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Design of fuzzy control system with robust pole placement constraints
MIAOQ Zhi-hong', LI Hong-xing’
{1. Department of Basic Science, The Chinese People's Armed Police Force Academy, Langfang Hebei 065000, China;

2. Department of Mathematics , Beijing Normal University, Beijing 100875, China)

Abstract: A method of designing fuzzy controllers and fuzzy state observers with robust pole placement constraints for a

class of uncertain nonlinear systems approximatively expressed by Takagi-Sugeno(T-S) fuzzy dynamic model was proposed.

Firstly,, based on the concept of the prallel distributed compensation( PDC) and the theory of robust pole placement,a sufficient

condition which guarantees global asymptotic stability of the whole system and satisfies desired performance was obtained. Then,

the condition was converted 10 a standard linear matrix inequalities( LMI) problem in the design procedures. Finally, the simula-

tion of an inverted pendulum verified the effectiveness of the design method.
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W BCRZS I A% It
ASCH SCEK [10] 12 B 3T LMI A9 & AR o
FL B A A B - KRB T-S BRI AT E
LM RSEMRES RS R T E
2 8 #i2 (Problem formulation)
FIEW T B T-S BRI AR IEA AT E
Ao
Plant Rule i:
IF z,(t) is M, and z,(t) is M;,,
THEN %(t) = (A, +AA) x(t) +(B;+AB)u(t),
y(t) = Cix(t),i =1,2,,r,

il and b

(1)
x(t) = [x(e),x(2), -,
()T e " BREME; (1) = [£,(1),2(0),
g, ()T R REMAAER; «() € 2" BIEH R
& y(e) € 2 BRMmE; A, B MG BREFLE
W¢, Tl AA, = HFE, .AB; = HFE, RIRREAWE
PEERSr X B OH Ey FE, (0 = 1,2,,7) REH
WL BE. M F RAMMWELHEERF € 0: =
IFIFTF< I,
F R A BIRIAL SR BUBIHA H BE A0 M AT £ 4%
BRI R R NCRES R SE

(1) = E B (2(0) (A +04)2(2) +

S oM, R

(B, +AB) u( ), (2)

y(6) = D hi((0)) Calo).

HA
wL(Z(t))

w(Z(t))

hi(z(1)) =

w;(2(1)) = HMU( (1)),

iEMA(H)%ﬁW%MﬂE(ﬂL%iEW
BHEZEM ¢ > 0,w,(2(¢)) = 0(i = 1,2,--,7),

gwx(Z(l)) >0, ERER : > 0F h(2(2)) =

0(i=1,2,,r),> h(z(2)) = 1.
LI ERGES, ﬂ—/\’f%*éﬁfﬁlﬂ]ﬁ — R
MR AXFHREIE-TRABEMERENEEN

F € 0 ZBREET XA . 78 PR o, JF e
AHRREZBEERN D), AiLH L BRI ER
REWW SRR ST AP ZENT £

BRI 23S -
Observer Rule i :

IF z,(t) is M, and -*- and z,(t) is M,,,

THEN £ (¢} = 4;2(¢) + Bu(t)-L(y(t)-5(t)),

g(t) = C,2(t),i = 1,2,-,r

(3)

Heb 2 () RIRAFEE () W95, L BETH
RS AR 25 .

e FHRIRE IO A5 5507 12 , MR A5 LI 28 e 2 2
L5

2(2) = ) S hze)) R ()[4 +

LC)(t) + Bu(t) - Ly(t)]. (4)

FIH PDC B9+ BAR R0 T IR RS

uu>=§;muun&ﬂw, (5)
X E KRS ANRREEREFETHRER
i 3% .
BRGIRARQ) G AR/
i(t) = [A + B,FC,]x(¢) + [B + B,FD 13 (1),
(6)
He 2(1) = £2(1) - x(0) HREMITHRE, W

1= DS RGOk A, + BK],

~

B = E E hi(z(t))h(2(2)) BK;,

-

hl(z(t))H

™
H4

Eiﬁuunmanna+axL

j=1

S
ﬂﬁ‘_

hi(2(D) Es K,

(7)

FIAEHAER p(1),q(t), B EXRR AT LM
s FEA(LFR):

2(t) = Ax(t) + Bx(t) + Bp(t),

q(t) = Ca(1) + Da(1), (8)

p(t) = Fq(1).
REHRXGIRAR (DT, B EEAREM T
Bh

£(1) = 2 Eh (z(e)) hi(z())(A; +

=l j=1

BK)£(t) + LiCia(1)]. (9)
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B9 SRE)AMBRRIAGTHRET &
i(t) = Ci(e) - Bp(e).

