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ABSTRACT. This paper addresses the robust controller design problem for a class of
fuzzy-neural systems that are robust against both the plant parameter perturbations and
controller gain variations. More specifically, the purpose is to synthesize a piecewise
Static Output Feedback (SOF) controller guaranteeing the stability of the resulting closed-
loop fuzzy-neural dynamic system. Based on piecewise quadratic Lyapunov functions and
the relazed method with Neural Network Differential Inclusion (NNDI), the intelligent
approach can be stabilized by requlating appropriately the parameters of dither and this
robust controller gains can be obtained by solving a set of Linear Matriz Inequalities
(LMIs). The superiority of proposed method is verified through numerical examples.
Because the design of efficient and high-performance control systems is of fundamental
interest to engineers, systematic methodologies are to be used for the combined intelligent
and active control system synthesis in many applications.
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1. Introduction. Chaotic behavior is abundant both in nature and in man-made devices
and has been extensively demonstrated in the last few years; see, for example, [1-3] and
the references therein. Chaos is an irregular, seemingly random, dynamic behavior of a
deterministic system displaying extreme sensitivity to initial conditions [4]. Moreover,
chaos is occasionally desirable, but usually not expected since it can degrade performance
and limit the operating range of many physical devices. Hence, the ability to control
chaos is of much practical importance [1,5-7]. After the pioneering work of Ott, Grebogi
and Yorke (OGY) [8], controlling chaos has become a challenging topic in the field of
nonlinear dynamics [9].

It has long been known that the injection of a high frequency signal, known as a dither,
into a nonlinear system, just ahead of the nonlinearity may improve its performance.
Better performance is viewed as less distortion in the system output, augmented stability,
quenching of limit cycles and jump phenomena [10]. A rigorous analysis of stability in
a general nonlinear system with a dither control was given in [11]. It was shown that
the trajectory of a dithered system can be predicted rigorously by establishing that of its
corresponding mathematical model — the relaxed system (as defined later), provided the
dither has a high enough frequency.

In brief, if a controller cannot stabilize the chaotic system, a dither of an auxiliary is
injected into the chaotic system and then the chaotic system is stabilized asymptotically
by regulating the dither’s parameters. Moreover, system reliability analysis of modified
support vector machines with particle swarm optimization is proposed for the improve-
ment of the control system [18]. A increasing number of intelligent tools are used to
analyze and design the controlled systems [19-22]. In order to catch up with the previous
techniques, the purpose of this paper is to propose a novel approach to control chaos. The
performance of chaotic systems is the sources of the instability and the criterion of the
controlled system can be guaranteed by the proposed methodology in this paper. Section
2 is to consider a chaotic system with dithers and the parameters of dither are regulated
such that the relaxed system is asymptotically stable. Section 3 is an example which
demonstrated the relaxed system and dithered chaotic system have been controlled with
the methodology. Section 4 shows the conclusions for the proposed design methodology.

2. System Description. Consider the chaotic system depicted by the following equa-
tion:

#(t) = F(z,1), (1)

where z(t) is the state vector and F' is a vector-valued function which satisfies those
assumptions of general continuity and boundedness given in [11].

In order to eliminate the chaotic motion, a dither d(¢), with a finite number N of
switchings, is injected into the chaotic system (1). Thus, the dithered chaotic system is
described as

#(t) = F(x,t,d). (2)

The algorithm for constructing the dither signal is given as follows: The time interval
(0,77 is divided into an arbitrary number N of equal subintervals. The beginning of
the first interval, the end of the first interval, the end of the second interval and the
end of the Nth interval are denoted by tg, t1, to and ty, respectively. Dividing every
interval [tg,try1] for £ = 0,1,2,..., N — 1 into n subintervals, the length of the jth
subinterval will be o (ty)[tg+1 — ti] for j =1,2,...,n and the control ;(¢;) is applied at
the jth subinterval. Hence the repetition frequency, shape and amplitude of dither can be
determined by regulating the parameters N, «o;(t;) and §;(t;). In order to illustrate the
algorithm, an example of constructing a periodic dither is given in the following figure.
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F1GURE 1. A periodic dither signal

From Figure 1 discussed above, we can infer that if the dither has a sufficiently large
frequency and a proper membership function is chosen in fuzzy relaxed system.
The corresponding relaxed model of the dithered chaotic system (2) is defined as [11]:

ap(t) = Z%(t)F(mef,ﬁj)a (3)

0<a(t) <1, zn:ozj(t) ~ 1 (4)

