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Abstract: A robust fuzzy-neural sliding-mode control (RFSC) scheme for unknown nonlinear systems is proposed.
The RFSC system is composed of a computation controller and a robust controller. The computation controller
containing a self-structuring fuzzy-neural network (SFNN) identifier is the principle controller, and the robust
controller is designed to achieve L, tracking performance. The SFNN identifier uses the structure- and
parameter-learning phases to perform the estimation of the unknown system dynamics. The structure-learning
phase consists of the growing of membership functions, the splitting of fuzzy rules and the pruning of fuzzy
rules, and thus the SFNN identifier can avoid the time-consuming trial-and-error tuning procedure for
determining the network structure of fuzzy neural network. Finally, the proposed RFSC system is applied to
three nonlinear dynamic systems. The simulation results show that the proposed RFSC system can achieve
favourable tracking performance by incorporating SFNN identifier, sliding-mode control and robust control
techniques.

[8-10]. The self-structuring approach demonstrates the
property of automatically generating rules of FINN without

1 Introduction

The fuzzy-neural network (FNN) that incorporates the
advantages of fuzzy inference and neuro-learning has been
an interesting topic. The FNN possesses the merits of
the low-level learning and computational power of neural
network and the high-level human knowledge representation
from fuzzy theory [1, 2]. Recently, the FNNs are increasingly
receiving attention in solving the control problems [3-7].
For the FNN-based adaptive control approaches in [3-7],
the structure of FNN should be determined in advance by
trial-and-error. However, it is difficult to consider the
balance between the rule number and the desired
performance. If the number of fuzzy rules is chosen too
large, the computational load is heavy so that they are not
suitable for practical applications. If the number of fuzzy
rules is chosen too small, the learning performance may not
be good enough to achieve desired performance.

To solve the problem of structure determination in FNN
approaches, much interest has been focussed on the

self-structuring  fuzzy-neural network (SFNN) approach

the preliminary knowledge. In general, the mathematical
descriptions of the existing rules can be expressed as a fuzzy
cluster where each cluster corresponds to a fuzzy IF-THEN
rule [10]. As usually seen in other self-structuring approaches,
a new membership function is generated when a new input
signal is far away from the current clusters, and an existing
rule is cancelled when the fuzzy rule is insignificant.

Recently, the SFNNG also have been widely adopted for the
control of complex dynamic systems owing to its good
generalisation capability, structure adaptation and simple
computation [11-14]. Some of them use the gradient
descent method to derive the parameter learning algorithms
[11, 14]; however, stability analysis has not been performed
yet. Some of them use the Lyapunov function to derive the
parameter-learning algorithms; however, the complex design
procedure is not suitable for practical applications [12, 13].
Lin et al. use a similarity measure method to avoid a newly
generated membership function being similar to the existing
ones; however, the network structure would grow large, as
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the input data has large variations [11, 14]. In [12, 13], an
error reduction ratio with orthogonal-triangular (QR)
decomposition is used to prune rules; however, the
computational load is too heavy. In summary, a comparison
between the proposed robust fuzzy-neutral sliding-mode
control (RFSC) and [10, 14, 15] is made. In [10], an
independent component analysis (ICA)-mixture-model-
based self-constructing FNN is proposed. It is not suitable
for controller design. In [14], a similarity measure method is
used to avoid a newly generated membership function being
similar to the existing ones. However, the computational
load of pruning algorithm is too heavy. In [15], a self-
structuring neural network is proposed; however, the
proposed approach cannot avoid the structure of neural
network growing endlessly. The proposed RFSC can grow
the membership functions, split the fuzzy rules and prune
the fuzzy rules of SFNN automatically. The structure of
neural network can avoid growing endlessly and the
computational load can be reduced.

