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This paper addresses the problem of designing robust tracking controls for a class of switched
fuzzy (SF) systems with time delay. A switched fuzzy system, which differs from existing ones,
is firstly employed to describe a nonlinear system. Next, a fast switching controller consisting of
a number of simple subcontrollers is proposed. The smooth transition is governed by using the
fast switching controller. Tracking hybrid control schemes which are based upon a combination of
the H, tracking theory, fast switching control algorithm, and switching law design are developed
such that the H,, model referent tracking performance is guaranteed. Since convex combination
techniques are used to derive the delay independent criteria, some subsystems are allowed to be
unstable. Finally, various comparisons of the elaborated examples are conducted to demonstrate
the effectiveness of the proposed control design approach. All results illustrate good control
performances as desired.

1. Introduction

Recent years have witnessed rapidly growing interest in switched systems which are an
important class of hybrid systems [1-6]. Time delays, due to the information transmission
between subsystems, naturally exist in switched systems, and the existence of the delay
is frequently a source of instability. So, much research has been devoted to the study of
switched systems with time delay [7-11]. Since switched systems with time-delay have
a strong engineering background, special attention has been attracted, and several useful
results have been reported in the literature such as the issues on stability analysis [12-15],
H,, filtering [16], and tracking control [17].

From the middle of the 1980s, there have appeared a number of analysis problems
about T-S fuzzy systems [18-28], and recently, switched systems have been extended further
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to encompass fuzzy systems too. Very notably, the stabilizability conditions and smoothness
conditions for fuzzy switching control systems were reported. For the continuous-time case, a
combination of hybrid systems and fuzzy multiple model systems was described, and an idea
of the fuzzy switched hybrid control was put forward [20]. Based on the T-S fuzzy systems,
Tanaka et al. [21-24] introduced new switching fuzzy systems for more complicated real
systems such as multiple nonlinear systems, switched nonlinear hybrid systems, and second-
order nonholomonic systems. Tanaka et al. also addressed why the switching fuzzy model
not the T-S fuzzy model is needed with a practical example in [21-23]. For the discrete-time
case, Choi gave some extensions in [21-23] to output control [25] and to guaranteed cost [26]
control designs. This class of the model [21-23] has two levels of structures. It will switch
between the second level region rules according to the first level region rules. In fact, it is a
type of switching for the same premise variable.

To effectively achieve nonlinear control, we propose the SF model [27]. The proposed
corresponding model of SF systems, presented below, differs from the existing ones in the
literature cited in the fact that each sub system is a T-S fuzzy system hence defining a class
of SF systems. Usually, this class of systems can precisely describe continuous and discrete
dynamics as well as their interactions in the complex real-world systems. It should be noted
this class inherits some essential features of hybrid systems [29] while retaining all the
information and knowledge representation capacity of fuzzy systems [30].

Comparing with the previous work [21-23], this model of SF system has not two
levels of structures, but it is switching between each of the subfuzzy systems directly, not
depending on region fuzzy rules. That is to say it is extended further for the switching fuzzy
systems. Furthermore, this model is used for the extra design of the switching law based on
the previous work [21-23]. In the case, stability analysis is often facilitated by the fact that
properties of each individual subfuzzy system are of concern only in the regions where this
subsystem is active, and the behavior of the sub fuzzy systems in other parts of the state
space has no influence on the SF system. It is possible to find a switching law that renders
the SF systems stable for instable sub fuzzy systems. Also, switching law can be designed
by arbitrary form, not only depending on fuzzy rules as [21-23]. To the authors’ knowledge,
the issue of tracking control, which has been well addressed for switched systems with delay
[17, 31] and fuzzy systems with delay [32-34], has been rarely investigated for SF systems
with time-delay. The recent paper [35] has investigated the adaptive robust tracking control
of SF systems; however, time delays are not considered. Tracking control for SF systems with
time delay which is based on designed switching method is still an open and interesting issue.

On the other hand, traditional parallel distributed compensation (PDC) control [21-23,
36] is good at handling switching fuzzy systems subject. However, an undesired chattering
effect will occur. Throughout this paper, the fast switching controller, which consists of a
number of simple subcontrollers, is designed from sub fuzzy system of SF model. One of the
sub-controllers will be active at a time according to some switching laws derived from the
Lyapunov stability theory. Consequently, a fast switching controller, which provides good
system performance and has no chattering effect when the system state approaches the origin,
can be obtained. Furthermore, a switching function is employed to alleviate the chattering
effect during the transient period.

