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UNG DUNG BO PIEU KHIEN KHOP NOI
MO HINH TIEU NAO CAM XUC NAO MO (FBECMAC)
CHO PIEU KHIEN TACH KENH HE PHI TUYEN SIMO
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Tém tit: Bai bao nay trinh bay b diéu khién khép ndi mé hinh tiéu ndo cam xic ndo mo dé
diéu khién tach roi mot 16p hé thong phi tuyén thiéu diéu khién, don dau vao, da ddu ra. Trudc tién,
mot khung diéu khién trugt tich roi dugc xay dung dé chuyén d6i muc tiéu diéu khién thanh 6n dinh
bé mit sai s6 ghép nbi, va sau d6 FBECMAC duoc sir dung dé xap xi luat diéu khién 1y tuong. Mot
bd bu manh mé phu trg duoc gidi thi¢u dé triét ti€u sai ) Xép xi du va duy tri on dinh vong kin.
Trai nguoc v6i nhitng tuyén bd khong nhat quan trong cac ban thao trudce day, hiéu qua ciia phuong
phap d& xuat chi dugc dénh gia trén hé thong cau-thanh phi tuyén dugc xem xét trong bai bao nay.
Két qua mo phong cho thdy bo diéu khién dé xuat 6n dinh dong thoi goc thanh va vi tri cau, giam sai
s6 theo ddi va mang lai tac dong diéu khién muot ma hon so voi b diéu khién truot thong thuong.

T khoa: Hé thong tach roi thiéu diéu khién, Hé thong mo, Bé diéu khién khép néi mé hinh

tieu ndo, B¢ diéu khién hoc tdp cam xuc ndo, Can cdu cau.

APPLICATIONS OF FUZZY BRAIN EMOTIONAL CEREBELLAR
MODELARTICULATION CONTROLLER FOR SIMO NONLINEAR
SYSTEM DECOUPLING CONTROL

Abstract: This paper presents a Fuzzy Brain Emotional Cerebellar Model Articulation
Controller (FBECMAC) for decoupling control of a class of single-input multi-output underactuated
nonlinear systems. A decoupled sliding-mode framework is first constructed to transform the
control objective into coupled error-surface stabilization, and the FBECMAC is then employed to
approximate the ideal control law. An auxiliary robust compensator is introduced to suppress the
residual approximation error and preserve closed-loop stability. In contrast to the earlier inconsistent
manuscript statements, the effectiveness of the proposed method is evaluated only on the nonlinear
ball-beam system considered in this paper. The simulation results show that the proposed controller
stabilizes the beam angle and ball position simultaneously, reduces tracking error, and yields
smoother control action than the conventional sliding-mode controller.

Keywords: Underactuated decoupling system, fuzzy system, cerebellar model articulation

controller (CMAC), brain emotional learning controller (BELC), ball-beam system.
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1. Introduction

In recent years, sliding-mode control (SMC) has been suggested as an approach for the control
of systems with nonlinearities, uncertain dynamics and bounded input disturbances. The most popu-
lar conventional control approach that can be used for the control of such mechanisms is the robust
control approach (Utkin, 1992; Astrém and Wittenmark, 1995). The decoupled sliding-mode control
is designed for a class of underactuated nonlinear systems. Each subsystem, which is decoupled into
two second-order systems, is said to have main and sub-control purpose. Two sliding surfaces are
constructed through the state variables of the decoupled subsystem. We define main and sub-target
condition for these sliding surfaces, and introduce an intermediate variable from the sub-sliding
surface condition (Hung and Chung, 2007; Lin and Mon, 2005).

A fuzzy inference system mimics the human reasoning process and is widely used successfully
in various fields. Based on a biological prototype of the human brain and improved understanding
of the functionality of the neurons and the pattern of their interconnections in the brain, a theoretical
model used to explain the information-processing characteristics of the cerebellum was developed
by Marr (1969). The brain has an orbitofrontal cortex and an amygdala; the former is a sensory
neural network and the latter is an emotional neural network (Jan, 2002). These two networks affect
each other, and the output of Brain Emotional Cerebellar Model Articulation Controller (BECMAC)
contains two networks (Chung, 2014).

In Zheng (2017), the cerebellar model articulation controller has been used to replace the or-
bitofrontal cortex of brain. This change can accelerate the convergence time. At the same time, by
using the fuzzy inference system into a BECMAC, a fuzzy neural network referred to as a fuzzy
BECMAC (FBECMAC) has been proposed.

