight space.

ak =
alk + ark

2
=

1
2

∑nj
j=1 φjθ jk∑nj
j=1 φj

+
1
2

∑nj
j=1 φ

j
θ jk∑nj

j=1 φ
j (18)

B. THE ORBITOFRONTAL CORTEX NETWORK
This network has four spaces. The process of signal propa-
gation and the fundamental operations within each of these
spaces are elucidated below.

1) THE INPUT SPACE
This space consists of nodes that share the same vector input
I =

[
I1, I2, . . . Ii, . . . Ini

]T
∈ ℜ

ni as the amygdala network’s
input. In this space, there are no computational processes, and
all nodes are seamlessly passed on to the subsequent space.

2) THE MEMBERSHIP FUNCTION SPACE
In this space, membership grades are computed based on Ii.
For efficient and fast computation, the T2GMFs are utilized
as follows:

δij = exp

{
−
1
2

(
Ii − κik

τ ik

)2
}

(19)

δ ij = exp

−
1
2

(
Ii − κij

τ ij

)2
 (20)

3) THE WEIGHT MEMORY SPACE
Within this space, the fuzzy rule is executed using the con-
necting weights. The weight associated with the i-th rule, j-th
layer, and k-th output can be expressed as:

υ̃ijk =

[
υ ijkυ ijk

]
(21)

4) THE ORBITOFRONTAL OUTPUT SPACE
This arena executes the defuzzification process by employing
the center of gravity algorithm. The orbitofrontal network’s
output in this space is determined through a combination of
the membership grades and the weight memory space.

ok =
olk + ork

2
=

1
2

nj∑
j=1

ni∑
i=1

δ ijυ ijk

nj∑
j=1

ni∑
i=1

δ ij

+
1
2

nj∑
j=1

ni∑
i=1

δijυ ijk

nj∑
j=1

ni∑
i=1

δij

(22)

C. THE PARAMETER ADAPTATION DESIGN FOR ST2ABELC
CONTROLLER
First, the energy function is defined as: E =

1
2 (ek (t))2,

where ek can be substituted with e1, e2, and e3 in (5). Then,
employing the gradient descent technique in conjunction
with the chain rule, the online adjustment regulations for the
parameters of ST2ABELC are given as follows:

1) THE PARAMETER ADAPTATION DESIGN FOR AMYGDALA
NETWORK

θ jk (t + 1) = θ jk (t) − η̂θ

∂E(t)
∂θ jk

= θ jk (t) − ηθ

∂E (t)

∂ ûkST2ABELC

∂ ûkST2ABELC
∂ak

∂ak
∂alk

∂alk
∂θ jk

= θ jk (t) + ηθ

1
2
ek (t)

φj

nj∑
j=1

φj
(23)

θ jk (t + 1) = θ jk (t) − ηθ

∂E (t)

∂θ jk

= θ jk (t) − ηθ

∂E (t)

∂ ûkST2ABELC

∂ ûkST2ABELC
∂ak

∂ak
∂ark

∂ark
∂θ jk

= θ jk (t) + ηθ

1
2
ek (t)

φ
j

nj∑
j=1

φ
j

(24)
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clij (t + 1) = clij (t) − ηc
∂E(t)

∂clij
= clij (t) − ηc

×

(
∂E(t)

∂ ûST2ABELC

∂ ûST2ABELC
∂alk

∂alk
∂φj

∂φj

∂ϕ
ij

∂ϕ
ij

∂clij

)

= clij (t) −
1
2
ηcek (t)

θ jk − alk
nj∑
j=1

φj


(

φj

ϕ
ij

)
∂ϕ

ij

∂clij

(25)

crij (t + 1) = crij (t) − ηc
∂E(t)
∂crij

= crij (t) − ηc

×

(
∂E(t)

∂ ûST2ABELC

∂ ûST2ABELC
∂alk

∂alk
∂φj

∂φj

∂ϕ
ij

∂ϕ
ij

∂crij

)

= crij (t) −
1
2
ηcek (t)

θ jk − alk
nj∑
j=1

φj


(

φj

ϕ
ij

)
∂ϕ

ij

∂crij

(26)

vlij (t + 1) = vlij (t) − ηv
∂E(t)

∂vlij
= vlij (t) − ηv

×

(
∂E(t)

∂ ûST2ABELC

∂ ûST2ABELC
∂alk

∂alk
∂φj

∂φj

∂ϕ
ij

∂ϕ
ij

∂vlij

)

