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Observer-Based Tracking Control Design for a Class of Fuzzy Polynomial
Systems

Roozbeh Salimi Tari, Ali Moarefianpour

Abstract: In this paper tracking control law design for a class of polynomial fuzzy systems is
considered. The control law consists of an observer and a state feedback. A polynomial fuzzy observer
estimates the state vector of the plant, and then the estimated state vector is employed by a polynomial
feedback gain to fulfill the control law. The polynomial fuzzy control law leads the state vector of the
plant to track the state vector of a stable reference model subject to an H,, performance. Sufficient
conditions for determination of the control law parameters will be presented in the form of an SOS
program. Additionally simulation results are presented to show the merits of the proposed control
design approach.

Keywords: Polynomial fuzzy systems, tracking control law, polynomial observer, polynomial
feedback gain, H,, performance, sum of squares (SOS).

o sb e | i o s J S e s -0l 0 355 15 5 ST Oledtige el o S alaes 2506 e 10U Jls sdgs iy 5


Kiyan

دریافت: 1396/2/26   ویرایش اول: 1396/6/6   پذیرش: 1396/7/13


Slabor iy (63 Slapinn 5| (IS Gl S p s okl SRS 056 1 b Y
2506 me e il (ode 5,

sl ok o3lizal 1 Il olws 65 3 om0y plulis
G e S Sl sl SIS b [PY] e o
OT 55 o8 ol okt plonil sl ilazel (538 Jai 53 | glabeor ki
os anstls y il (sl ezl Koy 5 A Sasy (b 4 iz
el ol b i all ot (6l Ll J ST O SB e

Slaptam Skl o gt 53 0l plavl Olalas Jlas s
Sl i s o o past 55 (6 S Slallas ((glderdin (556
Sgdan dlex Slagd e o> mrle 3 Glaber i (551 (Slaptas
OT 55 a8 5,8 o)Ll W8] 4y 015 o0 aime) o) )5 0k plsil Sladlzs
b glaberdir (36 Glapis Gl (s S oid dle
[¥7] g o 0 ol 0kl plal Colgi g 5 el s L 65 oS
S5 Cos dulp S s, & A4S o Jos IS 4 J xS 056
ol s (SO ol o e Je oS5 Sl )
OT Js oS ol [¥V] ol s sy 1y ke s "y
b IS Slaprn ol i a5 Wl
25 el B N F g 3use GSS SISl Gl B e b
B e Ll (1 (glalezdiz (556 Jute S Tl [YY]
SIS 6 ol ot plodl [¥9] 53 4T aliie o 5 03 41|
o S S Sl odd (b S8 4 Gldomdiz (536
Glp B s aS s 1) bl e e S5 S s
3 s Lo 5 o o Ll Sl 1 s sl K287 o1 b
ol & sl odaT s 4 Dl po §gazen polal y (Slabaz iz
S o ol 5 B 0 LS b Sl

38 Slaptan 1y il SRS 056 (AL Sl dlis s
WS Lo e o 1 4 (g s ke (255 b (slabar i
n 55 oks plol anlllas odas sl 43,8 13 a5 3
SRl i 53 & ol ol [YF] o jo 53 ol plonit adlllan b il
2l oks @8 e - Sasy 5l JES 056 oLkl
S g 5 o planil 2y 2 Sod B [YF] e e s S
ol D3l el 48 &S e SRS o e s )
ol odks wstls , Sway b 4 0T 55 8 [Y4] Wl b sl Jlis
,waabwsjujl%gduwm] @-,U;Sg.ﬂl
OB i 5 Bdn sl dlin 55 Ko 53 ol 03y dioes
O3 gz edkd 523 [YA] o o 55 oMy Ll i J ST 056 (b
22485550 53 Sl s S ) Jis 5 b 0 s
e Sl s 4 ssly STk 4 (s b Sl
RGN 4:3;]]4.. B

Jde (Bome Lisd oo al)l 5L 3500 Ly Sledie ¥ 25y s

Slw Gy 4 F i s ol g ol ¥ iy 3 slalar i (550

! Stochastic stability

dondo —

JAS 53 ppr Wl 55 Shp0 4 o)lpen i 5 3Ll
2Pl s Gl o3 g s a5 550 b 8 éLAv;M_N
i s JES b ey s SSES Sl
eSdé | o) i s Sogy [FV] ol o plsil (o 2
s A S 25 JES 056 b s s S 5 Sl
oA e g S 056 (b st 5 S 8
1A bl ) 0 Cind e 5 Sl J ST 056 (b 5 S
o iy o2l ol ol S5y (b g e Sy S o
Oools Wl g 6 SIS S el s 2 S b
3 g Tl S et 4 Sl S 03,575 1) J S
)13 (g s

