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Dynamic Output Feedback Control Synthesis for
Continuous-Time T-S Fuzzy Systems via a
Switched Fuzzy Control Scheme

Jiuxiang Dong and Guang-Hong Yang, Senior Member, IEEE

Abstract—This correspondence paper is concerned with the problem
of designing switched dynamic output feedback H,., controllers for
continuous-time Takagi-Sugeno (T-S) fuzzy systems. A new type of dy-
namic output feedback controllers, namely, switched dynamic parallel
distributed compensation (SDPDC) controllers, is proposed, which are
switched by basing on the values of membership functions. A new method
for designing SDPDC controllers for guaranteeing stabilities and H,
performances of closed-loop nonlinear systems is presented, where the
design conditions are given in terms of the solvability of a set of linear
matrix inequalities. It is shown that the new method provides better or
at least the same results of the existing design methods via a pure DPDC
scheme. A numerical example is given to illustrate the effectiveness of the
proposed method.

Index Terms—Dynamic output feedback, H, control, fuzzy control,
linear matrix inequalities (LMIs), switched control, Takagi—-Sugeno (T-S)
fuzzy systems.

I. INTRODUCTION

In recent years, Takagi—Sugeno (T-S) fuzzy models of nonlinear
systems [1] have attracted great interests from scientists and engi-
neers. It can approximate a large class of nonlinear systems by fuzzy
“blending” of some local linear models. As a result, the conventional
linear system theory can be applied to the analysis and synthesis of
the class of nonlinear control systems. In recent years, T-S fuzzy
systems have been studied extensively by many researchers (see for
instance, [2]-[12]). The advantage of these results is that the stability
analysis and controller gain design can be converted into convex opti-
mization problems in terms of linear matrix inequalities (LMIs) [13],
which can be solved efficiently [14]. Among these results, quadratic
Lyapunov function approaches are extensively applied (see [2], [5],
and [7]). Because a common quadratic Lyapunov function is indepen-
dent of fuzzy membership functions, the techniques based on a single
Lyapunov functions might give conservative results. For obtaining
more relaxed conditions, parameter-dependent Lyapunov functions
(or fuzzy Lyapunov functions) [8], [10], [11] and piecewise Lyapunov
functions [3], [6] have been exploited for designing H, controllers
for T-S fuzzy systems. However, most of the aforementioned research
works of fuzzy control systems are based on the assumption that the
states are available for controller implementation, which is not true
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in many practical cases. Therefore, the output feedback control of
fuzzy systems is very important, and some results have been obtained
in [15]-[20].

Recently, there have appeared a number of approaches for de-
signing static output feedback controllers for fuzzy control systems,
see [21]-[24]. Although dynamic output feedback problems can be
transformed into static output feedback problems, dynamic output
feedback problems are different from the static output feedback prob-
lems. It is well known that static output feedback control still is
an open problem for linear time-invariant (LTI) systems; however,
an LMI-based sufficient and necessary condition for the dynamic
output feedback problem of LTI systems has been presented in [25].
Thus, for T-S fuzzy systems, it is necessary to study dynamic output
feedback problems without using static output feedback approaches.
By using dynamic parallel distributed compensation (DPDC) scheme,
Li et al. [26] present a systematic framework for designing dynamic
output feedback controllers for continuous-time T-S fuzzy systems.
The corresponding discrete-time version is developed and successfully
applied to a vehicle with triple trailers in [27]. By considering the
relations of H, disturbance attenuation -y of a general uncertain fuzzy
system and the stability with unitary H, disturbance attenuation of a
fuzzy system without uncertainty, Yoneyama [28] gives a robust H,
output feedback controller design approach for continuous-time fuzzy
systems. By combining a fuzzy-basis-dependent Lyapunov function
and a transformation on the controller parameters, Lam and Zhou [29]
studied the H., dynamic output feedback control for discrete-time
fuzzy systems. Moreover, based on a fuzzy linear fractional trans-
formation model, Tuan et al. [30] provide an efficient and tractable
way to handle the output feedback parallel distributed compensation
problem. In [31], a robust H,, output feedback controller design
method for a class of fuzzy uncertain dynamic systems with pole
placement constraints is given. Moreover, based on fuzzy observers,
a robust stabilization technique is proposed to override the effect of
approximation error in the fuzzy approximation procedure in [32], and
the technique is further extended to a mixed Hy/H, fuzzy output
feedback control design in [33]. By assigning both state and estimation
error poles to a desired LMI region, the problem of observer-based
fuzzy control is also studied in [34].