In this study, a novel SFNN that includes the growing of
membership functions, the splitting of fuzzy rules and the
pruning of fuzzy rules is developed. The idea of these
algorithms is given as follows. The growing method can be
considered when the input values will be far away from the
edge of existing membership functions as shown in [10]. The
split algorithm [15] is performed when the weight updating
rate of certain neuron is larger, since larger weight updating
rate will cause a larger updating of certain weight values, and
the precise approximation is difficult to capture. The pruning
algorithm [16] will eliminate those rules that make a very
small contribution to the neural network output. Because the
error between the real function and the estimation function
gradually converges to a small bound after several iterations,
and some fuzzy rules that are generated in the transient
period may be less or never used. Therefore the structure
learning phase of the proposed SFNN possesses several
techniques, including the growing of membership functions,

the splitting of fuzzy rules and the pruning of fuzzy rules.

For the conventional FNN-based adaptive control
approaches, the structure of FNN should be determined in
advance by trial-and-error. By the proposed SFNN approach,
this paper develops a novel FNN-based adaptive control
approaches, which the structure of FNN can automatically
generate fuzzy rules to avoid the time-consuming trial-and-
error tuning procedure. This paper proposes a RFSC system,
which is composed of a computational controller and a robust
controller. The computation controller containing the SFNN
identifier is the principle controller, and the robust controller
with desired attenuation level is designed to achieve L,
tracking performance. The structure-learning phase of the
SFNN identifier possesses the ability of on-line generation
and elimination of fuzzy rules to achieve optimal network
structure, and the parameter-learning phase adjusts the
parameters of membership functions and fuzzy rules to
achieve favourable approximation performance. By the
proposed structure adaptation, the annoyance will be solved
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where the balance between the rule number and the desired
control performance is difficult to consider. To investigate
the effectiveness of the proposed control scheme, the RFSC
system is applied to three nonlinear dynamic systems.
Simulation results demonstrate that the proposed RFSC
scheme can achieve favourable tracking performance without
unknown system dynamics. The SFNN identifier can
estimate the system dynamics and achieve approximation
performance in the presence of external disturbance in a real-
time environment.

2 Sliding-mode control design

Consider the nth-order nonlinear dynamic system of the
form

{x(”>=f(x)+u+d 0
y=ux

where x = [x&- - - x" V1T is the state vector of the system, y
is the output of system, f(x) is the system dynamics, 4 is the
external disturbance and « is the control effort. Assume that
the system dynamics is well known, (1) can represent the
nominal model of the nonlinear dynamic system

P =f,&) +u+d,
y==x 2)

where f,(x) is a mapping that represents the nominal
behaviour of f(x) and 4, is the nominal value of 4. If
uncertainties occur, that is, parameters of the system
deviate from the nominal value, the controlled system can

be modified as

A = £ x) +utd, + =
y=x 3)

where z is the lumped uncertainty which is defined as
z = Af(x) + Ad with the assumption |z| < Z in which Z
is a given positive constant, Af(x) denotes the system
uncertainties and A4 denotes the disturbance uncertainties.
The control objective is to find a control law so that the
system output y can track a command trajectory y.. A
tracking error and a sliding surface are defined as

e=y.—y )

and

!

s=d"V 4 k,,e(”_z) + -t ket Ay J edt )
0

where k;,i=1,2,...,n are the positive constants. The
sliding-mode control law is given as [17]

U = ueq + Upe (6)
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where the equivalent controller #. is represented as
ey = —1,(x) — d, + A+ ke (7)
Cq n n c

in which e = [e¢ --- " V]7 and k = [k %y - - kn]T, and
the hitting controller u, is designed to guarantee the
system stability as

e = Zsgn(s) (8)

where sgn(-) is the sign function. Substituting (6)—(8) into
(3) yields

PONR k”e(”_l) + -t ket ke=—z— Zsgn(s) =5 (9)

An important concept of sliding-mode control is to make the
system satisfy the reaching condition and guarantee sliding
condition. Consider the candidate Lyapunov function in
the following form as

Vi=xzs (10)