= vlij (t) −
1
2
ηvek (t)

θ jk − alk
nj∑
j=1

φj


(

φj

ϕ
ij

)
∂ϕ

ij

∂vlij

(27)

vrij (t + 1) = vrij (t) − ηv
∂E(t)
∂vrij

= vrij (t) − ηv

×

(
∂E(t)

∂ ûST2ABELC

∂ ûST2ABELC
∂alk

∂alk
∂φj

∂φj

∂ϕ
ij

∂ϕ
ij

∂vrij

)

= vrij (t) −
1
2
ηvek (t)

θ jk − alk
nj∑
j=1

φj


(

φj

ϕ
ij

)
∂ϕ

ij

∂vrij

(28)

clij (t + 1) = clij (t) − ηc
∂E(t)

∂clij
= clij (t) − ηc

×

(
∂E(t)

∂ ûST2ABELC

∂ ûST2ABELC
∂ark

∂ark
∂φ

j

∂φ
j

∂ϕ ij

∂ϕ ij

∂clij

)

= clij (t) −
1
2
ηcek (t)

θ jk − ark
nj∑
j=1

φ
j


(

φ
j

ϕ ij

)
∂ϕ ij

∂clij

(29)

crij (t + 1) = crij (t) − ηc
∂E(t)
∂crij

= crij (t) − ηc(
∂E(t)

∂ ûST2ABELC

∂ ûST2ABELC
∂ark

∂ark
∂φ

j

∂φ
j

∂ϕ ij

∂ϕ ij

∂crij

)

= crij (t) −
1
2
ηcek (t)

θ jk − ark
nj∑
j=1

φ
j


(

φ
j

ϕ ij

)
∂ϕ ij

∂crij

(30)

vlij (t + 1) = vlij (t) − ηv
∂E(t)

∂vlij
= vlij (t) − ηv(

∂E(t)
∂ ûST2ABELC

∂ ûST2ABELC
∂ark

∂ark
∂φ

j

∂φ
j

∂ϕij

∂ϕij

∂vlij

)

= vlij (t) −
1
2
ηvek (t)

θ jk − ark
nj∑
j=1

φ
j


(

φ
j

ϕij

)
∂ϕij

∂vlij

(31)

vrij (t + 1) = vrij (t) − ηv
∂E(t)
∂vrij

= vrij (t) − ηv

×

(
∂E(t)

∂ ûST2ABELC

∂ ûST2ABELC
∂ark

∂ark
∂φ

j

∂φ
j

∂ϕij

∂ϕij

∂vrij

)

= vrij (t) −
1
2
ηvek (t)

θ jk − ark
nj∑
j=1

φ
j


(

φ
j

ϕij

)

×
∂ϕij

∂vrij
(32)

where ηθ , ηc, ηv are the positive learning-rates. Depending on

the regions of current input, the derivative terms
∂ϕ

ij

∂clij
,

∂ϕ
ij

∂crij
,

∂ϕ
ij

∂vlij
,

∂ϕ
ij

∂vrij
in (25)-(28) and

∂ϕ ij

∂clij
,

∂ϕ ij
∂crij

,
∂ϕij

∂vlij
,

∂ϕij
∂vrij

in (29)-(32)

can be determined in Table 1 and Table 2, respectively.
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TABLE 1. The cases for updating lower MFs.

TABLE 2. The cases for updating upper MFs.

2) THE PARAMETER ADAPTATION DESIGN FOR
ORBITOFRONTAL CORTEX NETWORK

υ ijk (t + 1) = υ ijk (t) − ηυ

∂E (t)
∂υ ijk

= υ ijk (t) − ηυ

∂E (t)

∂ ûkST2ABELC

∂ ûkST2ABELC
∂ok

∂ok
∂olk

×
∂olk

∂υ ijk

= υ ijk (t) + ηυ

1
2
ek (t)

δ ij
ni∑
i=1

nj∑
j=1

δ ij

(33)

υ ijk (t + 1) = υ ijk (t) − ηυ

∂E (t)
∂υ ijk

= υ ijk (t) − ηυ

∂E (t)

∂ ûkST2ABELC

∂ ûkST2ABELC
∂ok

∂ok
∂ork

×
∂ork
∂υ ijk

= υ ijk (t) + ηυ

1
2
ek (t)

δ ij
ni∑
i=1

nj∑
j=1

δ ij

(34)