In the aforementioned dynamic output feedback control synthesis,
those LMI-based conditions in [26], [27], [29], and [31] are convex,
which can be solved efficiently [14], and the DPDC scheme plays
an important role for developing controller design methods. However,
when some subsystem of fuzzy models plays more important role
than the other ones, the same DPDC control scheme is used in these
approaches, which might result in conservative designs. Motivated by
this, a new scheme, which will switch different DPDC controllers for
dominant subsystems, is introduced in this correspondence paper. In
this correspondence paper, the new control scheme is called switched
DPDC (SDPDC) control scheme. Specifically, this correspondence
paper is concerned with the problem of designing switched dynamic
output feedback H, controllers for continuous-time T-S fuzzy sys-
tems. A new type of dynamic output feedback controllers, namely,
SDPDC controllers, is proposed, which are switched by basing on the
values of membership functions. The control scheme is an extension
of the DPDC control scheme [26]. Sufficient conditions for designing
SDPDC controllers for guaranteeing the stability and H,, perfor-
mances of closed-loop nonlinear systems are presented, where the
design conditions are given in terms of solvability of a set of LMIs. It is
shown that the new method provides better or at least the same results
of the corresponding design methods via the pure DPDC scheme. This
correspondence paper is organized as follows. Section II presents the
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T-S fuzzy model, which is the new type of dynamic output feedback
control scheme. Section III provides a technique for designing an H
full order dynamic output feedback controller for continuous-time T-S
fuzzy systems. An example is given to illustrate the effectiveness of the
new proposed method in Section IV. Concluding remarks are given in
Section V.

Notation: The superscript T stands for matrix transposition and the
notation M ~7 denotes the transpose of the inverse matrix of M. The
symbol * within a square matrix represents the symmetric entries.

A square matrix £ > (>)0 implies that E + ET > (>) 0
Hyy Hiy Hyy
Hoy  Hao Hyg
[Hijl]rxg = : : .
Hrll Hr2l Hrgl

II. SYSTEM DESCRIPTION AND PROBLEM STATEMENT

The nonlinear systems under consideration are described by the
following fuzzy system model:
Plant Rule 1:
IF U1 (t) is M“, V2 (t) is ]\Jig7 ey l)p(t) is Mip

Z(t) = C'ha:(t) + Dluw(t) + Dlgiu(t)

y(t) = Caix(t) + Dazsw(t) M
where z(t) € R"= is the state vector, u(t) € R™ is the control input
vector, z(t) € R™= is the controlled output vector, y(¢) € R™v is the
measurable output vector, and w(t) € R™» is the exterior disturbance.
7 is the number of IF-THEN rules, v(t) € RP*! denotes the premise

variables and assumed to be measurable, and M;; denotes the fuzzy
sets. Denote

p
- HMZ
j=1

where M, ;(v;(t)) is the grade of membership of v;(t) in M;;, where
it is assumed that

iwi (@) >0, wi(v(t)>0; i=1,2...,r
Let -
i (v(t)) = =
2w (v(1))
Then -
0< Z s (0(1)) = -

where «;(v(t)) denotes the normalized membership functions. For
the convenience of notations, a;(v(t)) is denoted as «; and the
vector a(v(t)) = [a1 (v(t)),. .., . (v(t))]T as a. By using the fuzzy
inference method with a singleton fuzzifier, product inference, and
center average defuzzifiers, the final output of T-S fuzzy model is
obtained as

z(t) = A(a)z(t) + Bi(a)w(t) + Ba(a)u(t)
z(t) = Ci(a)z(t) + D (@)w(t) + Dia(a)u(t)
y(t) = Cao(@)x(t) + Dar(a)w(t) 3)
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where
s
i=1