2.1. The trajectory by dithered chaotic system. It was shown in [12] that the
absolutely continuous curve z,(t) satisfying Equation (3) is the uniform limit of curves
xy(t), N =1,2,..., satisfying Equation (2). That is to say, as the frequency of dither goes
to infinity, the trajectory described by the dithered chaotic system (2) will approach that
of the relaxed system (3). Hence, the relaxed system may be viewed as the mathematical
model of the chaotic system with a dither of high enough frequency. If the relaxed
system is asymptotically stable and the number N of switchings in d(t) is chosen to be
sufficiently large, then the dithered chaotic system is approximated by its corresponding
mathematical model — the relaxed system and the approximation improves as N increases.
Consequently, the behavior described by the dithered chaotic system and the behavior
of the relaxed system would be made as close as desired, and then the chaotic motion is
converted into a steady state.

2.2. Periodic dither signal. In real systems, the dither is generally chosen to be a
periodic signal and then the parameters o, (t) and f,,(t) are independent of time. Hence,
a periodic dither signal is considered in the remainder of this study [13-17].

IF zgi(t) is Mri(Qm, Bm) and ... and xgg(t) is Mgik(Qm, Bm)

THEN ug(t) = —Kiégp(t), i=1,2,...r (5)

Observer Rule :
IF zg1(t) is Mri(aum, Bm) and ... and xgg(t) is Mgik(Qm, Bm)

THEN i’R(t) = Ai(am, Bm)Zr(t) + Bi(m, Bm)ur(t) + L; (yr(t) — yr(t)), (6)

where yR<t) = Di(ama 5m)$R(t)> QR@) = Di(ama 5m)iR(t) and 1 = 17 27 sy T (7)
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Thus, the overall machine learning fuzzy controller and machine learning fuzzy observer
can be written as:

S wilan(t). o, Bu) Kid a(t)
wp(t) = — i=1

_ : (8)
Z wi(zRr(t), A, By

Z wi(-TR(t)7 Qmy,y ﬁm) {Ai(am7 Bm)iR(t) + B; (Oé'rrn /Bm)UR(t) + L; (yR(t) - gR(t))}
ir(t) = =

T Y (9)
Z wi(xR(t)7 Am, ,Bm)

where .
Z wi<xR(t); O, 5m)Dz(Oém7 ﬁm)'@R@)
Jr(t) = =

; (10)
Z wi('rR(t)’ Ay, Bm)

That means the control force could be regulated by the frequency of injected dither.
Therefore, we get

&R (1)

3 Y wiler(®), am, Bm)w; (@R (®), am, Bm) { (Ai(am, Bm)2R(®) = Bilam, Bm)K;) 2R (1) + LiDj(am, bm) (2 () — 2r(1)} (11)
— i=15=1 11

wi(z g (), am, Bm)w;(zR(t), am, Bm)

it
M=

<.
Il

1

The augmented systems can be derived by the following equation:

Z Z wi(xR(t), um, Bm)w; (2 (1), i, ﬁm)Aij(O‘ma Bm)TRa(t)

i=1 j=1

j:Ra(t) = r r ) (12)
Z Z wi(xR(t)’ Qmy,y ﬁm)wj(xR(t)’ A, ﬁM)
where zpq(t) = [ izgg } , #r(t) = zr(t) — 2r(t) and
It Az O‘maﬂm — Bz Oém,ﬂm Kj Bz ozm,ﬁm Kj
Aij(aum, Bm) = { ( ) 0 ( ) Ai(amaﬂ’ng) _ Lil%j(amyﬁm) - (13)

The premise variables z(t) depend on the state variables estimated by the machine
learning fuzzy observer, which are unknown. The controller is

Z wz(i'R<t)7 A,y 5m)Kzi'R(t)

Z wi(i'R(t)a A, ﬁm)
i=1
Moreover, a machine learning fuzzy observer is
D wil@r(t); am, Bm) {Ai(am, Bn)Er(1) + Biam, Bn)ur(t) + Li (yr(t) — gr(1)}
br(t) = = , (19)

Z wi(iR(t)v Qmy,y ﬁm)
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where 0 < o(t) <1, Zozj(t) = 1. (16)
The closed-loop machine learning fuzzy relaxed system is rewritten as follows:

Z Zwi (ZRr(t), am, Bm) Wi (R (L), Am, Bm) {Ai(Qm, Bm)Tr(t) — Bi(am, Bm)K;Zr(t)}
in(t) = =12 — , (17
SN wi(@r(t), am, Bm) wy (£R(E), A, Bm)

i=1 j=1

..
HM%
~

Z wi (@R(4), am, Bm) wj (TR (), am, Bm) {(Ai(am, Bm) — Bi(am, Bm)K;) #r(t) + LiDj(am, Bm) (s g () — 2 (1))}
=