κik (t + 1) = κik (t) − ηυ

∂E (t)
∂κik

= κik (t) − ηκ

∂E (t)

∂ ûkST2ABELC

∂ ûkST2ABELC
∂ok

×

(
∂ok
∂olk

∂olk
∂δ ij

∂δ ij

∂κik
+

∂ok
∂ork

∂ork
∂δ ij

∂δ ij

∂κik

)
= κik (t) + ηκ

1
2
ek (t)

×

υ ijk − olk
nj∑
j=1

ni∑
i=1

δ ij

 Ii − κik(
τ ij

)2
+

υ ijk − ork
nj∑
j=1

ni∑
i=1

δ ij

×

(
Ii − κik(

τ ij
)2
))

(35)

τ ij (t + 1) = τ ij (t) − ητ

∂E (t)
∂τ ij

= τ ij (t) − ητ

∂E (t)

∂ ûkST2ABELC

∂ ûkST2ABELC
∂ok

∂ok
∂olk

∂olk
∂δ ij

×
∂δ ij

∂τ ij

= τ ij (t) + ητ

1
2
ek (t)

υ ijk − olk
nj∑
j=1

ni∑
i=1

δ ij

(
(Ii − κik)

2(
τ ij
)3

)

(36)

τ ij (t + 1) = τ ij (t) − ητ

∂E (t)
∂τ ij

= τ ij (t) − ητ

∂E (t)

∂ ûkST2ABELC

∂ ûkST2ABELC
∂ok

∂ok
∂ork

∂ork
∂δ ij

×
∂δ ij

∂τ ij

= τ ij (t) + ητ

1
2
ek (t)

υ ijk − ork
nj∑
j=1

ni∑
i=1

δ ij

(
(Ii − κik)

2(
τ ij
)3

)

(37)

where ηυ , ηκ , ητ are the positive learning-rates.
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D. THE SELF-ORGANIZING ALGORITHMS
The proposed controller ST2ABELC is set up with a num-
ber of fuzzy rules based on initial initialization. However,
having too many rules will bring a computational burden,
even making the system ineffective. On the contrary, too few
fuzzy rules will not cover the changes in the input, leading
to poor performance. To solve this problem, an effective self-
organization mechanism is built to simplify the task of struc-
turing fuzzy rules flexibly. The proposed self-organization
mechanism aims to expand or prune the membership func-
tions and fuzzy rules as needed to achieve a reasonably
optimal structure.

The conditions for expanding new rules are based on the
maximum membership grades, ϕimax, and the gernerating
threshold, ϕe, as follow:

ϕimax < ϕe (38)

where ϕimax = max
[
ϕi11, . . . , ϕi1nk , ϕi21, . . . , ϕi2nk , . . . ,

ϕinj1, . . . , ϕinjnk
]
and ϕijk =

ϕ
ijk

+ϕijk

2
The expression defining the new asymmetric type-2 Gaus-

sian membership function is as follows:[
clij, c

l
ij, c

r
ij, c

r
ij

]
= [Ii(t) − 1c, Ii(t) − 1c/2, Ii(t) + 1c/2, Ii(t) + 1c]

(39)[
vlij, v

l
ij, v

r
ij, v

r
ij

]
= [vinit − 1v, vinit − 1v/2, vinit + 1v/2, vinit + 1v]

(40)

where 1c and 1v respectively are the uncertain value for the
mean and variance of the GMFs; vinit is the initial value for
the variance of the GMFs.

The conditions for pruning unused rules are based on the
minimum membership grades, ϕimin, and the pruning thresh-
old, ϕp, as follows:

ϕimin < ϕp (41)

where ϕimin = min
[
ϕi11, . . . , ϕi1nk , ϕi21, . . . , ϕi2nk , . . . ,

ϕinj1, . . . , ϕinjnk
]