In this paper, we investigate the problem of tracking control for SF systems with time
delay by using a switching method. Sufficient conditions for the solvability of the tracking
control problem are given. We use single Lyapunov function technique and the fast switching
controller to design a tracking control law, such that the H,, model reference tracking
performance is satisfied. Since convex combination techniques are used to derive the delay
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independent criteria, some subsystems are allowed to be unstable. It is highly desirable that
a nonswitched time-delay system cannot earn such property. Finally, the simulation example
shows the validity of the proposed methods.

This paper is organized as follows. Section 2 reviews a switching fuzzy system.
In Section 3, we describe the model of a SF system of time-delay case. In Section 4,
new stabilization and the fast switching controller are derived. Two compared example
simulations will be presented in Section 5. Finally, a conclusion will be drawn in Section 6.

2. Preliminaries

Consider a switching fuzzy model defined by Tanaka et al. as follows [21-23]:
region rule j:

if z1(t) is Nj; and...and z,(t) is N, (2.1)

then
local region rule i:

if z1(t) is Mj;; and...and z,(t) is M,
then
x(t) = A]-ix(t) + Bl-iu(t), (22)

y(t) = Cjix(t),
i=12,...,r, j=12,...,s.

z1(t), ..., zp(t) are the premise variables. M1, ..., Mj;, are the fuzzy sets. r is the number of
the if-then rules. This switching fuzzy model in [21-23] has two levels of structures: region
rule level and local fuzzy rule level. The region rule is crisply switched according to the
premise variables. s is the number of region partitioned on the premise variables space.
Nk (z(t)) is a crisp set.

Where

1, =z(t) e N]'k

) (2.3)
0, otherwise.

Nik(z(t)) = {

The following final output of the switching fuzzy model (2.2) is inferred by Tanaka et
al. in [21-23]:

x(t) = E E v (z(t)hji(z(t) {Ajix(t) + Bjiu(t) },
71 im1
(2.4)

y(t) = D > vi(z(t) hji(z(1)) Cjix(t),

j=1 i=1
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where

p / p .o
- k:1:\fzk(2k(t)) ) his(2(6) = — k=1p]VI]lk (zx (1)) /
21 i N 201 2t [Ty Mk (2 (1)

vj(z(t)) =

0 (=(t)) = {1, z(t) € Region j

0, otherwise,
S
Region 1URegion 2U---Region S = U Region j = X,
=1
Region j; NRegion j> = ¢,

jl#jZ/ j1=1121"'lsl j2=1121"’lsl

(2.5)

where X denotes the universe of discourse. When the variables z(t),...,z,(t) satisfy the
condition of the region rule, the fuzzy model which belongs to the local region rule below the

region rule is active.

The idea of Tanaka et al. is simple and natural. They explain the idea through the

following example [21].

Example 2.1. Consider a switching fuzzy model with the membership functions in Regions 1

and 2 as shown in Figure 1.
Region rule 1:if x,(t) > 1
then

local region rule 1: if x5(t) is hy1(x2(t))

then x(t) = A11x(t) + Bnu(t)

local region rule 2: if x,(t) is hia(x2(t))

then x(t) = A1px(t) + Biou(t)
Region rule 2: if x,(t) < 1
then

local region rule 1: if x5(t) is hoi (x2(t))

then x(t) = A21x(t) + B21u(t).

local region rule 2: if x,(t) is hxn(x2(t))

then x(t) = A22x(t) + B22u(t).

(2.6)

2.7)

(2.8)

(2.9)
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Region 2 ! Region 1
I
1 Rule2 Rulel,Rule2 Rulel
0
-3 1 5

x2(t)

Figure 1: Membership functions of switching fuzzy systems in regions 1 and 2.

The membership functions of each local T-S fuzzy model are assigned as follows:

x(t) -1

I (xa (1)) = {T 1<x(t) <5
L x2(t) > 5,
—xz(t) +5

hi2(x2(t)) = {T' 1<x(t) <5
0, x,(t) > 5,

(t+3 (2.10)

Xo(L) +

ho1 (x2(t)) = {T' -3<x(t) <1
0, xX(t) < -3,
—x(t) +1

h2 (x2(t)) = {T -3<x(t) <1
L x(t) < -3.