In this paper, a decoupling sliding-mode control (DSMC) strategy based on FBECMAC is de-
veloped for a SIMO underactuated nonlinear system. The proposed controller consists of a primary
FBECMAC approximator and an auxiliary robust compensator. The FBECMAC is designed to em-
ulate the ideal control law, whereas the auxiliary term is introduced to attenuate the approximation
error and strengthen closed-loop robustness.

The proposed algorithm is validated through numerical simulation of a nonlinear ball-beam
system only. Therefore, all discussions in the abstract, simulation section, and conclusion are con-
sistently restricted to the ball-beam example.

2. Mathematical model of FBECMAC

An FBECMAC can be classified as a supervised network, and it is not very complex in oper-
ation and has fast convergence property, so it is applicable to many nonlinear control systems. An
FBECMAC has two systems; the first system is an amygdala system, and the second system is a
cerebellar system, and they imitate to that in a mammalian brain.

The FBECMAC has the following form:

Based on the FBECMAC structure, the FCMAC network is proposed using the fuzzy inference
rules:

It 1 isJy, 4,18 Jhj 5e.oand Ly, is ], 5 then

a, is wjy, for j=1,2,3,...,nj,k=1,2,3,...,nk,0=1,2,3,...,n0

where [, is the input of fuzzy inference system, W ;,, is the FCMAC weight and &, is the
FCMAC output.

The signal propagation and the basic function in each space of FCMAC are introduced as
follows:

2.1. Input space
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Foragivenl = [Iy, I, ..., I, ]€ 9% ™, where n, represent the ith input to the node of layer

1. Each input state variable [/ can be quantized into discrete regions (call an element) according
to a given control space. The number of elements is referred to as a resolution.

2.2. Association memory space

Several elements can be accumulated as a block. In this space each block acts as a receptivefield

basis function. The Gaussian function is adopted here as receptive-field basis function, which can
be represented as:

S (Fy) = eXp(_Eﬁz )

. . : (D
Jori=12,..n,j=12,...n ,and i=12,..,n,
2
(I, - mm_) _ . _
Here, £y = ————, where M is a mean parameter, and O j is a variance
o

ik
parameter of the Gaussian function.
2.3. Receptive-field space
The multidimensional receptive field function is defined as:

" : i (I ;- my )2
ra =11 f (Fy) =11 exp _—zjk
1= i=1 Cr
" (2)
for j =1, 2,...,nj,and k=12,...n,
where

is associated with the jth layer and kth block.

The multidimensional receptive-field functions can be expressed in a vector form as:

] U S COU & r ro T eRr 3)

. D
122 "p, 27212772 " 2. 2 n;12°°%2 T

2.4. Weight memory space

Each location of hypercube to a particular adjustable value in the weight memory space
can be expressed as:

Win Wiz Wiin,
_ ... njng=ng
w = Wlnkl wlnk2 Wlnkno = m
: : : (4)
B njnkl WIIJ-:‘Ikz e wirj.nkno A

where W, denotes the connecting weight value of the output associated with the j;tn layer,
kth block and 0 is the output number.
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2.5. FCMAC output space

The output of FCMAC is the algebraic sum of the activated weights in the weight memory
and the , th output is expressed as:

Hj

L3
T
Upcrpaco = =W I''= z :E :?}kwjko Jor o=12,....n, (5)
J=1 k=1

Based on the FBECMAC structure, the FBELC network is proposed using the fuzzy
inference rules:

If I is /111-, I, is /ng ,...,and In'_ is /4, ; then

0, 18 Vyjo for i=1,2,3,..,m,j=12,3,..,n,,0=12,3,..,n,

where I; is the input of fuzzy inference system, V ko 1s the emotional weight and o, is
the FBELC output.

The signal propagation and the basic function in each space of FBELC are introduced as
follows:

2.6. Input space

Given the input data [, ,i=1,2,...,n,, each input state variable fr- is assumed to be

quantized into 7, discrete regions (called “elements” or “neurons’) according to a given control
space. The number of elements 72, is termed as a resolution. Based on the input variable I, |

totally ; layers are defined.

2.7. Sensory cortex space
In this space, the sigmoid function is adopted represented as:
(I 2 mg‘ )2

A, = exp(——2L—) (6)
o

i

where ﬂ;j is the Gaussian function of prefrontal system input and amygdala system input for

the sensory cortex output, /; isthe system inputand 777,; is the meanand O ; is the variance.