r r

XEC = D020 hi(z(0))h(z(0))(A, + LC). B

t=1 =1

AR 5K0), BRI NHARREN ST

(Z)=(ﬁ i)(;)*(_B;I')P(t). (11)

AETHTRSEE, T o ss e
IR I3 Rz 8 Ry AR A R AR S 0 B R AR AR A A 07
e

(1) = [A; + HFCq']x(t) +[B; + HFDq'],%(t),
(12)
£(t) = (A + LCHE(t) + Bu(t) — Ly(1),(13)
E’:F /L = A + BiKivBi = BiKiqui = El, + E2,K”
D, = EZ'K,-.

AR R AT EELERSR
(1), RERERFEE K= 1,2, 7) BARZEA
T LG = 1,2, r) ERRGEEFINT B4
fEfEtR: 1) BOHAIRRE (1) R ERFIEREN;
2) XM Y FEQ, B-TREAMRERE(12) BIR
SEEIEEN LML X8 D, P, RE RS
ZEE D - BEN: ) E-1TRBRBM RS

(10)

XHE Gy = AQ+ QAT + BY; + VIB,®; = ATP + PA;
+ CiWi+ WG, Ty = QE] + VIE7 , WIFFHE— 1 HiH
P25 (5) BRI ES (4) R R4
(I E2REHERE XEFARSRBEEHN
K, = VQ (i = 1,2, r), RN L =
P'W,(i = 1,2,,r).

EF2HLQ,P,V, B W, HEMTRENAER
H15), (1) A REREFEEAEZA, B A EREA
Matlab i) LMI T E 65K % . AR X Al R, 32 3 3C
BRI P RIEREEEA SR8 &, X B B4
FORM: D) WA REFEFEAERA 6, <00 = 1,2,

(13)#9tR SEC B 28 E /Y LMI X5 D, .
3 AR H 3% T4 W T 28 1€ i (Design
of fuzzy controllers and fuzzy observers)

B 5E, Brit BRI i) A% FASDIR 25 0L ) 25
RLER A ARG 2 REHL R E , A, e/ BT
feErE.

EE 1 MNFAMEEXRERS(D , WRFE
HEIPRIEESERE Q kP, ¥ K, L(: = 1,2,
o) RIESER A R T EREA SR

AQ + QAT B B, ¢/
BT c'p+pPC -PB, D
B, - -um o [<0
1
c,0 D, 0 -7

(14)
ME ARG (1) R REHIRER.

ERA DL B 5%

HEFHA LM FERS K= 1,2, &
Li(i=12,,r), BF L AREXEEREHEH
T EH:

EE 2 XNTFAMEERAERZE(D, WRTFE
R IEESRE Q &P, BV, W,(j = 1,2,
or) RIESEH A W R T RS

Gy BV, H AT,
ViBl  Q0iQ - QPH AV'E}

. 1< 0,0 = 1,2, ,r, (15)
H' - H'PQ - Al 0
AT; AE, V; 0 - Al

Glj + G]z B,Vj + B]VL 2H A(TU + T}l)
VIBY + VIB]  Q(®;+ ©:)Q ~2QPH A(V/'E; + VTE{)
T <0,i<j<gr. (16)
2H" - 2H"PQ - 241 0

ACTE + TL)  A(ELV, + E) V) 0 _2l

)56, <0(i < jgr), KB Q, V(i =1,
2,,1); 2) WIBEIM Q & V(i = 1,2,--,r) KA
BEREASEA (15), (16)#, BT A %A
(15),(16)ZR T LA P, W, (i = 1,2,-, 1) HIERERE
HEREEFRENSERA. FRMEAIRE P,W.(i =
1,2, ,r).

KRG RRFERE « BShAS TR R 28
REM T 2 WSS HERE, SR TR SR E X8 —
ANEERARRS R4 (12) , 84 Z5RE « Wb
BORIEEARE L, M ,AiNE X — A IMI X3 D, =
{z€ C|fo(z): = L+ Mz+ Mz < O}1'9), F8
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B AGRE. (10l A TET LML) — 138
a3 EAF X AR B R IE R A E RS AL S
— A E R :

EE 3 WMREE AL E A IEE X FRE R
Q TFTEMIE Y,(j = 1.2, r) B o > 018
N B3R A S OB
Mp(A,, Q) +p(MIM, @ HH') M’ @ (C,Q)'

M:® (C,0Q) -

= 1,2,,r. (17)
HAPMYA4,,0) L@ Q0+ MR (AQ +BY) + M' &
(1,0 + BY)'.M = MM, B5EM& M 0ERR . T
B Y F € Q8 -PRIBEG12) R0/
MEFXE D, F(EHE D,- BE"") XBERE
RIRMEEE N K = YO0 '(i = 1,2,-,r).