It can be seen from Figure 1 that the connecting rules that bridge between region 1 and
region 2 are rule 2 in region 1 and rule 1 in region 2.

Differing from the existing switching fuzzy systems [21-24], we propose the SF model
[27]. Now we introduce the SF systems.

When subsystems of the switched systems are T-S fuzzy systems, the systems are
switched fuzzy systems. Sketch map of the switched fuzzy systems is depicted in Figure 2.
Q; denote the state area of the ith switched subsystem. Q;; denotes the Ith subfuzzy area in
Q;. In fact, the switched fuzzy systems again partition the €; subarea into I subfuzzy areas
Qit, ..., Qi,...,Qje. There is local linear model in every subfuzzy area, namely, local linear
model in Qy is X(t) = Aux(t) + Byu;(t). The model of every switched subarea Q;,...,Q,, is
composed of local linear model which is linked by fuzzy membership function. We design
the switching law for sub fuzzy area model to ensure stability of the switched fuzzy system.
When local model in subfuzzy area satisfies the switching law, we switch to the €;th sub
system to ensure stability of the switched fuzzy system.

Now, we define SF model including Ny ) pieces of rules as follows:

R} ¢ if Toen (1) is My, ---and oy (t) is M.

L (2.11)
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Ql Qi Qm

Qi = Qu o~ Qg Qn o+ Qi Qe Qua = Quut = Qe

Figure 2: Sketch map of switched fuzzy system.

then
xX(t) = Asux(t) + Boyuony (t), 1=1,2,...,Nop), (2.12)

with
ot): M=1{1,2,...,m}, (2.13)

where is a piecewise constant function, called a switching signal.

Rg p denotes the Ith fuzzy inference rule, Ny() are the number of inference rules,
Us(r)(t) is the input variable, x(t) is the state variable vector, A and By are matrices
of appropriate dimensions, X, ()1, Xo(t)2, - - -, Xo(t)p are the vector of premise variables.

Comparing with the previous work [21-23], the SF model breaks through two levels of
structures, but it is switching between each of the sub fuzzy model directly. Particularly, when
the parameters sudden change or discontinuous change, the switching rules can be designed
as any combinational function of variables, which make up the insufficiency of the switching
depending on the single variable of the switching fuzzy model. That is, the SF systems are
extended further for the switching fuzzy systems (2.2)—(2.4).

3. Novel Models of Switched Fuzzy Time-Delay Systems

So in here, we shall introduce an innovated representation modeling of SF time-delay
systems. In this model, each subsystem is a fuzzy time-delay system, namely, sub fuzzy time-
delay system.

Consider the SF time-delay model including N pieces of rules as follows:

Ry ¢ if Ton(t) is My, - and Xowp(t) is My,
then x(t) = Ao—(t)lx(t) + Do—(t)lx(t -d)+ Bo—(t)lua(t)l(t) +w, 1=1,2,... /No-(t), (3.1)

y(t) = CO’(t)lx(t)/ x(t) = (P(t)r te [_T/ 0]
with
ct)y:M=1{1,2,...,m}, (3.2)

where is a piecewise constant function, called a switching signal.
uswi(t) € RTis the control input, x(f) € R" and y(t) € R® denote the state vector
and the output vector, respectively, w € R" is the bounded exogenous disturbance, As(; and
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Dg 1y € R™" are known system matrices, and By € R™ is the input matrix. Coy; € R¥" is
the output matrix, d is the constant bounded time delay in the state and it is assumed to be

0 < d < 7, and the initial condition ¢(t) is a differentiable function or constant vector.
It is readily seen that the ith sub fuzzy system can be represented as follows:

R} :if X (t) is My, ...and Fp(t) is M}, (3.3)

then

x(t) = Aux(t) + Dyx(t - d) + Byuy(t) +w, 1=1,2,...,N;, i=1,2,...,m. (3.4)

Therefore the global model of the ith sub fuzzy system is described by means of the
equation as follows:

N;
x(t) = Y na(Xi(t) [Aux(t) + Dax(t - d) + Byua(t) + w), (3.5)
=1

along with

Ni
0<mu(xi(t) <1, Zﬂil (xi(t) =1,
=1

(3.6)
w; (X;(t))

p
= = (% 1(Ti(t)) = ——m
wir(Xi(t)) pl :1| M, (Zip(®),  ma(xi(®)) S wa(®(h)

where Mﬁ ) (xip(t)) denotes the membership function which X;,(t) belongs to the fuzzy set
M.
ip

4. Design of Fast Switching Controllers and Switching Law

Given a reference model
%r(t) = Arxy () +7(t), x,(0)=0 (4.1)

and performance index
tr ts
f el (t)er(t)dt<y2f @' (t)ao(t)dt, (4.2)
0 0

where x,(t) € R" is reference state, A, is a Hurwitz matrix, r(f) is bounded reference
input, e,(t) = x(t) — x,(t) denotes the error between the real state of the switched fuzzy
time-delay system (3.1) and the reference state, t; is the control terminated time, (w(t) =

(T (t) =T (t) T (1)))", and y > 0 is a prescribed attenuation level.
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Definition 4.1. The system (3.1) is said to be quadratically stable if there exists positive definite
matrix P and state-dependent switching law ¢ = o(x) such that the quadratic Lyapunov
function V(x(t)) satisfies V(x(t)) < 0 for any x(t) #0 along the system state trajectory from
arbitrary initial conditions.

It should be noted, in this definition the existence of state is dependent on switching
law 0 = o(x) and how to construct it. It is therefore that it can be pursued the way it is
most appropriate for the given class of plant system and the investigated control synthesis
so as to obtain the desirable design, preferably the one guaranteeing global asymptotic or
exponential stability [1-5]. It is this fact that has been exploited in the sequel in conjunction
with the choice of the switching laws in Theorems 4.3.

In here, for system (3.1), if there exist control input u = u(t) and switching signal
o = o(t) such that (3.1) is quadratically stable when ¢ = 0, and (4.2) is satisfied when «w#0
under the initial conditions stated in (3.1) and (4.1), then the switched system (3.1) is said to
have H,, model reference tracking performance.

Our purpose is to design a controller u = u(t) and a switching law such that system
(3.1) has the H,, model reference tracking performance.

Remark 4.2. The H,, tracking control problem for a switched fuzzy time-delay system is
solved by Theorems 4.3-4.6. When M = {1}, switched fuzzy time-delay system (3.1)
degenerates into a general fuzzy system, and the H, tracking control problem becomes the
standard H, tracking control problem for fuzzy systems.

Now a fast switching controller is employed to control the switched fuzzy time-delay
model of (3.1). The fast switching controller consists of some simple subcontrollers. These
sub-controllers will switch among each other to control the system of (3.1) according to an
appropriate switching scheme. It is shown in the sequel how to design controllers to achieve
quadratic stability in the closed loop and under the switching law.

The fast switching controller for the sub fuzzy time-delay system is described by

uy(t) = Zpllu(er(t))RB Pie,(t), (4.3)

where pjiq (e, (t)) takes the value of 0 or 1 according to a switching scheme discussed later, R €
R4 and Py, € R™" are symmetric positive definite matrices to be designed, and (-)" denotes
the transpose of a matrix or a vector.

Combining (3.1) with (4.1) and (4.3), we get the augmented system as follows:

N; N;

r(t o 1A 1Al — A, (¢

[e () anlBll<_ZpilaRBg;1P11> N ;ﬂl 1 ;711 1 [e (£)
a=1

0 A x(t)
(4.4)

HMZ

TlllDll ZrlllDll er (t - Zﬂzlw —-r
=1 xr(t — T) =1 :
0 0 r
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Thus, the system (4.4) can be rewritten as

N N N;
X(t) = D muAuX(t) + > muDaX(t —7) + D mac(t), (4.5)
I=1 1=1 1=1
where
N; ;
~ - (t ~ Bl — i1aRB: P, + Ay Ai— A,

0 Ar (4.6)
5. _ [Pi Di ~ _|w-1
pu= |3 ) e[

We have the following result.