Differentiating (10) with respect to time and using (9), we
obtain

f/l =55 = —zs — Zls| < |z]ls| — Z]s]
— —(Z—1|2)Is| <0 11)

In summary, the sliding-mode controller in (6) can guarantee
the stability in the sense of the Lyapunov theorem [17].
Because the system dynamics and the external disturbance
may be unknown or perturbed, the sliding-mode control law
ug. cannot be implemented. Moreover, a large control gain Z
is often required in order to minimise the reaching time
from the initial state to the switching surface. The selection
of the control gain Z, which is related to the magnitude of
uncertainties, keeps the trajectory on the sliding surface [17].
Nevertheless, the parameter variations of the system are
difficult to measure for practical applications. A conservative
control law with a large control gain Z is usually considered,
but the unnecessary jumping movement on the switching
surface may yield and cause an outcome of a large amount
of chattering. The chattering phenomena in control efforts
will wear the bearing mechanism and excite unmodelled

dynamics.

3  Robust fuzzy-neural sliding-
mode control design

3.1 Description of SFNN

The structure of the SENN has four layers of neural network:
the input, the membership function, the rule and the output
layers. Nodes at layer 1 are input nodes (linguistic nodes) that
represent input linguistic vector. Nodes at layer 2 are term
nodes which act as membership functions to represent the

terms of the respective linguistic vector. Each node at layer
3 is a fuzzy rule. Layer 4 is the output layer, where the
node in this layer is the output of SFNN. The interactions
for those layers are given as follows.

Layer 1 — Input layer: For every node 7, in this layer, the net
input and the net output are represented as

Ynet, =« (12)

lyi = 1fl~(1neti) = 1neti, i=1,2,...,L (13)
where 1xi represents the ith input to the node of layer 1 and L
is the total number of input variables. They mean that output
equals input in this layer. This layer of SENN just executes

the transmission work.

Layer 2 — Membership layer: In this layer, each node
performs a membership function and acts as a unit of
memory. The bell-shaped function is adopted as the
membership function. For the ith input, the corresponding
net input and output of the jth node can be expressed as

2
2 et M (14)

2},1.] — 2ﬁ.<2net,-j) = cxp(znefij), j=12,...,M (15

where 2mij is the mean, 2 o is the standard deviation and M
is the total number of membership functions with respect to
the respective input node. In this study, the input linguistic

variable is the tracking error vector.

Layer 3 — Rule layer: Each node # in this layer is denoted by
IT which multiplies the incoming signals and outputs the
result of the product. For the 4th rule node, the operation
of the net input and output of this layer is presented as

3net,€ = 1_[37“1‘]‘ Sxij (16)

?’y,é =3ﬁ(3netk) = Snefk, t=1,2,...,N 17)

where 3xij represents the 7, jth input to the 4th node of layer
3, Swij between the membership and the rule layers are

assumed as unity and NV is the total number of fuzzy rules.

Layer 4 — Output layer: The single node o in this layer is
labelled as 3, which computes the overall output as the
summation of all incoming signals. It executes the sum-of-
weighting defuzzification. The description of the net input
and output is expressed as

“net, = Z‘twé 2, (18)

k

Yy = 4f0(4nez‘0) = *net, (19)
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where *w, is the output action strength of the output associated
with the 4th rule, *x, represents the 4th input to the node of
layer 4 and %y, is the output of SFNN. For the FNN
approaches in [3—7], the structure of the FNN is determined
in advance by trial-and-error, but it is difficult to consider
the balance between the rule number and the desired control
performance. In this paper, the structure-learning algorithm,
which is composed of the growing of membership functions,
the splitting of fuzzy rules and the pruning of fuzzy rules, is
proposed to solve this problem. The descriptions for those
algorithms are given as follows.