E. SIMULATION STUDIES
This section presents our study on using the proposed
ST2ABELC controller for simultaneous synchronization of
chaotic satellite systems in two examples: with and without
considering disturbances and external noise. The initial con-
dition is optioned as a(t) = [5, 3, 4], b(t) = [2, −2, 1],
T1 = 3, T2 = 2, T3 = 1, ε(t) = [cosπ t, 0.5 cos t, 1.5 cos 2t]
and 1f (b) = 0.8 [b1(t), b2(t), b3(t)]. For the self-organizing
mechanism of ST2ABELC, the generating and pruning
thresholds are chosen as ϕe = 0.15, ϕp = 0.01, 1c = 0.1,
1v = 0.05 and vinit = 0.1.
Case 1: The results of synchronizing chaotic satellite sys-

tems without considering disturbances and external noise are
presented in Figs. 4-8. The trajectories of the synchronization

process in two and three dimensions, using the proposed
ST2ABELC controller, are depicted in Fig. 4. The trajecto-
ries of the synchronization process in the time domain are
shown in Fig. 5. The synchronization control signals and
trajectory tracking errors are respectively given in Figs. 6
and 7. The adjustments of the membership function using
self-organizing algorithms are shown in Fig. 8. From these
simulation result figures, the proposed ST2ABELC controller
can rapidly synchronize satellite systems, with the tracking
error converging to zero quickly.

FIGURE 4. The trajectories of the synchronization process for Case 1.
(a) Depicted on the 3-D plane; (b) Depicted on a1 b1 - a2 b2 plane;
(c) Depicted on a1 b1 - a3 b3 plane; (d) Depicted on a2 b2 - a3 b3 plane.

FIGURE 5. The trajectories of the synchronization process in the time
domain for Case 1.

In Case 2, we consider the synchronization of chaotic
satellite systems in the presence of disturbances and external
noise. The results are presented in Figs. 9-13. Fig. 9 depicts
the trajectories of the synchronization process in two and
three dimensions using the proposed ST2ABELC controller.
Fig. 10 showcases the trajectories of the synchronization
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FIGURE 6. The synchronization control signals for Case 1.

FIGURE 7. The trajectory tracking errors for Case 1.

process in the time domain. Additionally, Figs. 11 and 12
provide information on synchronization signals and tra-
jectory tracking errors, respectively. Finally, Fig. 13 illus-
trates the adjustments of the membership function achieved
through self-organizing algorithms. From the simulation
results depicted in the figures for this case, it is evident
that the ST2ABELC controller proposed in this scenario can
rapidly achieve synchronization for satellite systems, with the
tracking error swiftly converging to zero even in the presence
of disturbances and external noise.

In both cases, the proposed ST2ABELC controller demon-
strated its capability to rapidly achieve synchronization. The
root mean square error (RMSE) comparison between the
proposed control system and alternative advanced meth-
ods is detailed in Table 3. Notably, the ST2ABELC con-
troller demonstrates superior synchronization performance
when contrasted with both the interval type-2 fuzzy con-
troller (IT2FC) and the interval type-2 cerebellar model

FIGURE 8. The adjustments of the membership function using
self-organizing algorithms for Case 1.

FIGURE 9. The trajectories of the synchronization process for Case 2.
(a) Depicted on the 3-D plane; (b) Depicted on a1 b1 - a2 b2 plane;
(c) Depicted on a1 b1 - a3 b3 plane; (d) Depicted on a2 b2 - a3 b3 plane.

articulation controller (IT2CMAC). In the first scenario,
where disturbances and external noise were not consid-
ered, the synchronization process was depicted in Figs. 4-
8, with the tracking error converging to zero quickly. This
showcases the controller’s effectiveness in ideal conditions.
In the second scenario, where disturbances and external noise
were present, the controller’s performance remained impres-
sive. Figs. 9-13 provide a detailed view of the synchroniza-
tion process, highlighting the controller’s ability to handle
challenging real-world conditions. Even in the presence of
disturbances and external noise, the tracking error swiftly
converged to zero. These results underscore the robustness
and efficiency of the proposed ST2ABELC controller in
achieving synchronization for satellite systems, making it a
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FIGURE 10. The trajectories of the synchronization process in the time
domain for Case 2.

FIGURE 11. The synchronization control signals for Case 2.

promising choice for real-world applications where distur-
bances and external factors cannot be ignored.

TABLE 3. The RMSE comparison results.

The selection of parameters for our proposed synchronizer
significantly affects the system’s performance. For instance,
when determining the generating threshold, opting for a large
value results in the creation of extensive membership func-
tions, thereby demanding high computation time. Conversely,
selecting a small value makes it challenging to add new

FIGURE 12. The trajectory tracking errors for Case 2.