Theorem 4.3. Suppose there exist positive definite symmetric matrixes P, S, Q, and constants 1;j, > 0
such that the following matrix inequalities are satisfied; then for a prescribed y?, Hy, tracking control
performance in (4.2) is guaranteed via the state-feedback controller (4.3) as follows:

m A};[P+Pgiji+S+Q Pfjij,- P
> * s o0 |<0 ji=12...,N;,i=12,...,m (47)
i=1 % * _YZI

And, the switching law is designed as
o < 5 ~
Aij,l +1 Al]i S+Q+y PP I Dz],].:.(t) <0,

Dl.Tji p -S

ji=1,2,...,Ni}}.

Proof. By Schur complement lemma, the condition (4.7) is equivalent to the following
inequality:

o(t) = arg min{Vi(t) £ m_ax{ET(t)[
Ji
(4.8)

m  [AL P+ PA; +S+Q+y?2PP PD;;,
> [ Ji ! 5T p -s] <0 (4.9)
i=1 iji
From (4.9) we know that for any =(t) #0, it holds that
m AT P+ PA;; +S+Q+y2PP PD;;
> ET () [ i " Q+y ]’] =) <O0. (4.10)
i=1 Dijip -
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Note that (4.10) holds for any j; € {1,2,..., N;} and \;;, > 0, then there exists at least an i such
that for any j

AT P+PA;; +S+Q+y2PP PD;;
”T(t)[ i b Q+y ”‘]E(t)<o. 4.11)

- DI p

=
1]i

Thus, the switching law defined by (4.8) is well defined.
Now define a quadratic Lyapunov-Krasovskii functional candidate

V(x(t) = X" () PX(t) + ft %7 (0)S%(0)d6. (4.12)

t-1

which is positive definite, since P and S are positive definite matrices.
First, we will prove that the system (4.5) is quadratically stable while ¢ (t) = 0. The
time derivative of V (t) is

V(Z(t) = & (H)PX(t) + XL () PE(t) + ¥ (t)SF(t) — ¥ (t - T)SX(t - 7)

N,‘ - - N,‘ - N,' -
= S mE (t) (Agp + PAg)i(t) + > naF () PDyx(t - 7) + > i’ (t - )DL PR(1)
=1 1=1 =1

+ X1 (H)SX(t) - XL (t - T)SX(t - 7T)

N; AT A >
A.P+PA;+S PD;
=T il il | =
= = (t i L =(1),
121111 ()[ Brp —S] (t)
(4.13)
where Z(t) = [i’(?t(_t)r) .
Then from (4.11), it holds true that
ET(t) AEIP + PAlllj S+ Q + Y_ZPP PDiji E(t)
Dl.T].l_P -S
Azj;,P + PAij,- +S Pfjiji
— ':'T( ) 53;13 =S ':‘(t) (414)
Q+y2PP 0 7
0 0

<0

in which i = o(t) given by (4.8). Taking (3.6), (4.11), and (4.14) into account we deduce
that (d/dt)V(x(t)) < 0, Z(t) #0. Therefore, system (4.5) is quadratically stable under the
switching law (4.8).
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Next, under the zero initial condition we prove

t t
ff el (te,(t)dt < y* f ' @' (t)éo(t)dt  when @(t) #0. (4.15)
0 0

Differentiating the Lyapunov-Krasovskii functional candidate along the trajectories
X(t) of the system (4.5) gives

Ni AT
. - ATP+PA;+S PD; -
V(E() = Zmz:T(t)[ et ’] (t) + 22’111 (OP(H).  (416)
1=1 il
So we get
2xXT (HPéo(t) <y 2xT (t)PPX(t) + 2@ ()@o(t). (4.17)
then
N; AT -2
. - A.P+PA,+S+ PP PDI -
V() = Zqﬂ;T(t)[ il [;Tp Y ’] ) + Zq,lysz(t)w(t) (4.18)
1=1
By the switching law (4.11), when the ith subsystem is active, it gives that
ATP+PA;+S+y2PP PD -Q 0
=T il il Y iz =T =
= (t)[ brp g ]H(t) <= (t)[ 0 O]_.(t). (4.19)
Substituting (4.19) into (4.18), we obtain
. N; N;
V(E() < =D maX" (HQX(t) + D may’@" () (t), (4.20)
1=1 1=1
where
X1 (H)Qx(t) = e ef(t) =el(t)e,(t). (4.21)
xr (£)
Substituting (4.21) into (4.20) results in
. N; N;
V() < =D mael (e (t) + D> may*@" ()@(t). (4.22)
1=1 1=1
It is easy to derive [37]
tr tr
f el (e (t)dt < yzf @ (t)ao(t)dt. (4.23)
0 0

That is (4.2), and the H,, control performance is achieved with a prescribed y?. O
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It is noted that Theorem 4.3 gives the sufficient condition of ensuring the stability of
the SF time-delay system (3.1) and achieving the H,, tracking performance (4.23). However,
it does not give the methods of obtaining the solution of a common positive matrix P for
(4.7). In general, it is not easy to analytically determine such a common positive matrix, and
fortunately (4.7) can be transferred into LMlIs, which can be solved in a computationally
efficient manner using convex optimization techniques such as the interior point method
[38].