BQ(O[) = ZaiB}i
i=1

= iaiBli
i=1
Oé) = iaicli

D12(04) Z a; D1g;

= 1

Za Do (4

D11(Oé) = Z a; D11,

Do (a

02(06) = Z a;Cy;
=1

A. Switched PDC Scheme

Denote
0= {a:OSaigl, 1<i<r, Zaizl} (52)
=1
Q= {a H0<ei<ay, 1<i<r, Y a;=1, ac Q} (5b)
i=1
O ={a:3i#l suchthat a;=a; and «a€Q} (5¢)
o0=|_Joo, (5d)
=1
where 1 <[ <.
Remark 1: Q is the set of all the vectors o = [a1, g, . .., 0] T,

where «; (i =1,...,r) takes all possible values of membership
functions. €2; is the set of all the vectors o with o; (i=1,...,7)
satisfying 0 < «a; < o, which describes the case where the Ith rule
plays a more important or at least the same role than other rules.
Obviously, Q@ = | J;_, Q"

At any time or moment ¢, we have the vector a(v(t)) =
[a1(v(t)), a2(v(t)), ..., a-(v(t))]T € Q. Then, there exists one I,
where [ € {1,...,r}, such that the vector a(v(t)) € €;, which im-
plies that the /th subsystem plays a more important or at least the same
role than other subsystems. For this case, a specific controller gain
K () is applied for achieving better control effect. Thus, the follow-
ing switched dynamic output feedback controller for continuous-time
T-S fuzzy models is exploited in this correspondence paper:

Ki(a) {ﬁ(t” , fora ey

. y(t
£() | _
[u(t)] - (6a)
£(t)
K () {y(t)} , foraeQ
where
S ) T

For the design of controller gains, a concept of DPDC scheme [26],
[27] is used, i.e.,

AKl Zza ajAKZ_]l BKl Za BKzl
=1 j=1
Cri(a Z a;Cki Dgi(a) = Dy (6¢0)
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The premise variables v;(¢), where 1 < ¢ < r, are measurable; then,
a;(v(t)), where 1 <4 < r, can be obtained online. For the design
of controller gains Ax;(«), Bgi(a), Cki(e), and D, only the
controller parameters A g1, B, Crir, and D are to be designed.

Because the premise variables «; (v(t)), where 1 < ¢ < r, are avail-
able online, the switching can be perfectly determined. It is performed
by following the steps.

Step 1) If a(w(t)) € 99, then the controller gains do not switch.
Step 2) If a(v(t)) € Q. (because Q = | J;_, €, there must exist
the ), then the switch controller gain is denoted as KC;(c).

Note that, if « € €;, where 1 <[ < r, the controller gain is then
K (), which implies that the dynamic output feedback controller is
the following concrete form:

£(t) = Axi(a)€(t) + Bra(a)y(t)
u(t) = Cri(@)&(t) + Dri(c)y(t).

Combining it and (4), the closed-loop system can be obtained as

-
—~
~+

) = A (t) + Buu(t)

5 aey; 1<i<r (D

where

and

Al = |:A(a) + BQ(a)DKlC2(OC)

By (a)Cri(a) ]
BKZ (a)C’2 (a)

AKl(a)

B, — |:BI(CE)+BQ(Q)DK[D21(Q):|
l Bgi(a)Dai (o)

Cl = [01 (Oé) + Dlz(a)DKlCQ(Oé) Dlg(Oé)CKl(Oé)]
Dl = [Dll(a) + Dlg(a)DKngl(Of)] 5 1< l <r. (8)

Then, the problem considered in this correspondence paper is formu-
lated as follows.

Given a prescribed H ., performance v > 0, design a fuzzy dynamic
output feedback controller of the form (6) such that the following are
satisfied.

1) The closed-loop system (7) is asymptotically stable.
2) Under zero initial condition: z(0) = 0

/?WwawsW{/wvwwm. ©

Note that the zero initial condition z(0) = 0 is required in the H,
performance; the definition of H, performance can also be found in
[20] and [21].