I BH LB % .

SHE—-NRIREMEITRAE(13)  RIBREM
MR BRI L M, NTE XA —
ASIMIIXE D, = 12€ C‘fDZ(Z): =L+ M z+
Mz < Of . RTHRR VRS P A E  RIE
CER[10], H T

TR 4 WRFE-NILREREE X FRE %
P FESEE W, (j = 1,2, r) #BIMTAEER
HERH AL

L"@P+M @ (PA + WC,) +

MT @ (PA, + WCH' < O(i = 1,2,---,r), (18)
Hed L =07, M- REBREMITRAE (138
mEBREMNXE D, F(B D, - f28), XBERE
Gt L = PIW(i = 1,2,+,r).

T B TR WIS R RAE AR E S, J
B X EEEERE L PR SEE. A ERA (17) fI
(I REHEEBEASELR.

A RS PAREE e AR AR EC . A
WFEH:

TR S WMTAREIERERSE(D), MREFE
KR EEXNRERE O, P, B V,,W.(i = 1,2,
o) RIESEHEC A F o B BEAFALL15) ~
(18) . W FEFE — 1 BUI 1 25 (5) R BDHIR 25 000 2%
(4), 8B ANHRE RS (RS /ELTEER,IF
HESGHSSHRERERENER . XHRESERE
RIS K = ViQ (i = 1,2, r), REMIT
kL = PP'W= 1,2,,r).

4 {HEWZR (Simulation research)

S B Eh SR R

< 0,

x'l = X9, (19)

: ~g(M + m)sin{x;) - mlsin(xl)cos(xl)x22
2= 41/73(M + m) - mlcos*( x;)

cos{ x))

41/3(M + m) - mlcosz(x,)u'
XE xy, xp 3BTRS 2 H 5 18 I A AR 1)
AR, u RVERTENFE LW, g2 = 9.8/ HE
IEE, M = 8kg A/NEMEE . EHKEHN
20 = 1.Om, MEEFEE m 2 - T AFENE,
HEEBERE (mo-Am,mg+Am] ,3XB my = 2.0
kg, Am = mgy x 40% . R Ze i AFE LA, BT
AR A5 ST 2 A M) T-S R R
Rule 1:1F x; is about 0 THEN
£ = (A, +AA)x + (B, + AB)u,y = Cx,

(20)

Rule 2:1F x, is about + Z THEN

2
i = (Ay+ AMy)x + (By + ABy) u,y = Chx.
(21)
XH
0 |
Ay = g(M + mg) OJ’
1(4/3(M + mg) — mg)
0
B, = I ]q(;l:(l 0),
~ U43(M + mg) = mg)
(22)
0 1
Ay = 26(M + my) OJ,
nl{4/3(M + my) - m0‘32)
0
m={ 3 }Q:(lm.
T I43(M + my) - mpf?)

(23)
HH B = cos88, M [A4,,AB,] = HF[E,,E, ];
[AA,4B,] = HF[E ,E, |, XB H =[0 Am ],
E, = [1.2208 0],E% = 0.0052,E, = [6.8414 x
10-* 0],E22 = 5.2321 x 1074,

JEH“ about 0” F1*about + %E’Ji}ﬁ PRE R A
1 - 1/(1 + exp(- 7(x; - n/4)))
hlx) = [ + exp(~-7(x, + n/4)) sha(x))
=1 - h(x)). 5335 E PRI RGP AR &1
FeEX D, & Dy A 1 FR) . i TR S 0
MR SEELTRTREAXZEHRAF
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gr, i BUR B A9 LMI X B8 D, i F D, Z 2=
(RE D). B FHEEMRE - RS, H X R
AR R B ¢ (U IR FyaSAE] T 0 2 ¢ >
0.995% 8% % 0S < 2.55x 107 2% . T, < 2.67 s. H11;