For the method of the growing of membership functions,
the concept, which decides whether to add a new node
(membership function) in layer 2 and the associated fuzzy
rule in layer 3, will be introduced. In order to construct
fuzzy rules of the SFNN, a new rule is generated when a
new input signal is far away from the current clusters. A
cluster corresponds to a fuzzy IF-THEN rule. Each cluster
in the product space of the input—output data represents a
rule in the rule base. The firing strength of a rule can be
represented as the degree that the incoming data s
belongs to the cluster. If the value of firing strength is too
small, it represents that the input value is on the edge of
range of the existing membership functions. Under this
situation, the output will cause a bad output performance.
Therefore a new node (membership function) should be
added at this moment. The firing strength obtained from
(17) is used as the degree measure [10]

B.=>y, %=1,2,...,N (20)

where NV is the number of the existing rules. Define the
maximum degree B, among f3; as

Bmax = max IBk (21)

It can be observed that if B, < G, where G, € (0, 1) is a
pre-given threshold, the incoming data is far away from the
edge of range of the existing membership functions.
Hence, a new membership function should be generated.
The mean and the standard deviation of the new
membership function and the corresponding weight are
selected as follows

me =1y, (22)
oV = o, (23)
W™ =0 24)

where 'x; is the new incoming data and o is a pre-specified
constant. If the unknown control system dynamics is
complex, more membership functions can be created by
choosing a large Gy,.
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Next, the split of the 4th fuzzy rule is executed if the
following condition is satisfied [15]

£k=1,2,...,N (25)

where Sy, denotes a split threshold value and the tuning law
*2v, will be derived in the next subsection. On the left-hand
side of (25), the denominator implies the total sum of the
positive weight variations and the numerator represents the
positive weight variations connecting to the 4th node. The
proposed split algorithm is derived from the observation
that if the updating of the weight values is relatively large,
the precise approximation is difficult to capture. If (25) is
satisfied, a new neuron is duplicated to spread the relatively
large variation of the weights. If the designer wants more
neurons in the SFNN, because the nonlinear plant is
complex, more neurons can be created by choosing a small
S, and vice versa. The weight value connecting the Z'th
node is considered as

fwy = (1— @) *uwy (26)

where « is a positive constant. The original weight value
connecting the 4th node is changed as

4‘ZU/€ = - 4‘ZU/é (27)

This method is induced from the fact that the weights
connected to the newly created neuron will share the large
variations of the weights. When the estimated parameters
are all the optimal parameters in the training procedure,
that is, the learning algorithm searches the optimal
solutions, the tuning law *@, will be equal to zero for all 4.
Note that if the condition satisfies *@w, = 0 for all 4, the
operation of split does not be executed.

To avoid the endless growing of network structure and the
overload computation, the algorithm of the pruning of fuzzy
rules is developed to eliminate inappropriate fuzzy rules.
When the rth firing strength 3, is smaller than a threshold
value Py, it means that the relationship becomes weak
between the input and the rth rule. This fuzzy rule may be
less or never used. Then, we will gradually reduce the value
of the rth referring index when the rth firing strength 3,
satisfles our setting condition continuously. The referring
index is determined as [16]

I {Ifexp(—T), if B, <P,
SN e if B,=P,’ (28)
r=1,2,...,N

where I, is the referring index of the 7th rule and its initial value
is 1, Py, is the pruning threshold value, 7 is the decayed
constant, and F denotes the most recent L. If I < I, is
satisfied, where Iy, is another pre-given threshold the 7th
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fuzzy rule is pruned. Moreover, the computational load should
also be decreased. If the computational load is the important
issue for practical implement, we can choose a large Py, so
that more fuzzy rules can be pruned. In summary, the flow
chart of the structure-learning algorithm is shown in Fig. 1.
The major contributions of using these algorithms for
training SFNN structure are: (1) SFNN can be operated
directly without spending much time on pre-determining
membership functions and fuzzy rules; (2) the computational
load can be reduced simultaneously.