III. MAIN RESULT

In this section, two lemmas first are given. In Lemma 1, a nonconvex
sufficient condition for designing H, controllers for continuous-time
fuzzy systems is exploited. Moreover, some matrix properties are
studied in Lemma 2. Last, based on Lemmas 1 and 2, an LMI-based
method of designing H., SDPDC controllers via full order dynamic
output feedback for continuous-time fuzzy systems is proposed.
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Lemma 1: Given a prescribed H, performance +, if there exists
matrix P = PT € R?n«X2nz gatisfying

P>0 (10
PA1+A;FP * *
BIP -2 x| <0, 1<I<r; acQ (11)
C D, I

where A;, B;, C;, and D, are the same as in (8). Then, the dynamic
output feedback controller (6) such that the closed-loop system (7) is
asymptotically stable with an H, performance bounded by ~.

Proof: Consider a candidate Lyapunov function V()

where

Then

V(#) + 2" (8)2(t) — 7w (t)w(t)
= 22" (t)P (Asd(t) + Biw(t)) + (Ciée(t) + Dyw(t) "
x (Ciz(t) + Dyw(t)) — v*w™ (tw(t)
=27 (t) (PA + AP+ C['C)) i(t)
+22"(t) (PB; + C/'D;) w(t)

+wT(t) (—721 + DFD;) w(t)

_[#(t)]"[PA; + ATP+CTC, * (t)
" Lw() BfP+DJC,  —*+DfD)|w(®)]’
1<Ii<r; aeQ. (12)

On the other hand, applying Schur complement to (11), we have the
following:

PA,+ AP+ C[C, *
T T 2 T <0
B/P+D/C —v*1+ DD,
1<i<r; aefy.
Pre- and postmultiplying the aforementioned inequality by
[#T(¢) wT(¢)] and its transpose, then it follows that
i(t)]"[PA+AT P+CFC, x w6 _ 0
w(t) B P+D[C, —?I+DID, ||w(t)| ~ 7
1<i<r; a €.
Combining it and (12) yields the following:
V(t) + 2T () 2(t) — v*wT (t)w(t) < 0. (13)
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Integrating both sides of (13) yields the following: Then
NTXM-T=M"'I-XY)XM~T

. o 7T
/ V(dt+ | 27 (t)z(t)dt —~* / wT (t)w(t)dt =M X -YX)M
0 =M 'XNMTMT=M"'XN

0 0
7 7 MTYNT=M"Y(I-XY) '"M=M"(I-YX)"'YM
= V(c0) — V(0) +/ZT(t)z(t)dt 772/wT(t)w(t)dt <0
) ) =MY"(NMT)"'YM=M"M-""N'YM

=N"'YM

Using the fact that 2(0) = 0 and V' (c0) > 0, we obtain the following: which imply that both M~1XN and N-1YM are symmetrical.

Furthermore, both
oo oo

T 2 T X M Y N
z-(t)z(t)dt < w™ (H)w(t)dt.
[z < [wrwu [ I IV
0 0
are symmetrical.
Hence, (11) holds; then, the H, performance is fulfilled. Now, consider
If the disturbance w(t) = 0, then from (13), we have V' (¢) < 0.
Hence, the closed-loop system (7) is asymptotically stable. Thus, the X M Y N
¥ P sy ymp y - S, MT —N-'YM||NT —M-'XN
proof is complete. |
Remark 2: Note that the condition in Lemma 1 is not convex XY + MNT XN -—-MM-1XN
with respect to P, Ak («), Bgi(a), Cki(a), and Dg;; therefore, TIMTY - N-'YMNT MTN4+N-'YMM-'XN

the condition cannot directly be used for designing controllers. What -
follow are some properties of matrix are studied in Lemma 2 and _ TX Y+ ]V{ N . . 0 . )
based on Lemmas 1 and 2 and an LMI-based sufficient condition for MY -NTYMN" M 'N+NYXN

designing H ., controller is proposed in Theorem 1.
Lemma2: £ X =XT.V=YT.and M and N are nonsingular From M NT + XY =1Tand MTYN-T = N71YM, it follows that

satisfy the following:
{MTY—NlYMNT MTN+N-1YXN

XY+MNT 0 ]