FIGURE 13. The adjustments of the membership function using
self-organizing algorithms for Case 2.

membership functions. Similarly, the choice of a pruning
threshold holds importance; a large value may delete all
membership functions, while a small value may make it
difficult to remove unused membership functions. In this
study, we employ a trial-and-error approach to determine
these thresholds. In forthcoming endeavors, our attention will
be directed towards the utilization of novel methodologies to
enhance the optimization of these parameters. Additionally,
our forthcoming research endeavors will be dedicated to
the application of the proposed methodology within targeted
practical domains. Prospective applications of synchronizing
chaotic satellite systems encompass but are not limited to:
chaotic communication, rendezvous and docking control of
satellites, and image encryption.

IV. CONCLUSION
This paper has introduced a pioneering approach for the inte-
gration of synchronization techniques into chaotic satellite
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systems utilizing Type-2 Fuzzy Brain Emotional Learning
Control and Asymmetric Membership Function. The pre-
sented methodology has been devised with the primary goal
of enhancing the cognitive control capabilities of satellite sys-
tems, thereby ensuring heightened adaptability and superior
performance in dynamic and uncertain environments. The
Type-2 Fuzzy BELC system, bolstered by emotional learning
mechanisms, equips satellite systems with the capability to
make intelligent decisions and adapt their control strategies
based on prior experiences. When coupled with AMF, this
control system adeptly manages uncertainties and impreci-
sions in the system’s inputs, further reinforcing its reliability.
Moreover, the incorporation of self-organizing algorithms
facilitates the automatic organization and adaptation of the
control network, thereby ensuring optimal system perfor-
mance and scalability. Through extensive simulations carried
out in representative chaotic satellite system scenarios, this
research has unequivocally demonstrated the supremacy of
the proposed method.

APPENDIX
PROOF OF CONVERGENCE
Defining:

V (t) =
1
2

(ek (t))2 (A1)

Then,

1V (t) = V (t + 1) − V (t) =
1
2

[
(ek (t + 1))2 − (ek (t))2

]
= 1ek (t)

[
1
2
1ek (t) + ek (t)

]
(A2)

By employing the Taylor expansion linearization approach,
the nonlinear function can be transformed into a partially
linear form [A1]. As a result

ek (t + 1) = ek (t) + 1ek (t) ∼= ek (t) +

[
∂ek (t)

∂ξ

]T
1ξ (A3)

In this context, ξ representing θ jk , θ jk , c
l
ij, c

r
ij, v

l
ij, v

r
ij, c

l
ij,

crij, v
l
ij, v

r
ij, υ ijk , υ ijk , κik , τ ij, and τ ij.

From (23)-(37), obtain

1ξ = −ηξ

∂E(t)
∂ξ

= −ηξ

∂E(t)
∂ek (t)

∂ek (t)
∂k(t)

∂k(t)

∂ukST2ABELC

∂ukST2ABELC
∂ξ

= ηξ ek (t)4ξ (t) (A4)

In (A4), the term 4ξ (t) =
∂ukST2ABELC

∂ξ
can be given as

4ξ (t) =
∂ukST2ABELC

∂θ

=

[
∂ukST2ABELC

∂θ11
, .. . ,

∂ukST2ABELC
∂θ1nk

, .. . ,

∂ukST2ABELC
∂θnj1

, .. . ,
∂ukST2ABELC

∂θnjnk

]T
(A5)

4ξ (t) =
∂ukST2ABELC

∂θ

=

[
∂ukST2ABELC

∂θ11
, .. . ,

∂ukST2ABELC
∂θ1nk

, .. . ,

∂ukST2ABELC
∂θnj1

, .. . ,
∂ukST2ABELC

∂θnjnk

]T
(A6)

4ξ (t) =
∂ukST2ABELC

∂cl

=

[
∂ukST2ABELC

∂cl11
, .. . ,

∂ukST2ABELC
∂cl1nk

, .. . ,

∂ukST2ABELC
∂clnj1

, .. . ,
∂ukST2ABELC

∂clnjnk

]T
(A7)

4ξ (t) =
∂ukST2ABELC

∂cr

=

[
∂ukST2ABELC

∂cr11
, .. . ,

∂ukST2ABELC
∂cr1nk

, .. . ,

∂ukST2ABELC
∂crnj1

, .. . ,
∂ukST2ABELC

∂crnjnk

]T
(A8)

4ξ (t) =
∂ukST2ABELC

∂vl

=

[
∂ukST2ABELC

∂vl11
, .. . ,

∂ukST2ABELC
∂vl1nk

, .. . ,

∂ukST2ABELC
∂vlnj1

, .. . ,
∂ukST2ABELC

∂vlnjnk

]T
(A9)