2.8. Emotional weight space

Each sensory cortex output to a particular adjustable value in the emotional weight space
can be expressed as:

vlll vllZ vllng
I XA,
V= vlnjl vlnj2 e vl.njno = 9:{ ne
(7)
% cee VY
mn;l mn ;2 i,
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where V;;, denotes the connecting weight of the output associated with the ith input, jth

layer and oth output.
2.9. FBELC output space
The o-th output of FBELC is represented as:

Upperc, = % = Z Z A5Vio
T

®)
fori=12,---,n,j=12,-- 51,0 = 1,2,...,n,
The total o th output of FBECMAC is given as:
Yo =8y =0, =Upcypyc, ~Urperc, = Urpecrac, )
The FBECMAC is proposed as shown in Fig. 1.
Figure 1. Brain Emotional Cerebellar Model Articulation controller
Association Memory Space
i AP
I
=
Output Space
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Y
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b
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P
-
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3. Problem Formulation
Consider a single-input-multi-output (SIMO) underactuated nonlinear coupled system
expressed in the following form:

(1) = %,(2) (10)
X, (1) = &(x,%,) + by (X, x,))u () + d, (1)

5 (0) = %, (1)

X, (1) = 8, (X1, %,) + by (xy, %, Ju(1) + d, (1)
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T .
where X :[xl, X5, X3, X4] denotes the system state vector, ¥ =[),, ), ]T 1s the measured

T . .
output vector, V; = [ydl, de] is the reference vector, € = ), — ) is the tracking-error vector,

s denotes the coupled sliding surface, u is the scalar control input, and d1, d> represent lumped
uncertainties and external disturbances. All vectors are assumed to be dimensionally
compatible, and all scalar design constants are chosen to be positive unless otherwise stated.

This system can be treated as two subsystems with second-order canonical form including
the states (X;,X,) and (x;,x,), respectively. The decoupling control tries to design a single
input % to simultaneously control the states (x;,x,)and (x;,X,) to achieve desired
performance.

3.1. Sliding Mode Control

Define the tracking error as:

E@) =X,)-X () e (11)

T
Where X, (1) = [xld (1) x,(1) x3,(0) X (Z)] e R’
and X(1) =[x,() x,() x() x, (t)]T e R* denote the reference trajectory and output vector of
the system, respectively; and €; =X;; =X, for i =1,2,3,4 .

In (10) and (11), we can define the coupling sliding surface for this system as reported by
Hung and Chung (2007).

s, =c¢/(e —z)+e, (12)

s, =ce +e, (13)

where : is derived from S, and is defined as:
z=sat(s,/ D )z,, 0<z, <l (14)

where D@ is the boundary layer of s,. To smooth out z, ® . transfers S, to the proper

z

range of X, , and the definition of sat(.) function is:

sgn(e), if |p| > 1 (15)

Sat((o):{(o, i |¢| -

Notice that z is a decaying oscillation signal because Z,, is a factor less than one.

Consider (12). If }im 5,() >0 then }i_r)nel (1)—>z, }I_I)n e,(1) = 0 _Since z isavalue

transferred from §,, when 1im 8,(t) > 0, then }1_{2 2(1) >0 and 11_1)2 (1) =0 with (13),

50



SO 3 (27) - 2026 TAP CHi KHOA HOC DAl HOC DAI NAM

if the condition }1_{11 s, — 0 the control objective is achieved. The choice of ¢, and ¢, has

strong influence on the behavior in the transient state of the system. The appropriate choice is
necessary for achieving favorable transient response. The sliding mode control law is given as:

U) =g cauc (&) +u, (1) (16)

where the ideal controller u,(f) is represented as:
u, =bl_1 [-cxz—cz'—g1+cfcld+5c2d—dl] (17)
2, 1n(17) i1s unavailable. Thus, an FBECMAC is proposed to approach the ideal controller.

Figure 2. Block diagram of FBECMAC control system using a robust compensator
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3.2. FBECMAC and Robust Control System Design

Since the FBECMAC cannot completely imitate the ideal controller, the approximation
error will induce the tracking error of the control system; thus a robust controller is needed to
achieve the robust stability of the control system.