MNT4+ XYy =1

1 0
- [MTY—MTYNTNT MTN—|—N1(I—NMT)N]

then
B [I 0]
{ X M } { Y N } 01
T -1 T -1
M> -NTYM N© -M7TXN Then, from the aforementioned proof, we have the following:
are symmetrical and satisfy X M \ N = r0 .
MT —-N-'YM||NY -M~'XN 0 1

X M Yy N I 0 Thus, the proof is complete. |

MT _N-'vMIINT —ym-ixN| T 1o 1| Based on Lemmas 1 and 2, a convex method of designing H,
SDPDC controllers via full order dynamic output feedback for

continuous-time fuzzy systems is proposed in the following theorem.
Proof: From MNT 4+ XY = I, we have the following: Theorem 1: Given a prescribed Ho performance bound -, if there
exist matrices X = XT ¢ RreXne VYV = YT ¢ Rre X, Agiji €

NMT I VX R7 Xne BKil € Rnaxny, éKil € RnuXnae DKl € RruXny, Jijl —
J5 € R, and 0 < Ry € RE¥, where 1 <4, j, | <, satisfying
NT=p—1 (I - XY). the LMIs given by (14)—(17) shown at the bottom of the page, where

X Inyxn,

[ Tns s, v >0 (14)

N < Jiar, 1<i<r 1<i<r (15)

Niji+ Ny < Jiji + 50, 1<i<j<r; 1<I<r (16)

[Jiji]rxr + He (EZT[Rijz](rﬂ)m) <0, 1<Ii<r (17)
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the expressions for A;;; and E;, shown at the bottom of the page, then Consider
there exists a dynamic output feedback controller (6) with gains (18) T )
such that the closed-loop system (7) is asymptotically stable with an arl arl
H_, performance bounded by y He (EZT [Riji]l(r—1) XT)
DKl = lA)Kl 057‘] _Oér_l
o (Crrer — _ -T [ (w—a)I 17
Cri = (Cru — DgiCos X)M
By =N""! (BKil —YBy;Dgy) : ayl
—1(} T = He (= eu)I [Riji]
Agiji=N""(Axiji = NBijiCai X — Y By;Cc; M - (u —agp1) gti(r=1)xr
a, I
- Y(4A; +B2iDKlCQj)X)M_T (18) :
. . L (v —ap)l ]
where M and N satisty the following:
Ifa= e T ey th h he following:
MNT — I — XY (19) a=[a; ag,...,a.]" € Q, then we have the following
Proof: Define o —a; 20, 1<i#lI<r.
p_ Y N Combining it with (20) and R;;; > 0, then it follows
“INT —M-'XN|°
a1] T 011[
Then, from Lemma 2, we have the following: He (EzT [Rijil o) XT) >0,
pi_ [ X M } oI oI
M -NTYM aey, 1<I<r.

where X, Y, M, and N satisfy the conditions of Theorem 1.

Because M is nonsingular, the following nonsingular matrix can be ! .
transpose yield the following:

Moreover, pre- and postmultiplying (17) by [aa], ..., a,I] and its

constructed:
T = [ X Inzxng;:| 0(1] T 0611
_MT 0 . . [Jijt)rxr .
Then arl arl
T
_ T a1l ayl
X I Y N X I
T _ Mg XNy Ng XMNg . .
T PT= MT 0 |:NT _M1XN:| |:MT 0 :| + : He (E;T[Rijl](7.,1)><r) : <0,
) ] o1 a1
N ngxne 0| X' Ingxn,
o Y N||M™ 0 Considering it and (21), then we can obtain the following:
— X I’nmxnw a1[ T a1[
L Te X e : [Jijilrxr : <0, aefy; 1<I<r
Combining it and (14), it follows that P > 0. a.l a.l
rA;X + XA + BQiéKjl + (Bzz'ész)T * * *
A AKijl + (A; + BQi-DKlCQj)T YA, + ATY + BKleQi + (BKleQi)T * *
at (B1i + BziDKlej)T (YBy; + BKZZDQM)T _’72{ *
L C1iX + D12;Ck ;i C1i + D12; D1 Co; Diii + Di19; Dy Doy —1
r—T 0 - 0 ]:: 0 --- 0
0o —-I - oI 0 --- 0
E=[0 0 - —I1 0 - 0 —1-1, T € R e=2n, +n.+ny
0 0 o I —I - 0
Lo 0 --- 0 I 0 -- *[—(r—l)w
!
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aey; 1<I<r (22)