3.2 Parameter-learning algorithm

Since the system dynamics f(x) and the external disturbance 4
are unknown in practical applications, the equation of the

calculate the tracking error
and sliding surface

1 e,s

calculate the
network output

Ve
calculate the
maximum degree

nonlinear dynamic system in (1) can be rewritten as

{ & = Fx) + u (29)
y=x

where f(x) is called the lumped system dynamics and defined
as f(x) = f(x) + d. As shown in Fig. 2, the proposed RFSC
system is composed of a computational controller and a
robust controller, that is

Uge = Uee + Upe (30)
where the computational controller is designed as

u. = —F(e, (:)) + xf") +k’e

cc

=—F 44" +kTe (31)

in which the SEFNN identifier (e, @) = Fis used to on-line
estimate the lumped system dynamics F(x) in (29). e and
0= [4fvﬁ 79112/ &ij]T are the input vector and estimated
parameter vector of the SFNN identifier, respectively. In the
sliding-mode control approach, if the sliding condition is
satisfled, the error terms will converge to zero as time
approaches to infinite. Furthermore, bounds on s can be
directly translated to bounds on the tracking error, because
the sliding surface is composed of the error terms. In
particular, once the system is on the surface, the system
trajectories will remain on the surface and the tracking error

- tends exponentially to zero. Consequently, the stability of
grow the Yes closed-loop system can be guaranteed [17] and Section 2 has
membership h £ of stabilitv. Thi ion is th C e
function the proof of stability. This motion is the same as minimising
No the error function if the error function is selected as the cost
function. Hence, the sliding condition, which substitutes for
the error function, becomes the cost function. The on-line
calculate the learning algorithm is a gradient descent algorithm in the
adaptive law space of network parameters and aims to minimise ss for
y, robust fuzzy-neural sliding-mode control ________________
I 1
split the kth (L_:—’ computation | Y o g
fuzzy rule v ? controller Y i
Tt T
: i !
i B, structure H
' . SFNN M,N adaptation '
| identifier algorithm :
! Slidil’lg 44 2A 2 A :
calcglatt? the i surface Wis Mys" o '
referring index i - . !
! N adaptive A H
1, ! law '
1
prune the rth Yes E :
fuzzy rule ' i
No E robust Ure !
O ! § —| controller H
1 1
______________________________________________ 1
y nonlinear
system
Figure 1 Flow chart of the proposed structure adaptation
algorithm Figure 2 Block diagram of RFSC system
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achieving fast convergence of 5. Substituting (30) into (29) and
using (5) yield

4V p et be=F—F—u, =i (32)

Multiply both sides of (32) by s to yield
si=(F—F—u)s (33)

According to the gradient descent method [3], the adaptive
law of weights in the output layer can be derived as

ai ds o OF

4
I e 4
o 32, % (34)

o RN = My S
aF 0(*ty)

where the positive constant 7., is a learning rate. In order to
easily derive the update laws of mean and variance, the
parameter £ is derived in advance as

_ 05§ AF 8(47262‘0) 3(3)}%) 3(371€f,(,) 8(2yz'j)
R d(*net)) 3Cy,) dCnet,) B(Zyij) 8(2nez‘z»j)

— sty (35)

The update laws of means and variances, Zml-j and 2‘71‘/'» can

be obtained by the gradient search algorithm [3] as

asi  OF 8(4net) 3(3)/&) (netk)
R oCnet o) 3Gy 8Cner;) 3(y;)

Lx"_%) (36)

M 2
(t4)

; 85&
2 5

aCy;) a(Ene;ij)
X = =
a( nefi]») a2 mlj)

and

2 A _ 85'5'
7 na 3(26')

dsi  OF 3(47261‘) B(Syk) ac nety,)
3F8(4net) 3Cy,) 9Gner,) o }’y)

2 A

2, — .. 2
§2<(;A)3”> (37)
Tij

where 7,, and 7, are the learning rates with positive
constants.