4ξ (t) =
∂ukST2ABELC

∂vr

=

[
∂ukST2ABELC

∂vr11
, .. . ,

∂ukST2ABELC
∂vr1nk

, .. . ,

∂ukST2ABELC
∂vrnj1

, .. . ,
∂ukST2ABELC

∂vrnjnk

]T
(A10)

4ξ (t) =
∂ukST2ABELC

∂cl

=

[
∂ukST2ABELC

∂cl11
, .. . ,

∂ukST2ABELC
∂cl1nk

, .. . ,

∂ukST2ABELC
∂clnj1

, .. . ,
∂ukST2ABELC

∂clnjnk

]T
(A11)

4ξ (t) =
∂ukST2ABELC

∂cr

=

[
∂ukST2ABELC

∂cr11
, .. . ,

∂ukST2ABELC
∂cr1nk

, .. . ,
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∂ukST2ABELC
∂crnj1

, .. . ,
∂ukST2ABELC

∂crnjnk

]T
(A12)

4ξ (t) =
∂ukST2ABELC

∂vl

=

[
∂ukST2ABELC

∂vl11
, .. . ,

∂ukST2ABELC
∂vl1nk

, .. . ,

∂ukST2ABELC
∂vlnj1

, .. . ,
∂ukST2ABELC

∂vlnjnk

]T
(A13)

4ξ (t) =
∂ukST2ABELC

∂vr

=

[
∂ukST2ABELC

∂vr11
, .. . ,

∂ukST2ABELC
∂vr1nk

, .. . ,

∂ukST2ABELC
∂vrnj1

, .. . ,
∂ukST2ABELC

∂vrnjnk

]T
(A14)

4ξ (t) =
∂ukST2ABELC

∂υ

=

[
∂ukST2ABELC

∂υri11
, .. . ,

∂ukST2ABELC
∂υri1nk

, .. . ,

∂ukST2ABELC
∂υrinj1

, .. . ,
∂ukST2ABELC

∂υrinjnk

]T
(A15)

4ξ (t) =
∂ukST2ABELC

∂υ

=

[
∂ukST2ABELC

∂υ i11
, .. . ,

∂ukST2ABELC
∂υ i1nk

, .. . ,

∂ukST2ABELC
∂υ inj1

, .. . ,
∂ukST2ABELC

∂υ injnk

]T
(A16)

4ξ (t) =
∂ukST2ABELC

∂κ

=

[
∂ukST2ABELC

∂κ11
, .. . ,

∂ukST2ABELC
∂κ1nk

, .. . ,

∂ukST2ABELC
∂κnj1

, .. . ,
∂ukST2ABELC

∂κnink

]T
(A17)

4ξ (t) =
∂ukST2ABELC

∂τ

=

[
∂ukST2ABELC

∂τ 11
, .. . ,

∂ukST2ABELC
∂τ 1nk

, .. . ,

∂ukST2ABELC
∂τ nj1

, .. . ,
∂ukST2ABELC

∂τ njnk

]T
(A18)

4ξ (t) =
∂ukST2ABELC

∂τ

=

[
∂ukST2ABELC

∂τ 11
, .. . ,

∂ukST2ABELC
∂τ 1nk

, .. . ,

∂ukST2ABELC
∂τ nj1

, .. . ,
∂ukST2ABELC

∂τ njnk

]T
(A19)

From (A3), obtain

∂ek (t)
∂ξ

=
∂ek (t)

∂ukST2ABELC

∂ukST2ABELC
∂ξ

= −4ξ (t) (A20)

Through the use of (A4) and (A20), we can reformu-
late (A2) as follows:

1V (t) = 1ek (t)
[
1
2
1ek (t) + ek (t)

]
=

([
∂ek (t)

∂ξ

]T
1ξ

)[
1
2

([
∂ek (t)

∂ξ

]T
1ξ

)
+ ek (t)

]

= −
[
4ξ (t)

]T
ηξ ek (t)4ξ (t)

[
−
1
2

[
4ξ (t)

]T
×ηξ ek (t)4ξ (t) + ek (t)

]
=

1
2
ηξ (ek (t))2

∥∥4ξ (t)
∥∥2 [ηξ

∥∥4ξ (t)
∥∥2 − 2

]
(A21)

From (A21), when ηξ is deliberately chosen to satisfy 0 <

ηξ < 2
∥4ξ (t)∥

2 , it results in a condition where 1V (t) < 0.

Consequently, this choice ensures the stability of the control
system presented in this study.
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