el O 55 2 63k Slalllas 47 (556 (Slb gt Sl s &
4 015 gr ahoar OT 5118 ol 58 g STE (636 o (Lol 0k
V] i JS 056 b [8-0] Sllul J ST 046 b
53 ods plowl Slalllas 13 S 6,1 [YY-7] 56 Sasy (b 5 [V
03 A Gy BB o gae w3 53 4 (550 Sl S e
plosl $Kas J ST 056 (b skt o Sasy b Jsl as
O3g S o3Il BB b g s pde OT (Lol s &8 550 00
ol Gl o33 a3 [YFIV-VF IY 0N AP ] ol Sl s
s> ;s ce glols b LY jSzu) b ol ys s
LYY VWAL 5 n il J 28

O 4 5 3550 (S5B Slapte S| Slamus 3 gladle s
Lir g e Slaberdir (56 (Slaptanw 4 45 ol @5 1
L L Slpis b gt 51 s ol Sslis [YA-YF]
b s e (3B el U i 53 S Sl S e
ol & s e OliS ol f"u‘ Olalas K8 ol (glakas L ch
U5 58 m L G55 Slaptnns 4 S gt I
Lyl 5 al)l [YA-YF] Wyls s, 2 L;uw oS 93 S
b 5 [YA-YF] Glaber s (656 slapmae 5Ll 5 6oILL
mahordir (656 Slapm Sl Boss st Sl J 87056
53 Sladllas ol 51 S IFY=YA] ol 03 Cpioes 4 5 3590 (5!
[Y4] > Glabardar 656 Glapms sl Sy b posas
St [FF Y] Sl r g gome iy ool 2 OT 55 48 555 0 0
b Sl J S 056 (lalertiz (656 Glaptunms I i 4w
Glabordiz (56 Sy b [Fe] e s alie sb ool s
Sgdowe ()l LI G b me 03 & (ot b bt 6y
St bt 4 pge Sy 3l eslizal L4 ol ok plonil iyl 13
2 [F0] dlae 53 .l ol g Al e ket (56 Je o

Cgr lalar iz @36 Sy S [YR] 55 e &yl iy, el

Journal of Control, Vol. 12, No. 1, Spring 2018

IRV Sl o) o5led Y o oJ =S alos



v S dhar ki (536 (So e S| NS 51 Ss) 2 e S SRS 056 b
2306 e o e )b ook a5,

[ A ( ~B+ CT)]
[ 1 |=
lﬁ(_BT +0) -D |
ST
A—BD™'C<0

1 Ol s oS o 51 aslizd b -
[ A L -8 +CT)]
V2

llT( BT +C) =D |

<0

1
A+5(=B+ CTHD (=B + M)
1 1
— _ -1pT _ _ -1
=A+5BD™'BT —5BDIC )

1 1
—ECTD‘IBT +ECTD‘1C <0

oAl

1
A—Z(BDTIC + CTD-lBT)
1 )
BD 1BT

<——CTD ic—
S ol G e ] (g slnsls oy s S0 s 4 55 L

] ol cLo.'r'

i gy, Qo s (Slabaz iz (55 e VY

4 OT ol i ool o8 0 ;K 5 55 1) ool 7 L (636 0t &S
Sose
If z,(t)is M;; and ...
Then x(t) = A;(x(®)x(t) + B; (x())u(t) 2
i=12,..r

and z,(t) is Mj,

e (JB 2w 358 g e S skilen ([YAD 55 o0 oy e
o S Bi(x(0) 5 Ay (x()) laberr ki sla s 5o Jali (9) 556
635 (Slaptnns 5 Slaborrdin (556 (Slapins Oln ool oslis 5
Gl dir (556 Slaptngn i UG ol 55 s S
daly 53 Soba Azes 5 S (656 Glaptnnm SBL oans
kd o § (G356 gt 3L B By 5 Ai Slam Sl ST )
4 () e (Solys Jio 55 dal 38 s ST L
“ose
() = Z hi(z(£)) {4;: (e (€)% () + B; (x(D))u(0)}
i=1 . )

y(©) = D hEO)GEOND

LBy J S 0B b Ll i 0 Jise 5 oyl olasst
4V e Culg 5o 5 358 00 0nls OLiS odd @1yl gy o) (Jle