AL BIARAS R LM ALY M9 A Matlab
RO LMI T HA, fEH K = [199.530  56.1785] . K,

= [4737.9 1735.9],L, = [-34.1521 -285.45%]", 1L,
= [-34.1517 - 277.5118]",
0.5448 - 1.6829
- (_ 1.6829  6.9330 )
b ( 3.2606 x 100 - 0.1848 x 104)
- 0.1848 x 10*  0.0118 x 10
(24)

BHHE Q F P RIEE SRR . TR B Hr R
PR TR 2 AN AR R G & ik

LR TRERE T m=my-Am,m = mg &
m = mg+ Am ,MPIEFRMEHR x, = 5°,x, = 0. 5L
BER(LE 2 RHENRRR R Riias
B, 6 2 AR I R 8 VR AN R B R (a3 B = A
T RGN R AR /S, 53X 1580 FR 45 B0 B XHHEFT
REHNEEA SN,

A1 mGEBECEKS D, #1 D,

Fig. 1 Pole placement constraint regions: £, and D,
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X

B 2RI x BWERL 2%
Fig. 2 Response of the state x,
5 %1t (Conclusion)
B R —2EFUM T-S BOMIRLRL UL (U R F R 0

FEERMRE, Gl T M EA B S ACE T
HER P R AR I RS B0 iR ik B TR
G R R E TR A B S SRR A &
T R L 5 (55 Ak AR v 9 LM [ B30 5 e %
LR LR AE R Ge 00 5548 S 5UR o 1 5L
L ATDMRGE SR BUR IR 3 409 3h 25 MR (40 i
VR S )
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Bﬁi(Appendix): 0>L®Q+M®((/_1,-+HFC(L)Q)+
EE 1 E‘]ﬁEHB MT® (Q(Zl + HFCq )T) —
itz =[x #]T,BEL B V(z) = 2TPx, X _ ‘
i _[. : 17, #%E Lyapunov A% V(x) % Mpy(A;, Q) + M@ (HFC,Q) +
mr- (00 V) mkan e EERE S0, f W' & (0, TFTHT). )

Ly(e(1)) < OIS ELCH T FERH L AR
T
q
T
b
M pe) Bx(e)( s 0), AW FAFRML:

T(OPR(1) + ") Px (1) =

(7). pT(1)) -

pT(l)p(l)sxT(l)( )(Cq D)x(1) (A1)

ATQ"'+Q'A  Q'B  Q'B,
_ N _ x(1)
BTQ! C'"P+ PC - PB, ( ( )) <0
p(t
BQ! - B'P 0
AA S - B, ERAMSMT HFALBA > 01F
ATQ'+ Q7'A Q'B Q'B,
BTQ! C"P+ PC - PB, |+
BTQ! - B'P - Al
o
A DT |I(C, D, 0) <O (A2)
0

F1F Schur #h67, iR R XEM T AAEEBA > 03I
FAEEA L

ZTQ—I + Q_IZ Q—IB Q—IBP Cq'l'
BTQ! C'P+PC -PB, D
- <0
BQ- -B'™P M O
1
c, D, 0 -1

(A3)
R EXAWASNERMER - X A5 RERF
diag( Q,1,1,1) BB EHPHAER  EHFILE.
EEIMER dTFE-TNRBHARRERR02)E%
D, - BEWNR S KERFE—NHKRAN EEXFELE Q >
OREHEY,(i=1,2,,1),dFVyvyFenRkvic 1,2,
e rt A

FIREHFERNER B AT HFABRE
My(4;,Q) + (M"@ H)I ® F)(M, ® (C, Q) +
(M, ® (€, 0N @ F)(M @ H) <0. (AS)
EFRREXBLEN TS FEENETHE o AEER
HEFe A
P Mp(A,, Qg + 20" (M © (C, Q)T -
(I® F))(M, @ H¢ < 0. (A6)
BINE ¢ = (U@ FIM @ Ho, HEBR FTF< 1, WA
¢ <" (M@ H)(M, @ H g =
o"(M™M, @ HH ) ¢.
EER(B)BIMESFER:FTHEELSER ¢'¢ <
oM™, @ Hf) o BT . ¢ A
¢ Mp(4;, Q) + 20" (M @ (C,0)N)¢ < 0
AL, BP
(M™,) @ (HH") 0\ (o
(" st)( o i 1)(¢);o (A8)
B A
Mp(A;, Q)

a M ® (C,Q" ( 90)
( 0.
¢ M, ® (C,Q) 0 ol <

(A9)
FIA -8, ERRAARECHERDHAEN, TREH
31FIL.

(A7)

F AR
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