ERp(t) — T
>3 wi(2Rr®), am, Bm) wi (2R (), am, Bm)

i=1j=1

Therefore, the augmented systems can be represented as follows:

Zzzwz CER amv/@m)wj (iR(t)vamvﬁm)ws (i’R(t) amaﬂm) stRa(t)
j}Ra(t)—llj 1s=1 , (19)
Zzzwl xR(t)vamvﬁm)wj (iR(t)vamvﬁm) Ws (iR(t)vam:Bm)

i=1 j=1 s=1

where

_ z (t) A A’L(armﬁm) - Bi(amvﬁm)Ks B (amaﬁm)K
.CERa(t) - [ i;(t) :| y Aijs(am>ﬁm) S'L]:js<am7/8m) Sfjs(am”&n) )

Szljs<am7 6m) = (Ai(amu Bm> - Aj(ama Bm)) - (Bi(ama Bm) - Bj(ama Bm))K
+ Lj(DS(aﬂ"w ﬁm) - Di(amv 6m))>

and S%g(ama Bm) = Aj(amaﬁm) - LjDs(amy Bm) - (Bi(amyﬁm) - Bj(arm 6m))K

3. Neural Network Model for Chaotic Systems. From the discussion above, we
can infer that if the dither has a sufficiently large frequency and a proper membership
function in fuzzy relaxed system and dithered chaotic system is suitably chosen. This
enables a rigorous prediction of the stability of the closed-loop dithered chaotic system
by establishing that of the closed-loop machine learning fuzzy relaxed system.

A neural-network-based model is described as follows:

X(t) = w7 (WIS (W2 (. 02 (W20 (WIA(D)) ), (20)

where AT(t) = [XT(t) UT(t)], with XT(¢t) = [ 21(t) a2(t) --- xs(t) ]. We assume
S layers and each layer has R° (o = 1,2,...,S) neurons, in which z;(f) ~ x5(t) and
uy(t) ~ un,(t) are the input variables. The notation W denotes the weight matrix of the

oth (¢ = 1,2,...,95) layer. The transfer function vector of the oth layer is defined as

V()= [ T(n) T(vs) - T(vge) ] .

The Neural Network Differential Inclusion (NNDI) system can be described in the
state-space representation (see Hu [23] and Liu et al. [24]) as follows:

Y(t) = A(a()Y (t), Ala(t)) = Z hi(a(t))As, (21)

According to the interpolation method and Equation (19), we can obtain:

X(t)zléhgs(t)Gf (WS[ [Zh G2<W2 [Zh e WlA())D] m

=) hae (t)Ear A(t). (22)
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Finally, based on Equation (22), the dynamics of the NN model (18) can be rewritten as
the following Neural Network Differential Inclusion (NNDI) state-space representation:

- Z hi () E;A (). (23)

The NNDI state-space representation (23) can be further rearranged as follows:

hi(#){A: X (¢ (24)

=1

where A; is the partitions of E; corresponding to the partition A(t).

Based on the above modeling schemes for the NN-based approach, the nonlinear struc-
tural system can be approximated as an NNDI representation (24). The NNDI represen-
tation follows the same rules as the T-S machine learning fuzzy model, which combines the
flexibility of machine learning fuzzy logic theory and the rigorous mathematical analysis
tools of a linear system theory into a unified framework. To ensure the stability of the
TLP system, the T-S machine learning fuzzy model and the stability analysis are recalled.
First, the ith rule of the T-S machine learning fuzzy model, representing the structural
system, can be represented as follows:

Rule i: IF xy(t) is M;; and --- and z,(t) is M;,,

THEN X (t) = A X (t) + A X (t — 7) + Eip(t), (25)

wherei = 1,2,...,r and r is the rule number; X (¢) is the state vector; M;, (p =1,2,...,9)
are the machine learning fuzzy sets and x;(t) ~ x,(t) are the premise variables. Through
using the machine learning fuzzy inference method with a singleton fuzzifier, product
inference, and center average defuzzifier, the dynamic machine learning fuzzy model (25)
can be expressed as follows [16,17]:

sz t) + A X (t—7) + Eig(t)]

Z w;(t)

X(t) =

= i hz(t)[AlX(t) + /_liX(t - T) + EZ¢(t)}

4. Example. In order to verify the feasibility of our approach in a practical physical
system, a modified Chua’s circuit system is considered as follows [3]:

. 1

=z = o) =p (2 3ot - 1))
jfg =T — To+ T3

Ty = —qTo

(26)

where p > 0 and ¢ > 0 are system parameters; x; and x5 are the voltages across two
capacitors; and w3 is the current through the inductor. According to the tests in [3],
the system parameters (p = 10, ¢ = 100/7, and the initial condition 0.65) would make
the uncontrolled modified Chua’s circuit (26) exhibit a chaotic attractor (as shown in
Figure 2); specifically the so-called double scroll attractor. Therefore, a dither d(t) with
sufficiently high frequency is added in front of the nonlinearity f(-) to eliminate the chaotic
motion. Hence, the modified Chua’s circuit with dither can be written as follows:

1 (t) = 10(z2(t) — f21(t) +d(1))); 22(t) = 22(t) —2a2(t) +23(t); @5(t) = ———22(t) (27)
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FI1GURE 2. Phase portrait of the Chua’s circuit

We try to find a dither signal for the modified Chua’s circuit in the form of a square-
wave. Based on (3), the corresponding relaxed model of the dithered Chua’s circuit (27)
is established as the following equations:

Ty, (t) = 10 (22, (t) — cr (t) f(21r(t) + Br(t)) — ca(t) f (21, () + Ba(2))) 5

28
Top(t) = 11,(t) — 2 (t) + 3.(1); T3,(t) = —£701U2r(t) e
in which
as(t) =1— oy (t), (29)
Oél<t> = 05, OéQ(f) = 05, (30)
Ait) = =fa(t) = A, (31)
where A is a real constant number. Substituting (30) and (31) into (28), we have
l = x ! x3 21y — 1 ;
i1,(6) =10 (2 (0) = (202, (0) + 04 0= ) -
Tor(t) = @1, (t) — 2o (8) + 23, (£); &3,(8) = —Tx%(t).

Every temporary state of the inverted pendulum system can be decomposed by fuzzy
[F-THEN rules; by combining all decomposed fuzzy IF-THEN rules, the whole nonlinear
system can be approximated. Similar schemes can be found in previous studies. Hence,
the approximated nonlinear system via T-S fuzzy model is decomposed as follows:

Rule 1: TIF » > 2, THEN @ = A& + Byu; Rule 2: IF z =~ g5, THEN & = Ayx + Byu.

We approximate the nonlinear function g(v¢, ) by a fuzzy model. A fuzzy approximation
method, proposed by [14,15], is used to approximate the nonlinear function. The nonlinear
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function can be exactly described by a fuzzy model,

gl(/UCl) < g(UC1) < 92(7}01)'

By means of Laypunov’s direct method, one can get that the relaxed system (32) is
asymptotically stable if A (the amplitude of dither) is greater than 1.65. Here, we let the
frequency of the symmetrical square-wave dither be 2000 rad/s and plot the bifurcation
diagram (maxima of x,(t) versus A) of the dithered Chua’s circuit (27) in Figure 3. It
shows that the dither with amplitude greater than 1.65 can convert the chaotic motion
into a steady state. When the symmetrical square-wave dither with A = 1.7 is added
after 60 seconds, the time responses of x;(t) for the relaxed system (11) and the modified
Chua’s circuit with dither (w = 200 rad/s and w = 2000 rad/s) are shown in Figure 4.

4 T T T T T T T T T

maximum of x1
o -
0
Ex B
g ]
ok ¢
hw
‘J!

et 4
2t ﬂ
ak |
_4 1 1 1 1 1 1 1 1 1

0 02 04 06 08 1 1.2 14 16 18 2

amplitude A

Ficure 3. Bifurcation diagram with a symmetrical square-wave

We can see from Figure 4 that the system converges to a steady state after injecting
the dither signal. The phase portrait of the relaxed system (11) with A = 1.7 is shown
in Figure 5. Moreover, Figure 6 and Figure 7 are the phase portraits of the modified
Chua’s circuit with a symmetrical square-wave dither (A = 1.7, w = 2000 rad/s) and a
symmetrical square-wave dither (A = 1.7, w = 200 rad/s), respectively. It is obvious that
the trajectory of the dithered Chua’s circuit system is approximated by the trajectory
of its corresponding relaxed system and the approximation improves as the frequency
of dither increases. This fact enables us to get a rigorous prediction of the dithered
chaotic system’s behavior by establishing that of the relaxed system. The results should
be generally applicable to other chaotic systems as the principle is the same.

5. Conclusions. A novel fuzzy controller for chaotic systems is proposed in this paper.
If a fuzzy controller cannot stabilize the chaotic system, a dither, as an auxiliary of the
controller, is injected into the chaotic system and then the chaotic system is stabilized
asymptotically by regulating the dither’s parameters. In this study, a fuzzy controller
and a fuzzy observer are proposed via the parallel distributed compensation technique to
stabilize the chaotic system.
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