For the convenience of the design, we assume

_ Pll 0 _ 511 0
p_[ ! P] s_[o S] (4.24)

We obtain

=T Qi PDyl|-,,. - - ST NPT P
= (t)[ﬁiTzP s ]_(t)_ T(hQux(t) + X' (t — T) D] Px(t) o)

+ X1 ())PDyX(t — ) + X (t = T) (=S)X(t - 7),

where Q = ATP + PAy + S +y2PP + Q.

And
~ _[Pu O [Dua Du| _ [PuDa PuDy
PD”_[O Pzz][o o] | o 0 |
- Nl T -
<—ZPiIaRB,-TaP11> BI Py + Al Py
a=1
5T = Ni P11 Ay - P A,
Ayl + PAy = +P113il<—ZPilaRB,-TaP11> + P11 Aj ’
a=1
| Az;Pll — AzPH PzzAr + AIPZZ_J

~ Dj 0] 1p, o DjPy 0
DilP = [ 0 P ] = 7
D} 0 2 DiPy 0
F ()Qu(t) = el () Auer () + x] (1) (AT P11 = ATPu )er(t) + ef (8)(PriAa - PiA,)x: (t)

+xl(b) <P22Ar + APy + Sy + Y_2P22P22>xr(t),
(4.26)

N; T N;
Aj = <—ZpilaRBiTaP11> Bl Py + AL Py + Py By <—ZPiIuRBiTaP11>
a=1 a=1

+ P11Ai1 + 511 + Y_2P11P11 + 1.

(4.27)
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From (4.27), we have

ey (H)Aue (1)
N,' T Ni
= el (t) <—ZPiIaRBiT,1P11> B! Py + P By <_ZPiIaRB3,;P11>
a=1 a=1

+A5P11 + P11A,'1 + 511 + }’_ZPHPH + I] ér (t)

a=1

N; T N; T N; T
=er (1) { [<_Zpi’“RBiZP11> By Pii= 2 1ia (BizRBiTaPn) Pui+ ) Mia (BizRBiTaPn) P
a=1 )
N; N; N,
+ P11By <_ZpilaRBiTaP11> —ZﬂiaPu <Bi1RBiTaP11> +Z’1iapll <Bi1RBl.TaP11>
a=1 a=1 a=1
+AL Py + PriAg + Sy +y 2Py Py + I}er(t)
N; T N; .
=ef () {—Zmu (BilRBiTaPn) Pi = (pita — Mia) <Bi1RBl.Ta p11> Py
a=1 a=1
N; N
= D' 1iaPn1 <BilRBl-TaP11> = > (pita = Mia) P11 <BﬂRBl.7;P11>
a=1 a=1

+AL Py + PriAg + Sy +y 2Py Py + I}er(t)-

(4.28)
Let
1+ sgn(erT(t)PuBilRBiTuPuer (t))
Pilu = 2 7
(4.29)
(2) 1 ifz>0
sen(z) =
& -1 otherwise.

From (4.28), we have

er () Aier(t)

Ni
=e/ (1) {Zflia <—PanRBiT,P11 - Pi1ByRBLPiy + AL Py + Pii Ay + Sy +y PP + I)

a=1

Ni /1 +sgn(el (t)P;1ByRBL Piye, (1) 1 1 T
_221< g ( r 5 i ia r ) _ E _ <rlia — §> <Bi1RB3;1P11> Py er(t)
a=
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N;
= el (t) {Z’liu <—P11BiaRBiT,P11 — PByRB] P11 + Al Piy + PryAy + Si1 + y 2P P + I)
a=1