aCy;) 3Cnety)
0Cnet;) 96, ¢

3.3 Robust controller design

Approximating linear or nonlinear mapping through learning
is one of most useful property of a neural network. The

relationship between F(x) and F(e, @) is described as

F(x) — Fle, ®) = ¢ (38)
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where & denotes the modelling error. Substituting (38) into
(32), (32) can be rewritten as follows

s=—e—u 39)

Ic

If & exists, a robust controller will be considered to satisfy a
specified L, tracking performance [18—20]

T T
J S dr < £0) + 52J &2(¢) dt (40)
0 0

where 0 is a prescribed attenuation constant. If the system
starts with an initial condition s(0) =0, the L, tracking
performance in (40) can be rewritten as

M<8

< (41)
£€1,[0,7] llell

where [IsI? = [7 2(2) dz and ||s|® = [ &*(2) de. If 8= oo,

this is the case of minimum error tracking control without
disturbance attenuation. Define a Liyapunov function as

1,

V=3 (42)

Differentiating (42) with respect to time and using (39), we
obtain

f/Z =ss=s(—e—u,) (43)
The robust controller is designed as

& +1

urc = —282 S (44)

and thus (43) can be rewritten as
. & +1
V,= s(—s Ry s)
2§ 201 2o+ &
= 56—~ ——— sE
2 288 2 2 &

15 1
== — 5+ 256+ 28 +§8282

2
_ k) 1 k) 2 1 22 1 2 1 22

- <8+86) +285 < 3 +288 (45)
Assume € € L,[0, T], VT € [0, o). Integrating the above
equation from #= 0 to #= T yields

1 (7 1, ("
VZ(T)—VZ(O)f—EJ xza’t+§82j ehdt  (46)
0

0
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Since V,(#) > 0, we can rearrange (46) as

1 T 2 1 2 T 2
—| s“dr<V,0)+=6 e dr (47)
2o 2 Jo

Using (42), this inequality is equivalent to inequality (40).
Since 75(0) is finite, if the approximation error € € L,,
that is joT (1) dr < oo, it implies that lim, . |s| = 0.
Then, the RESC can achieve L, tracking performance with
attenuation of disturbances including approximation errors
and external disturbances.

4 Simulation results

Chaotic dynamic system is a nonlinear deterministic system
that displays complex, noisy-like and unpredictable behaviour.
It can be observed in many nonlinear circuits and
mechanical systems [21]. For control engineers, control of a
chaotic dynamic system has become a significant research
topic in physics, mathematics and engineering communities
[22-25]. However, some of them cannot achieve
favourable control performance [22-24] and some of them
require overly complex design procedures [25]. In this
section, the proposed RFSC scheme is applied to two
chaotic dynamic systems and a simple nonlinear system to
verify its effectiveness. It should be emphasised that
parameters and network structure of the SFNN can be
tuned on-line by the proposed algorithm. Moreover,
the appropriate network structure will be obtained by the
methods of the growing of membership functions, the
splitting of fuzzy rules and the pruning of fuzzy rules
during the process of training adjustable parameters.

Example 1: Consider a second-order chaotic system such as
the Duffing’s equation describing a special nonlinear circuit or
a pendulum moving in a viscous medium as follows [22]

x=f(x)+u (48)

where f(x) = —pix — pyx — p2x3 + gcos(wr) is the system
dynamics, # is the time variable, w is the frequency, « is the
control force, and p, p1, po and ¢ are real constants.
Depending on the choice of these constants, the system is
known that the solutions of (48) may exhibit periodic, that is
it is almost periodic and chaotic behaviour. In order to
observe the chaotic unpredictable behaviour, the open-loop
system behaviour, that is, # = 0, is simulated with p = 0.4,
p1=-11, pp=10, ¢=195 and w=1.8. The phase
plane plots with an initial condition point (0.5, 0) for
¢g=195 and ¢=7.00 are shown in Figs. 3¢ and 35,
respectively. The time responses of the uncontrolled chaotic
system with initial conditions (0.5, 0) and (0.6, 0) are shown
in Figs. 3¢ and 3d, respectively. It is shown that the
uncontrolled chaotic system has different trajectories for
different ¢ values and different initial points.