i i a0 <0,

i=1 j=1
Multiplying (15) and (16) by o2, where 1 < i < 7, and a;crj, where

1 <4 < j <, respectively, and summing them, then we have the
following:

roor roor
Zzaiainjl<ZzaiajJijl7 acy; 1<I<r.

=1 j=1 =1 j=1

Combining it and (22) then yields the following:

i i o005 <0,

ae; 1<I<r
i=1 j=1

which can be rewritten as

Hiqy * * *

Hyy  Hay * *

<0 acQ; 1<I<r
Hsy  Hso  Hzs * ’ '
Hyy Hio Hiz Hayw
(23)

where

Hyy = A(a)X + XAT () 4 Ba(a)Cr(e)
+ (Ba(a)Cra()) "
Hou = Ag(@) + (A(0) + Bs() DiaCa(a))
Hao =Y A(e) + AT ()Y + B () Ca(a)
+ (Bra()Ca(e) "
Hyy = (Bi(e) + Ba(a) Dici Dy ()
Ho = (YBi(a) + Bra(e) Do (a))
Hsg = —~°T
Huiy =C1 (@)X + Dia(a)Cri(e)
Hio = C1(a) + Dia(@) D Co(a)

Hyz = D11 (a) + DIQ(a)bKlD2l(a)
H44l = — I

From (18), we can obtain the following:

Dy =D
Cri(a) =Cri(a)M™ + Dy Cy(a) X
Bgi(a) = NBg(a) + YBsy(a)Dg,
Agi(a) = NAg(a)MT 4+ NBgy(a)Ca(a) X
+ Y By(a)Cri () MT
+Y (A(a) + By(a) D Ca()) X.

Combining it and (23), it follows that

[OXEY) * * *
Doy Doy * *
<0, aeQ; 1<I<r (24
B3y D3y Pazy x ! stsr (@9
Dy Py Puzy Paa
where

@11 =He (A() X + Ba() (Cri(@)M™ + D Ca() X))
By = NAg (@) MT + NByy(a)Cy () X

+ Y By(a)Cxi () MT

+Y (A(@) + B2(a) Dk Ca()) X

+ (A(@) + Ba(a)DiiCa(a)) "
By =He (Y A(a) + (NBii(a) + Y By(a) D) Ca(a))
®311 = (Bi(@) + Bz() Dici Doy (@)
P00 = (Y Bi(@) + (NBri(@) + Y By(@) Dit) Dar (@)
Dyg = — 2T
D411 =C1 ()X + Dia(a) (Cri(a)M™ + Dy Co() X)
B0 = C1(a) + Dia(a) DiiCo(a)
P45 = D11 () + Dis(a)Diy Doy (a)
Dy = —1.

Moreover, pre- and postmultiplying matrix

PA; + AZTP * *
BIP 4% o« (25)
C, D, -I
by diag [TT I 1] and its transpose then yield the following:
TT 0 071 [PA+ATP «  «71[T 0 0
0 I 0 BT P 2T« |0 T 0
0o 0 I C, D, -I 0 0 I
q)lll * * k
_ | Pou o *
P31 D3 Paz *
Qi Paz Pazi Paaw
From the aforementioned equality and (24), then we can obtain the
following:
TT 0 0 PAl—I—A;FP * * T 00
0 IO BIP 21 x 0 IO0|<0,
0 01 C, D, I 001
aeQy; 1<I<r.
Because diag [TT I I]is nonsingular
PA; + A;FP * *
B P -2 x| <0, aely; 1<Ii<r
C, D, -I
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TABLE 1
NUMBERS OF LMIS AND VARIABLES

