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Stability analysis and design of output feedback controllers for
Takagi-Sugeno fuzzy systems
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Abstract: Output feedback control is an important approach to the design of Takagi-Sugeno (T-S) fuzzy control sys-
tems. New stability analysis and analytical design methods of output feedback controllers are proposed for T-S fuzzy
systems in this paper. The output feedback controller is constructed with a fuzzy regulator and a fuzzy observer. In order
to use the structural information in the rule base to decrease the conservatism of the stability analysis, the standard fuzzy
partition (SFP) is employed on the premise variables of T-S fuzzy systems. New stability conditions are also obtained by
relaxing the stability conditions derived in previous papers. The concept of parallel distributed compensation (PDC) and
linear matrix inequality (LMI) are employed to design an output feedback controller for T-S fuzzy models. The output
feedback controller design and simulation results of a nonlinear mass-spring-damper mechanical system show that these

methods are effective.
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1 5|E (Introduction)
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%€ P 43 Hr(Stability analysis and design of
state feedback controllers for T-S fuzzy sys-
tems)
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21 HIAFRERA RS TS B R AH
#(Model of T-S fuzzy systems whose premise

variables adopt output variables)

22 R 2R Gikan IR T-SHOMI R Gt 2

IF yy is M{ and - and y,, is M

THEN i(t) = A;z(t) + Byu(t), y(t) = Cix(t),
i=1,2,- 1. (1)

Hep: ChBEBHNE, y(t) = [y, y2, 0"
RP 24 % 4t %, A B 15 S 800 B9 R 1 AR &
Mi(j = 1,2,--- ,p) NHTHF R R IBRE, 2(t) =
[21(t), z2(t), - 2, ()], € R" A RGEHPRE W
&, u(t) € R ARGHN, A, By, C; AT-SEHI R
G & AT REIS B

KR B SRRV . Sum-ProductffERE . FE.O0EFE
B, T-SHRA R G KR AR

i(t) = z h(y) {Aa() + Bu()), @
y(t) = z ha(y)Cia(t). 3

Hod wi(y) = ]ﬁMg(yk(t)) 8B A B

2.2 ORI R B A BT RIS E £ 21T (analysis
and design of state feedback controllers)
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IF y, is M} and - - -

THEN u(t) =

and y,, is M;
—Kx(t),i=1,2,---,l. (4)
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i=1
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3 H = B ¥ 8% ¥ v (Design of output
feedback controllers)
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3.1 IR 23 e S P (Convergence of fuzzy
observers)

DRSO 2 L 0 28 ) B ) 7 =X n

IF 41 ilei and ---
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tion and the separation principle)
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FEHIZR R 2 5 — MRS 38 45 &
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ult) = - _i hi(y) K (0). (13)
EH:_EE@)(Z%)*U_Q(IO)T%
B0 = 3 ()b ) Hgae).  (14)
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FH e E 2 A H4, v LA BEILL N 458

EE 6 R RY(6)H L E B2 KA HAR
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ZERGE, W E AR B 3SR F AR AR 43 %1, )
7RG Ee(t) = 04 KIEFHrIE R E AR 4%
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Ad de P —I—P Ad1d
Ad ds P —I—P Ade p

<0,j=12,..., 11 (m,—1). (12)

il 2R 482 K T A R ).
UE AT DAEEARYE SCHR[S] A E B4, 1.3 .
3.3 i OB IS KR AT BTt 5 ¥R (Analytical
design of output feedback controller)
SR P EE AR UL 00 85 NASER) 18 F 25 F BR2 PR i 1Y
B &% O T- SR I B R G4 W B L.

) +  u(f) x(0) x(®) n_
i -

RO

»:.

I
2 nme,

B 1 SR i H S U542 1) 4 B T- SASORY 25 1) 3R S 5 4
Fig. 1 Structure of a T-S fuzzy control system with an

output feedback controller
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SEMIEFI RGN E . WRERE—FERLSM
TN ZH P AN A2 8 L, 2000 4% A, D[] 2120 BRI EE 3
e B AN T RGEH) IR R AL B, B2 5 AT

BB 6 ML RS IS, HYE
L SIOH B2, 26 B A R AR e M 1 R G LI 28 4 1A
IR AL E.