313 polasst o 5l (6 S ams

=2l Olovdo -Y

SxAYT Xy sty ol B X(E) € R 1Y laar oS5 oS
« P(x(1)) lbertn dmas it e Sl @, 0, e, @ OT s
el Sl b X(0) ) lagller eSS s e ol s
gl Sl Slup paeme o4 P(X() sl
o Pe(t)) ol Kusb o sl wls 5 s 616 S f1(X), won, frn ()
S M=MT 51 Al ey P(x(D) = X1 f2(x(0) o)se
A M<O M0 M>0M20 Sjle dil uye o il
Ot Fle D251 e i g ome e (i cnn St cme dad e o DL
yipcu S LMY =M+ MT ioen ana M

5 AM) = AQ)T Gl m sl AT 55 ¥ 50 ez )
Azes dolre ) G jle &y guanl s EL D(X) = D(x)T

A(x) B(x) .
[B(x)T D(x)] <0 =
AX) <0, A(X) —B()D(x)™B(x)' <0 -o

D(x) <0,D(x) —B(x)TA(x)"*B(x) <0 -z

u_i.nl_;: -y N"
x = f(x,w) ()

IS K @ 5 e Sl Sl x 0T 53 a8 0,8 i s )
S Gl6 S a5V (1) @‘“:5&}-@‘@)‘*
V() >0
] ()
V() < —x"x+ c?0"w

oA e Dogan] 53 (sl odd Cpn Sldie K 0 OT s S
.g;w‘ljlmfgjﬁuwéa‘g))ﬂw

Ol 4 Comd (V) Al 35 Sske b 31 6, SIS b -l

Wb Ol P o e S P AL

[

f xTxdt —V(0) < sz wTwdt ()
0

0
Slirs Oloa b (s (551 0,4 0351 2 9udme oS Oy el eyl
[ Y
3B bl s D>0A<0 oy sl s 55 -V

Sy sl 53 dyl5 3 g g colia bl L C

! Monomial

Journal of Control, Vol. 12, No. 1, Spring 2018

WAV Sl o) o5led )Y o oJ =S alos



Slabor iy (63 Slapinn 5| (IS Gl S p s okl SRS 056 1 b f
250 e o ()b ke 45,

o de o oAb 5 63008 b (e e Sl S S

e HlL

Wl o 0313 DL Y JSCb 3 i il ot STk ol S

Xr

Reference Feedback | ¥ . y

*ﬁ

Plant
Model gain

A 4

Observer |«

g il e (Sl ol Sls ) S

R 2 (e SR 06 (b -t

4 A) s (12 il J S 056 (b Ll b s ol o
Sl s dal g ) Dlag g sazme Dy 4 (1) J 257 056 15
Codo Lalgy 55 Oloj yie oty Os ey Sl Sl 5 Sslu
JJ%M&M‘Y oy Olis x Q))..p «ux(t) é)l..ub}.idn
M)@&\JM}AFBUL&)A&@)@‘MW)}
Q)}.\oq‘wdl:-)bj&:&‘ﬁ&:’-

e=x— % aY)

(V) 5 (A) slaadasly bzl U 5 ol dlaly lal 358 0 Gy 08

O go 4 rai o Sl s

hi(2)hy(2) [[4:CO)x + Byu]
1— [AL(J,C\)Q + Biu
+ Li®(Gx - G@2)]|

r T
é=x—%=

i=1j

(\Y)

hi(@)hy(2)[ (A (0)x — A (D)2

i=1 j=1

- Li®)(G(x)x — G;(R)]

s A )x — AR = A(x,Re e i L.l gl Al B8
Sy st (V) doles G (0)x — C;(R)Z = C(x, R)e

6= hi(2)h;(2) (Ai(x, ) - Li®G (x, 9?)) e (OF)

Il
=
-
1l
=

A5 o o5 1y e sl oSaalis S ol .ol OL 6
i{i Jg‘):d L5L{ I BEEN] Sl J.iii}) o 4 LL(J’C\) QT BE
il Ko gy Sl s 5l slalas i

S pu(t) €ER™ (- Hls x(t) € R™OT 55 a8 Col 2lei L
Sl e e s YERT O g
& C(x(D) € RI™ |, B (x(t)) € R™™. A,(x(t)) € R™"
o Al e e e 4 s X1 (glaear iz gla s SLe
eb Mij Sobe (V) daly S5 dmes (oS Sl 5 3000
plie ke Zj(1) 5 pde ite cpel J 5 056 el L L Jble oy sle
sl g Sl sl e Sl el e Wilg e S Ll s ST

B e 3l o (S 0510 B

FTNPF e I

S8 Slakerdi= (556 Lg\.ar.:...:.u S e s i ol s

Copeo 445 L, S hylF s

x(t) = Z hi () {A; (x())x (@) + B;({())u(t)}
=1 W

YO = ) OG0
i=1

S ls 51 b e ol W) daly )3 Ksd e esls Ol
o lsp 5h b e o5k 4 505 il s Sl e
S Wl oo o el Ol b i 1 S5 T(E) )l o ot
IREAPP SR S KTy NP FIgFER
S o 5l 5 S 4 () e Sl ls 5 055 lsls 6l