state

0 2 4 5 8 10 12 14 16 18 20
time (sec)
c

state

-4 I 1 1 L 1 I 1 1 L
u] 2 4 [ g8 10 12 14 16 18 20
time (sec)
d

Figure 3 Behaviour of uncontrolled chaotic system

The parameters of RFSC are selected as 4, =2, &, =1,
Mn,=40, n,=m,=2, G, =03, §;,=0.5, I, =0.2,
a=09, P, =0.15, 7=0.01 and 6 = 0.5. All the gains in
the proposed control system are chosen to achieve the best
transient control performance considering the requirement of
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stability and possible operating conditions. The simulation 4 ' ' ' y ' ' y ' '
. X,
results of RFSC for ¢ =1.95 and ¢="7.00 are shown in 41, g |
Figs. 4 and 5, respectively. The tracking responses of state x (
are shown in Figs. 4e and 54; the tracking responses of state *0 M/\/
x are shown in Figs. 44 and 54; the associated control efforts 2l “x i
are shown in Figs. 4c and 5¢ the number of fuzzy rules are
. . ¥ . . . ) ; : i ; :
shown in Figs. 44 and 54} the responses of neural network 0 2 4 6 B 10 12 14 8 1B :
time (sec)
a
4 - . . - : . - : .
4 : ; : - ; ; - : ;
X,
2 B T .
P *
te M/\/
2+ X R
-4 s L L s L L s L L
p . . . . . . . . . o 2 4 B 8 10 12 14 1B 18 20
0 2 4 B 8 10 12 14 16 18 20 time (sec)
time (sec) b
i 20 : . : - . . ; . -
4 T g ' T g ' T g ' control force
10 b
0 5
X
Aok ]
.20 L L L L L L L L L
4 L ) . L i i i ; ; 0 2 4 B 8 10 12 14 16 18 20
0 2 4 B 8 10 12 14 16 18 20 time {SCC)
time (sec) c
b 8 e S
20 . . r . T r . T T rule number
control force Br 1
10 1
4|1
0
2 - .|
-10F 4
D L 1 L L 1 L L I L
o0 s : L ) : L ) . L 0o 2 4 B 8 10 12 14 1B 18 20
2 4 6 8 10 12 14 16 18 20 time (sec)
time (sec
(sec) d
¢ 20 : . : . . . . . :
8 - - : - : : - : : the lumped system dynamics
rule number 10 F A

10T “SENN identifier

2t =
_20 1 1 L 1 1 L 1 'l 1
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Figure 4 Simulation results of RFSC system for q = 1.95 of system dynamics, but also the concise SFNN structure
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can be obtained by applying the proposed self-structuring
mechanism and the on-line learning algorithms.

Example 2. The third-order Chua’s chaotic circuit, shown
in Fig. 6, is a simple electronic system which consists of one
linear resistor (R;), two capacitors (Cy, C3), one inductor
(L1), and one nonlinear resistor (A). It owns very rich
nonlinear dynamics such as chaos and bifurcations [23]. A
is defined as a cubic function as

)\(fvcl) =avg + 671301 (@a<0,c>0) (49)

The standard canonical form of Chua’s circuit can be

expressed as [24]
£ =fx)+u+d (50)