SBT KHAchermann A, THHEE —ANE
RN T R GEHPIRAS WL 25 1 S R R F.

BB 8 N HHEH3, 4RI AOHPIR S I 25 =
ERGRRENE. MRERE R RS MMHN
AN R RE B3, 40 25, L[R]3 25 BR6 2B e E A
N JR) 3 2 M 7 2R GE WL WU 25 1 PR ER AR A L, B3
Y

HFB] 9 A& RELEET RERR
A R A5 A R I T A B B AR Y, 4%
F10)Re 2 = FB LR 7~ 3 S8 HIR A WL M 4% 5 S
BIPIRAS WL 25 R S AR B, B J5 -6 R 3R 40 1)
RS, B T EA L B EE AR, a1 RiE
ST 328 T 8OR ) Bt S A TR 2 e v 4R
A5 J0) [ 28] 25 B3 B 3 T v R T 2 R BRI RS
LI 2, 21K BT 4 HIROR.

4 ¥ M 45 B 7 B (Example of design and
simulation)

H T BAE BT A T-SEORI R G I s
T 25 B AR R 1 20 BT B T B O VR A A, A
SCR F SCERI3TH F £ 1 5 & B S -FH JE 2% &
GE TN B, BEAT T B TR T8 I B v R
fiE.

4.1  BIEEX SRR # B (Fuzzy modelling of the
plant)

SCHR[31H AR e i B P 55 —FH Je 38 R4 1)
5= —(140.22)% — (0.01+0.12)2 + (1 +0.132%)u.

(15)
Hr: 2z € [-15 15,2 € [-1.5 1.5]. @z; = z,
zo = 2 WRGENKPRE W B A = [11 22T

B o WA R A INE S R, ZR G =
[0 0]T &b AT E .

KSR R G A DL LT T-SEOR R G
RIRATAL:

Ry :TFyis M' THEN & = Az + Biu,y = Cix,
Ry :TF yis M? THEN & = Aoz + Bou,y = Chx,
Rs3 :IF y is M?® THEN & = A3z + Bsu,y = Csx,
Ry : TF yis M* THEN & = Ayx + Byu,y = Cyx,
Rs : IF yis M® THEN & = Asx + Bsu,y = Csx.

(16)

A&, M RI{M i = 1,2, 5pRAW
B2B7R =T R B R AL

M M M M M
-1.5 -0.75 0.75 1.5

0
B 2 HIFAR B AR SR 32 pR KL
Fig. 2 Membership functions of the premise variable y
B JREEN T RERSEHERE A
[0 1

0 1
A = A =
"7 lo4 —0.7] 2 [0.065 —0.85] ’

0 1 0 1
As = | —0.01 —1]’ As= [—0.085 —1.15]’

0 1
A=\ 016 —1.3} ’
By =1[0 0.56]%, By =1[0 0.945]T, B3 =10 1]T,
By =1[0 1.055]F, Bs =10 1.439]",
C1=C=C3=C4=Cs=C=][1 0]

H EI27] LB 2, i T-SEOR) RGBT AR &%
VR HERR 23 R, —IEHAN R AR BN A, H
1E B4 M S ~Sy R n: S & Ry, Ra M8 45 F1
s Sy R, R3PS AR, Sl R3, RaPi 55 0
s Sy E Ry, Rs P2 AR,

4.2 R B I 2% 0 B oH A B (Design and
simulation of the output feedback controller)

A A AIE (16) 7 725 FRT-S R % S AR Y o iy
A &M T R G T BT

T 56, BEATRORI Y A8 R, R RE Rk
Bt JE SAN R T R G ) AR AR AL B A

pr=p2=p3=ps=ps=[-2.0 —2.0]

it Ackermann 2y 30, FJ 15 A& M T RS K
R RBFERE K 535k

K = [7.3929 5.8929], Ky = [4.3016 3.3333],

K3 = [3.9900 3.0000], K4 = [3.7109 2.7014],

K5 = [2.6685 1.8763).