Theorem 1
(switched DPDC scheme)

The method of [26]
(DPDC scheme)

LMIs

Variables

247+ 3r(r—1) I+r+r2+Lr2(r—1)
ng + (1 + r?)nZ +

nuny +rng(ny +nw) +
I+ 7r2nz +nw +
nz)}(2nz + Ty +nz)

ne + (L+r3)n2 +
Ry Ny + r2ng (ny +
ny) +r[l+r2nz +

N + N2)|(2ng + 1w +
ny) +r2(r — 1)(2nm
Ny + nz)

Applying Lemma 1 to (26) and P > 0, then we have the closed-
loop system (7) that is asymptotically stable with an H, performance

bounded by «. Thus, the proof is complete. |
Remark 3:
1) Theorem 1 presents an LMI-based approach for designing

2)

3)

4)

switched dynamic output feedback H,, controllers, which can
be solved efficiently via LMI control toolbox [14]. The new pro-
posed method can provide less conservative results than the ex-
1stmg methods via the DPDC scheme [26]. In fact, if R”ml =0,
AKZ]Z = AF”, BK'LZ = BFu CKzl = CF,L, and DKZ DF in
the conditions of Theorem 1, then the design method given in
Theorem 1 reduces to the corresponding control design method
based on the DPDC scheme [26]. However, more decision
variables are involved in the condition given by Theorem 1. The
comparisons of the complexity are give in Table I.

By introducing an SDPDC control scheme with a quadratic
Lyapunov function, the convex approach in Theorem 1 can
give less conservative results for designing fuzzy controllers
than the existing approaches [26]. On the other hand, some
convex techniques based on a weighting dependent Lyapunov
function (fuzzy Lyapunov function) [8], [11] are proposed to
replace the single quadratic one for discrete-time fuzzy sys-
tems for obtaining relaxed design conditions. For continuous
fuzzy systems, a fuzzy Lyapunov approach is given in [10]
by assuming the time derivatives to be computable. However,
some membership function cannot satisfy the assumption, for
example, the triangular and trapezoidal membership functions.
Therefore, the quadratic Lyapunov function method is used in
this correspondence paper.

By (14), we can obtain Y >0 and X — Y ~! > 0, which
imply that I — XY is nonsingular. Therefore, we always
find nonsingular M and N satisfying (19). In particular, by
orthogonal—triangular decomposition of I — XY (the qr func-
tion in Matlab can perform the orthogonal—triangular decompo-
sition of a matrix), we can obtain a solution of N and M (more
details can been found in [35]).

Notice that a congruent transformation is applied to (25), which
shows that (26) is equivalent to (24). Moreover, it is easily
seen that (23) and (24) are equivalent. Thus, the nonlinear
matrix inequality (26) with respect to X, Y, M, N, Ag;j,
Brii, Cth and DKZ is equlvalent to an LMI (23) with respect
to X, Y, AK”Z, BKz, Cm, and Dg;. On the other hand,
both (26) and (23) are nonlinear with respect to «;, where
1 <4 < r; however, the nonlinearity can be removed by some
existing techniques, which can be found in many references,
such as [2], [5], and [10]. The technique in [5], which can
give less conservative results than [2] and [10], is used in this
correspondence paper.

IV. EXAMPLE

Consider a nonlinear two-degree-of-freedom helicopter system [9],

which is described by the following T—S fuzzy model:

Rule 1: IF p, (¢) is 4°

Z(t) = C’llx(t) + Dnlw(t) + Dlglu(t)
y(t) = Co1z(t) + Danyw(t)
Rule 2: IF p (t) is 40°
THEN x(t) Agx(t) + Blgw(t) + BQQ’U,(t)
2(t) = Cr2z(t) + D112w(t) + Digou(t)
y(t) = Cazz(t) + Darow(t)
Rule 3: IF p, (¢ ) is 76°
2(t) = C1323(75) + Dizw(t) + Digsu(t)
(t) = ngx(t) + Dglg’w(t)

where p; (t) is a pitch angle, and

010 0 ~0.03
N e
000 0 ~0.02
0 0
By = 5‘1§04 8 Cn=[08 —02 0.1
0 34338
Dy = — 06 Dy =[09 0.5]
on=s 00 0] A il
0010 0 0.01
=lo00 10| Be=| o0
000 0 ~0.01
0 0
B = 21514 g Cia=[06 02 02
0 44716
Dy =0.1 Digp =[1 1]
on=[5 01 0] D= 03
0010 0 0.04
e fi b odm]
000 0 0.02
0 0
Bas — 0'2554 8 Cis=[1 06 03 0.5]
0 14.1593
Diys =0.8 Diss =[03 0.8]

1 000
023_[0010}

the membership functions for Rules 1 to 3 are shown in Fig. 1.

~0.6]

—0.1]

The DPDC controller de51gn Amethod [26] (Theorem 1 with

Rijmi =0, Aszl —AF”» Brii=Bpi, Criy=Clri, and Dy, =

Dr)
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Rule 1 Rule 2 Rule 3
1
4 40" 76"
Fig. 1. Membership functions.
TABLE 1II
H o PERFORMANCE BOUND
Theorem 1 The method of [26]
(switched DPDC scheme) (DPDC scheme)
Nai 0.4932 0.6204
cputime (sec) 3137.1026 278.6250
— Switched DPDC
|- - -ppPoc 1
R i
08 i i i i i i
0 5 10 15 20 25 30 35
Time (sec)
Fig. 2. Response of the state z1 (t).
1 ' r r r . .
: . . : Switched DPDC
: 1 : - — —DPDC
G5 | b o b D s remmmierers s 5
ok
N -0.5 b
| L T - I . 1
P OO SO SO SO S —
2 i i i i i i
0 5 10 15 20 25 30 35
Time (sec)
Fig. 3. Response of the state z2(t).

and the SDPDC controller method (Theorem 1) are applicable. The
obtained optimal H,., performance indices are shown in Table II,
where “cputime” means how long the process uses the CPU.

In Table II, it can been seen that the obtained optimal H ., perfor-
mance bounded by Theorem 1 (the SDPDC control scheme) is smaller
than the method in [26] (the DPDC control scheme); because more
variables are introduced, Theorem 1 needs more computational time
(cputime) than the method in [26]. Now, the obtained controllers by
Theorem 1 and the method in [26] will be used to do simulations under

1173

25 T r T T T T
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olb. LG
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{5k mprespm J
1
I L
- | \
K 1 e ]
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Fig. 4. Response of the state z3(¢).

15 . . . .

§ : : : Switched DPDC
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S e, e
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Time (sec)
Fig. 5. Response of the state x4(t).
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noo b e
Y SO Y SR AU WS S R — —
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Time (sec)
Fig. 6. Controlled output z(¢).

the assumption that the initial condition z(0) = [1.2 —0.5 0 0]

and the exogenous disturbance input

6, 2<t<3
w(t) = {0, others.

The responses of x(t), z(t), and u(t) are given in Figs. 2-7. Moreover,
the switching of the gains of SDPDC controller is shown in Fig. 8,
during the simulation. Figs. 2—7 show that the SDPDC controller can
achieve better H, performance than the DPDC controller.
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Fig. 8. Switching between the gains of controller during the simulation.
V. CONCLUSION (1]
In this correspondence paper, the problem of designing switched
H, controllers with pole placement constraints via the dynamic (12]
output feedback for continuous-time T-S fuzzy systems has been Oct. 2006.
studied. A new control scheme, namely, SDPDC control scheme, [13]
is proposed, which is an extension of the DPDC scheme. A new
method for designing SDPDC controllers for guaranteeing the stability " 1994.
and H, performances of closed-loop nonlinear systems is presented, [14]
where the design conditions are given in terms of the solvability of |5
a set of LMIs. It is shown that the new method is less conservative
than the corresponding design methods via the pure DPDC scheme.
A numerical example has been given to illustrate the effectiveness of [16]
the proposed method.
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