where f(x) = (14/1805)x — (168/9025)x + (1/38)x —
(2/45)((28/361)x + (7/95)i + &)° is the system dynamic
function, and a square-wave disturbance 4 is added at
10 sec with +2.0 amplitude and period 12 sec. The
parameters of RESC are selected as 4y = 3, £, =3, &3 =1,
Ny =20, 1m,,=1n,=1, G, =03, §;,=0.5, I,, =02,
a=0.9, P, =0.15, 7=0.01 and 6 =0.5. The choice of
these parameters is also through some trails. To illustrate
the effectiveness of RFSC design method, a comparison
between the FNN-based adaptive control in [3] and SRFC
systems is made. The parameters of the FNN-based
adaptive control with three membership functions are
selected as 4, =3, 4 =3, 4 =1,1,=20, 1, =7,=1.
First, the simulation results of the FNN-based adaptive
control with fix-structure neural network are shown
in Fig. 7. The tracking response of state x is shown in
Fig. 7a; the tracking response of state x is shown in
Fig. 74; the tracking response of state X is shown in Fig. 7
the associated control effort is shown in Fig. 74, the
response of neural network is shown in Fig. 7e, respectively.
The simulation results show that the favourable tracking
performance can be achieved. However, the degenerate
tracking responses are caused when the disturbance occurs.
Then, the proposed RFSC with SFNN identifier is applied
to the Chua’s chaotic circuit again. The simulation results
of the RFSC are shown in Fig. 8. The tracking response of
state x is shown in Fig. 84; the tracking response of state x
is shown in Fig. 84; the tracking response of state X is
shown in Fig. 8¢ the associated control effort is shown in

Fig. 84, the number of fuzzy rule is shown in Fig. 8¢; the

Figure 6 Chua’s chaotic circuit
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Figure 7 Simulation results of fix-structuring FNN-based
adaptive control system for Chua’s chaotic circuit

response of neural network is shown in Fig. 8. Comparing
with Fig. 7, Fig. 8 shows that the proposed RFSC
system can achieve better tracking performance even under
disturbance. The number of the constructed fuzzy rules is
5, and the maximum of the constructed fuzzy rules is
7. The system dynamics with the external disturbance can
be estimated well by the SFNN identifier. A concise
network structure can be obtained by the proposed self-
structuring method.
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Figure 8 Simulation results of RFSC system for Chua’s
chaotic circuit
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Examp/e 3. Consider a plant as follows [26]
x = f(x)+ u (51)

where f(x) =(1—¢")/(1+¢ ) is the system dynamics,
and # is the control force. The parameters of RFSC are
selected as 4 =1, n,=40, n,=n,=2, Gy =0.3,
Sy =05, I, =02, =09, Py, =0.15 7=0.01 and
86 =0.5. The choice of these parameters is also through
some trails. The simulation results of RFSC are shown in
Fig. 9. The tracking response of state x are shown in
Fig. 9a; the associated control effort is shown in Fig. 94;
the number of fuzzy rules is shown in Fig. 9¢; the response
of neural network is shown in Fig. 94. The number of the
constructed fuzzy rules is 5. The results illustrate that the
proposed RFSC scheme can achieve satisfied tracking

performance for unknown nonlinear systems, and a concise
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Figure 9 Simulation results of RFSC system for nonlinear
dynamic system
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network structure can be obtained by the proposed self-
structuring method.

5 Conclusions

For the FNN-based adaptive control approaches, the structure
of FNN should be determined in advance by trial-and-error.
It is difficult to consider the balance between the rule
number and the desired performance. Therefore this paper
proposes a RFSC system with structure adaptation approach.
The proposed RFSC system is composed of a computational
controller and a robust controller. In the computational
controller design, a SENN with the structure- and parameter-
learning is utilised to on-line estimate the unknown control
dynamics equation. The robust controller with desired
attenuation level is designed to achieve L, tracking
performance. The structure-learning phase of SFENN possesses
several techniques, including the growing of membership
functions, the splitting of fuzzy rules and the pruning of fuzzy
rules, to organise FNN automatically. The parameter-learning
phase of SFNN adjusts the parameters of the membership
functions and fuzzy rules based on the Lyapunov function to
achieve favourable approximation performance.

The major contributions of this paper are: (1) the SFNN
with the growing, splitting and pruning algorithm of the
membership functions, and fuzzy rules has been developed
to achieve favourable learning performance of network
structure. (2) the RFSC, in which the gradient descent
method is used to derive the on-line parameter-learning
algorithms, has been derived and developed well.
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