E WA NG; = A — BKj, i =
1,2,---,5,5 =1,2,--- 5 F HERG M4 B K
AT & RSy ~ Sy T LMI7 v 7] AR 3
R EHL, 25 AN A FEIE E R RE:

_ [1.4776 017777 [1.3460 0.1490

e [0.1777 0.2436} T [0.1490 0.1910} ’

1.3545 0.1500] , _ [1.3228 0.1409
0.1500 0.1922 "%~ [0.1409 0.1834|"

BRI b T B ) S SRS R e = — (i =
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1@23'3 .5), N(16)FT RT-SHL R 2 i & 48 2 £
SRIG, BEATBORI LN 25 B vt I FES N RE T R
SRR PIRAS DM AR 22 R G0 1) P ER AR U B 43 ik
p1=p2=p3=ps=p5; = [-3.0 —3.0.
11T Ackermann A 3, A AT E H /T R A
RATILI #5 1) SRR R F 23 53 h
Fy = [5.3000 5.4300]T, F» = [5.1500 4.6875]T,
F3 = [5.0000 3.9900]T, F; = [4.8500 3.3375]T,
Fs = [4.7000 2.7300] .

WwHE YA E':Jéw = A, — FjC@(i =
1,2,--+,5,5 = 1,2,---,5), 3 B R M4 &
RAT B NI ZH.S 1~y P T8 IELMIJT 5 AT LA 2
AR E B3 AR AN A SR IE RE R R

5 _ [ 03878 —0.2850]
T 1-02850  0.4243]°

5 _ [ 03224 —0.2382]
7 [-0.2382  0.4072]"

- 0.2684 —0.1942]
P3 = )

|—0.1942  0.3871]

- 0.2406 —0.1643]
Py = :

—0.1643  0.3894

DR L T DA S AR R S WL 45 1) R 22 R G
FRREH].

B, RIEIRA0)M(13), FIARR 1 7 8% A0
WAL 25 28 R dan H e A bl 4%, AR 2 2ES, o,
AT LU RE BT e vt B A HH S A4 4% 5 T- SARUR o
SRR B AR R BRI E K.

WA, FEA IR 5 1F T, X XA5)F 7 15
BH-HE-HESRGEATIHENNGE, BiE
TSR S A4 4% 1) RT3 R GEAE & R AT 4R
ZMTORSE R ER. K3, B4k W54
Awog = [-1 =112 = [-1 O]T I RLEHPRZS M
O FH £5.

LS S S R N S B R

t/s

3 RESAR By S FOULRIE w0 h 2%

Fig. 3 State and estimated state responses of x1

B 4 AREAE R o S HOULIIAE R IR 1 b 2%
Fig. 4 State and estimated state responses of x»
5 4Z5i8(Conclusion)

FE2E 3 LU b A 20 Jl (4 5 SO R 42
R FH A HHEASOHE 2 ) (0 R0R 2R G0 E BR (K T 9 45
SR8 BoRth b, ARSCIRH T —FHT-SHEOM R S
H I 1542 1 4 B R Pk 20 A AN AT B o B T k.
A S BB A SRR A UL I % AR 1
A, ARV IR T AT A AR A e A
AR 7. 5 AR vE~ AR L, ASrR
H RIS Ak 25 78 23R 7 RSER R D A A
W R B R B S5 K fE B, ABER R BM
I A 4 0 -4 2 SR TE e FE R, D T A
H R T3 DR S PR HE B S SR 2 R
R -FH S 4% R G R A 2 1 ot
AT EHE, KAl T ASONERA RN TR
R, A3 R0 ie TIELET- S R 4. B ALT-
AR 28 Gt i 4 S 15397 1 48 PR AU k2 i AN 8 A
B ITE T L H R A SO 45 R UGS,
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