Ni T(t)P;1ByRBL Pie, (t T
_2Z<sgn(€r( )P1BiRB;, Piier () (Tlia - %)) <B,-,RBiTaP11> Pn}er(t)
a=1

2

N;i
< Z’]iaez(t) <_P11BiaRB£P11 — PByRB] P11 + A P11 + PriAy + Si1 + y 2P Py + I) er(t)
a=1

22 (1))

As 1, —1/2 € [-1/21/2], due to the property of the switched fuzzy model with time-delay, it
can be shown that (4.30) satisfies the following inequality.

el () Auer(t)

el (t)P11ByRB], Prye,(t)

(4.30)

Ni
< ZfliaerT(f) <—P113iaRBiT,P11 — P ByRB], P11 + Al Piy + P Ay + Si1 + y 2Py Py + I) e (t).
a=1
(4.31)

Hence, we can conclude that the closed-loop system of (3.1) is quadratically stable and
achieve the H, tracking control performance, if the stability condition of (4.32) is satisfied,
and the switching scheme of (4.8) is applied. The analysis result is summarized by the
Theorem 4.5.

Remark 4.4. Tt can be seen from (4.3) that the fast switching controller u;(t) consists of 2Vi
tracking controllers which are linear combinations of —RBiTuPner(t), a=12,...,N; Taking
into account the switching signal, in practice this controller is a hybrid switching-robust

controller.

Theorem 4.5. Suppose there exist positive definite matrixes R, P11, Pay, S11, Sx, and constants Ajj; >
0 such that the following matrix inequalities are satisfied; then for a prescribed y?, H, tracking control
performance in (4.2) is quaranteed via the state-feedback controller (4.3), and the switching law is
designed as (4.8)

T
—P11Big,RP11 — P11B;j; RB;y Py P Aij - PnA,  PuDy;,  PuD;;

+AL Pu + PrAjj + S +y PP +1
m PpA, + Al Py
PRt A} P~ Al Py 0 L
i=1 +S2 + Y 2Py Py

DiT;;-PU 0 =511 0
i DiTj,-P“ 0 0 —Sn |

ji=1,2...,Ni, 19i=1,2...,Ni, i=1,2,...,m.
(4.32)
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In order words, we formulate the finding of R and Pj; of (4.32) into LMI problem.
Considering (4.32) and multiplying both sides of (4.32) by the matrix diag{Pl_ll,I, I, 1}, we
restate as follows.

Theorem 4.6. Suppose there exist positive definite matrixes R, P11, P, S11, Sx, and constants A;j; >
0 such that the following matrix inequalities are satisfied; then for a prescribed y*, Ho, tracking control
performance in (4.2) is quaranteed via the state-feedback controller (4.3), and the switching law is
designed as (4.8)

_BiﬂiRBgi ~ By;;RBj, .
Aij = Ay Dy Dy Py 0
+P AL + Ay P 4y
i)li i} * PzzAr + AszZZ + 522 0 0 0 P <0
i * * -Si1 0 0 0 ’
* * * —522 0 0
* * *  —(I+ Shl 0
i * * * * * —YZI_

ji=1/2-~-/Nir 19‘1'=1,2...,Ni, i=1,2,...,m
(4.33)

Once we have R, Pi1, P», S11, and Sy, from (4.33), the tracking controllers (4.3) can be
constructed.

Remark 4.7. It can be seen that (4.33) is an LMI. R and Pj; can be solved readily by employing
some LMI tools. The analysis results, switching scheme and design of the fast switching
controller are summarized by Theorem 4.6.

5. Illustrative Examples and Results

In order to demonstrate the efficiency and feasible performance of the proposed control
synthesis, now we consider the model as follows:

R}:if x5(t) is M],, then x(t) = A11x(t) + Dyx(t — d) + Buuni (f) + w,

R2:if x(t) is M2, then x(t) = Apx(t) + Dipx(t — d) + Boun (t) + w,

R;: if x,(t) is Mél, then x(t) = Anx(t) + Dyx(t — d) + Boyup (t) + w,

R3:if x(t) is M3, then x(t) = Apx(t) + Dox(t — d) + Boux(t) + w.