Taking the derivative of (12) and using (16), yields:

s;(t)=c/(e—-2)+e, (18)
= l(xld —X _Z)+x2d — X,
If %SIT (?)s,(7) is chosen as a cost function, then its derivative is SlT (t )51(1) The

FBECMAC parameter adjusting laws is given in (19) to (24), where the training algorithms in
(25) to (30) perform error back propagation, using the following chain-rule algorithm:
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m,, (I +1)=m, () +Am,,
o+ =0,0)+Ac,,
t+D=v, (O +Av,
m,(t+1)=m, (1) +Am,
ij(t+1):c7ij(t)+AO'U

yo

T. T.
A . os's _ os'$ auFBECA/LACO _
ijo =-n, P =-1, P nwsirjk
W iko Urprcmac, o ko
T. T.
A B os $§ os' s auFBECMACO arjk
mijk - _nmc a - _nmc a a a
m, Urgrcmac, ik m,
_ Z 2L, —my,)
77mcSz Jko jk 2
O ik
- os's os’s OUrgpentac, Oy
ASijk =71 o =1\ o o o
ik Urprcymac, Vi Viik
2
. Z 2(1 i mijk)
nvcsl jkO jk 3
iik
T. T.
A . os' s _ Os"§ auFBECMACO _ 1
Vijo =Ty =T o oV - _nvsz ij
Viio Urpecymac, ijo
T . T .
Am. = —n os's - os' s 6”FBEC]\4ACO a/lij
i~ mb = " mb
om, OUprenac, o4, om,
z 21, — mU )
77mbS V
Oy
T . T -«
Ao =—n os's - os' s auFBECMACO a/lij
72 LAY L AY)
ooy GUFBECMACO oA, oo,

2 24, — my)

—T.5S; ZV

where §; denotes the i -th component of §.

G’J
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An approximation error between the FBECMAC and the ideal controller is unavoidable,
so an 1deal controller can be formulated as the summation of the FBECMAC and an
approximation error, assume:

(U; ~Uppperac) = A (31)

where denotes the approximation error. Based on the universal approximation theorem, a
fuzzy inference system or a neural fuzzy system can approximate an unknown function with
small approximation error (Wang, 1994; Lin and Lee, 1996).

In order to derive the decoupling sliding-mode controller with FNN based, substituting (16)
into (10), we can obtain:

X, = F1(x) + b, () U ppeppe +1,) +dy (1)

L (32)
=D (Upgpepye TU, —U ) +CX, —CZ+C X, + Xy,

Hence, (8) can be rewritten:
s, =b (uI —Urprcarac U, ) (33)
so that a robust controller #, can be developed to attenuate the effect of the approximation

error between #; and %y, , to allow better L, tracking. Assume A, exists and it satisfies

L, bounded, then for a specified L, tracking performance:
Sl T STt
zl | by (Dt <s{(0)s, (0)+z;rp | NYSOL! (34)
p= p=

where s, is the p-th element of s, , A, is the p-th element of A, I is a prescribed positive

attenuation constant for p = 1, 2,...,n,, and bl(x) is positive, the robust controller is

designed as:
u (1) =RR>)Y'(R>+1)s(1) (35)
where R =diag[r,] and [ is a unity matrix. Then the following theorem can be stated
and proven.

Theorem 1: For the feedback system shown in Fig.2, if the control system is given as (16),
where the FBECMAC is given in (9) and the robust controller is given in (35), then the robust
stability in (34) can be guaranteed.

Proof: The Lyapunov function is given by:

Vs =55 (05,0 66)
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Taking the derivative of the Lyapunov function and using (32), (33) and (34), yields:

V(s,(1)=5,0)"$,(1)
=5,(0)" b, ()[AW) ~u, (1)]
=5,(0)" B()AWN) ~ 2R (R* + 1) s(1)]
= 5,(1)" B (AW =5, (Db, ()2R) (R* +1) 5,(1)]
=5,(0)" b ()AW) —5,(1)" 5,(DB (D)2R)(R”)
—s5,(1)"5,(DB ()R (D]
=5,(0)" b (0){A®)
2R (R?)s,(D]-[2R*) " (D)s, ()]}

_Zb[s (A, () L () 2(? (37)
SO 4, )~ 22

g 8 a7+ G

<h :Zl[_ sﬁz(t) N F;A2p (t)]

If it is assumed that d(¢) € L,[0,7], V71 €[0,00] then integrating the above equation
from =0 to 7 =7 yields:

V(T)-V(0) sbéi:[—% [ 520 dt+;i [ a2 (38)

Since (7)) =0, the above inequality implies the following inequality:
LS 2y de <0+ 232 [ 5a2 (1) d
> lgjo s2 (1) dr < ()+5;rpjo A2 (1) di (39)

Using (16) the above inequality is equivalent to the following:

l’tp T I’lp T
Zjo bsy(t) dt < s (0)s,(0)+ Y r7 BAL(1) di (40)
p=l p=1

4. Nonlinear Ball-Beam System Control Simulation Using the Proposed Method
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Figure 3. The ball-beam system

0/
T

Table 3. the physical parameters of the ball-beam system

X = g the angle of the pole with respect to the vertical axis
Xy =1 the position of the cart

X, = 0 the angle velocity of the pole with respect to the vertical axis

X, =7 the velocity of the cart
M the mass of the ball
J, moment of inertia of the ball
R the radius of the ball
g acceleration of gravity

In this section, the proposed controller is applied to the nonlinear ball-beam system in order
to verify the theoretical development. The control objective is to regulate both the beam angle
and the ball position to the equilibrium point while maintaining bounded control effort. Table 3
summarizes the physical parameters adopted in the simulation study. The dynamics of the ball-
beam system shown in Fig. 3 can be expressed as follows:

X, =X,
X, =u+d
%, =x, (41)

. o 2 -
X, = B(x3x2 -G 51nx1)

The rotation center is assumed to be frictionless, allowing the ball to roll freely along the
beam. It is necessary for the ball to maintain contact with the beam, with the condition that

rolling occurs without slipping. The goal is to keep the ball near the center of the beam. In the
following section, we introduce the relevant variables:
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S =cl(6?—z)+6.’=c1 (xl—z)+x2

. (42)
S, =C,X+X=c,x, +X,
and:
z=sat(s,/®.)- Z,. ,where0<Z, <l (43)

The simulation is conducted using the following parameters:

The initial conditions are selected as shown above. For comparison, both the conventional
sliding-mode controller and the proposed FBECMAC-based controller are implemented under
the same simulation conditions. Figures 4-6 indicate that both controllers stabilize the system;
however, the proposed method provides faster convergence of the beam angle and ball position,
smaller residual oscillation near the equilibrium point, and a smoother control signal. To make
the comparison more rigorous, quantitative indices such as RMSE, settling time, maximum
absolute control input, and integral absolute error (IAE) should be reported from the simulation
data and summarized in Table 4.

Table 4. Quantitative comparison between the conventional SMC and the proposed

FBECMAC controller
Performance index SMC | Proposed FBECMAC Remark
RMSE of beam angle 0.2031 0.1870 Lower is better
RMSE of ball position 2.6980 2.119 Lower is better
Settling time (2% band, both states) | 5.45's 6.62s Shorter is better
Maximum |[u] 8.1087 10.0000 Smaller is smoother
IAE = [(|ey| + |ed])dt 23.0772 20.4052 Lower is better
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Figure 5. Position evolution X of the ball Figure
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Figure 6. The control effort of the control system using SMC and proposed method
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Table 5. Summary of abbreviations used in this paper
Abbreviation Full term
SMC Sliding-Mode Control
DSMC Decoupling Sliding-Mode Control
SIMO Single-Input Multi-Output
FBECMAC Fuzzy Brain Emotional Cerebellar Model Articulation Controller
BECMAC Brain Emotional Cerebellar Model Articulation Controller
FCMAC Fuzzy Cerebellar Model Articulation Controller
FBELC Fuzzy Brain Emotional Learning Controller
BELC Brain Emotional Learning Controller
CMAC Cerebellar Model Articulation Controller
FNN Fuzzy Neural Network
RMSE Root Mean Square Error
IAE Integral Absolute Error
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5. Conclusion
This paper has presented an FBECMAC-based decoupling controller for a SIMO underactuated

nonlinear system within a sliding-mode control framework. Unlike the inconsistent claims in the
original draft, the present manuscript verifies the method only by means of a nonlinear ball-beam
simulation. The obtained responses show that the proposed controller can stabilize the beam angle
and ball position simultaneously, while the auxiliary robust term compensates for the residual ap-
proximation error and helps preserve closed-loop stability. Compared with the conventional slid-
ing-mode controller, the proposed method provides improved tracking quality and smoother control
action in the reported simulation. Future work should include experimental validation and automatic
parameter tuning, for example by particle swarm optimization or other data-driven optimization
algorithms.
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