Also, this model is used for the extra design of the switching law (4.8) of the state-
dependent form. For the purpose of comparing with SF system, Example 2.1 in [21] can be
described for

region rule 1: if x,(¢) > 1 then
Local Region Rule 1: if x5 (t) is hi1(x2(t))

then x(t) = A11x(t) + D11x(t - d) + Buu(t) +w, (51)
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Local Region Rule 2: if x5 (t) is hi2(x2(t))

then x(t) = A12x(t) + Dlzx(t - d) + B12u(t) + w. (52)
region rule 2: if x,(t) < 1then
Local Region Rule 1: if x, (t) is hoi (x2(t))

then x(t) = A21x(t) + D21x(t — d) + Bz1u(t) +w, (53)

Local Region Rule 2: if x5 (t) is hx(x2(t))

then x(t) = Apx(t) + Dypx(t —d) + Bou(t) + w. (5.4)

Obviously, switching fuzzy system of Example 2.1 is switching between each of the sub fuzzy

systems and depending on region fuzzy rules.
We have

A 105 5 g | 01 | 45 1
1710943 -1.0493|" = 1-0.4926|" 12710132 -1.4529|"

2 -10 08 3
B = [—0.1316]’ Az = [—0.8 —0.9]’ Bn = [—0.01]’

-11 0.1 1 9.8 0.02
Ay = [_2 _4.529]' Bz = [—0.1765]’ Ar= [_0,02 _4_5], (5.5)
0.3 0.2 0.5 0.8
P = [0.1 0.3]’ Dz = [—0.1 —0.4]'
02 03 0.2 0.4
Do = [—0-2 —0.3]’ D22 = [0.1 0.4]'

The fuzzy sets of “Mj,, M3, M} ,and M3,” are represented by the following
membership functions, respectively.

My, (x2()) = hui (x2(h) =1 = M, (2(1) = hiz(x2(t)) =

1+ e2n®’

1
1+e2n®-03)
(5.6)

1+e20®’

1

m/ M§1 (x2(t)) =hoa(x2(t)) =

M, (x2(t)) =hai (x2()) =1-



Mathematical Problems in Engineering 17

5 : : : : 3

x(t)
o
Y
er(t)
Lo

-2
-5 -3
0 2 4 6 8 10 0 2 4 6 8 10
t/s t/s
(a) (b)
10
5
= o0
K]
-5
-10
0 2 4 6 8 10
t/s
- ull — u2l
— ul2 — u22

()

Figure 3: (a) Response evolution of system state variables with the fast switching controller. (b) Response
evolution of system error variables with the fast switching controller. (c) Control signal of the fast
switching controller.

Choosing A;j; = 1,j;, 8;=1,2,i=1,2 for (4.33), we can have the matrix

13092 0.7438 1.6276 0.0062
R=0.1006, P = [0.7438 3.1293]’ Pn = [0.0062 2.4938]’

(5.7)
[17.7120 0.1379 ] [15.0209 —0.0077]
S = , Sy = .

0.1379 18.1660 —0.0077 8.2345

Taking the initial condition as x(0) = [—5,5]T, with 7 = 1, r(t) and w(t) are generated
by pulse wave form. The simulation result for the fast switching controller of SF time-delay
system is depicted in Figure 3.
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Figure 4: (a) Response evolution of system state variables with the traditional PDC controller. (b) Response
evolution of system error variables with the traditional PDC controller. (c) Control signal of the traditional

PDC fuzzy controller.

To investigate the effectiveness of the proposed fast switching controller of the SF
system here, we now compare the traditional PDC controller [21-23, 36]. Obviously, the

global control of the traditional PDC fuzzy controller is
Nl

Ni i
u(t) = > > vihaKye(t).
in1

1=1
The state feedback gains of subsystems are obtained as

Ky = [-0.332 —0.145], Ky, = [-0.0523 —5.573],
Ky = [-23 -412], K= [-2.34 —41].

(5.8)

(5.9)
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For the same data and the same initial condition x(0) = [-5,5]", the simulation result
is depicted in Figure 4. It should be noted that the fast switching controller can improve the
transient characteristic. Figures 3 and 4 indicate that the proposed method gives better results
in convergence.

6. Conclusion

In this paper, tracking control for SF systems with time delay is investigated. We use single
Lyapunov function technique and a switching law to design a tracking control law such
that the H,, model reference tracking performance is satisfied. The fast switching controller
design problem can be solved efficiently by using linear matrix inequalities and convex
optimization techniques. Simulation example shows the validity of the switching control law.
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