Sy 4 dBS 056 L S e

u(t) = z h;(z(0) K;(R(£) (®() — x,(6)) @)
=1

S gldhazdir w5l &S Kj(f(t)) o ys a8 S5 4;9;}]@ BE

©3b Sy, - ls

20 = ) hi(z(O) LAGEERO + B GO
i=1
+L(20)(y(©) = 9(®))} a0

9O = D mEEIGEREO)

P ERT 5 36 Kusy S Lo, R(E) ERT Siln .ol
Moy X (8) ER™ Lize (A) daly L5 oSl S,y s Ll
el e Jobe
% (t) = Arxp(0) + Byr(t)

¥r(£) = Cx, (8)

Ay

Sl yr(t) ERY T S35 s r(8) ER™ OT j5 &8 ol
CrEqun 3 BrE]Rnxm cArERnxn ‘@f Je I

Journal of Control, Vol. 12, No. 1, Spring 2018

IRV Sl o) o5led Y o oJ =S alos



o S dhar ki (536 (So e S| NS 51 Ss) 2 e S SRS 056 b
25068 2 e e ol gork 459,

OT 5o a8 K ks 55 iU el il Ol &)

X, 0 0
Xx=[0 X, 0 D
0 0 Xs

D) 30 4 e Sl s slael 55 V(E) GU Sl i
V(t) = ¥TXx% + ZTX*%
r r
JUp T
= z z hi(z)h;(2) {xTAij Xx+1TE, X%

i=1j=1
+ ¥ XA,% + X XEyr}

= Z Z h(@hy @ (A" X + XA;)

i=1j=1

(Yy)
+ TTETXE + %TXEr —rTo?r
+rTo?r

Cope 4 IS )l daly AT e

T T
V() = Z Z hi(2)h;(2) CDT‘PU.(D -%#%+c%Tr (V)

i=1 j=1

OT 03 &858 o 53

A X+ XA; +1  XE,
~T
E X —o?I ()

o=

224 ol lagd o b b g AL & Cul IS0

Y. =
ij

25 Olg e ¥ ) Sl eslizal b sl V(E) S0 b (YY)
T (63555 31 (10) (e Colgi g 5 el AL Wi <0 S5 )50
aaly Jb ds dal g 0 ods pnd J8 51 5l Sl 2SS X S b
Ol e ol daly 5o X 5 Ay Kl by, ki s 1, (YY)

sls olas
£{X,,(AF + BiK;)}
T
v, = —(BiK;) X11
[ AF = A)"Xy,
—BI'X, (Yf)
* * *
L{X5, (4 - L,G)} * *
0 LXsd) o« |50
0 Bl Xss  —0?l

78 SIS 53 dsgmn o ol o 0ts a5 s
O35 D pp i Olg e gbiles s 3 eslizel b .ol Codous

xTWx <0 )

4 Olg o Iy o= daly y =diag(XiL LLI 0T 55 8 cul

5P

b i s Sl Ol WS 056 Kl

D050 4 SR (T ST 0l 3 Ol o
r r

= Zhi(z)Zhj(z) [4% + Err] (1)
=1 =

0T 53 8 a5 o a8 5 5o

Aij
Ai(x) + Bi(OK;(®) —Bi(DK; ) Ai(x) — Ay
= 0 A_l' - Ll(f)c_} 0
0 0 4 los
X — Xy -B,
%= [ e |,E= [ 0
Xy BT

I

RS PR 425‘)?}2}):/11- =A_i(x,5c‘) 36 = C_‘](X,J/C\)‘ QT))A{

Saoml ST 5o ) 08) e -1
Gtz 5 Xy ERPM Xy ERPT (X3 € RV
550> 0 b5l j =1, Glilwe; >0 56,(x) 20

S ol S 4y asl ails

X1 0 0
0 Xz O [—g,lisSOS
0 0 X33 wY)
— (Qij(x) + ezij(x)l) is SOS
QT )J 45
({4 + By} + £lBik)
T
—(BiK;)
(Aic - Ar)T
1 B T
ﬁ(Xn1 — 1+ BiK;)
1, ., T (\A)
ﬁ(X11 — 1+ BiK;)
* * * * *
L(XZZA_i — Zic_‘]) * * * * ]
0 L{X334,} * *oox
0 BIX;s —0%l *
0 0 0 -1 * J
0 0 0 0 -I

3505 51 855 o () J 28 056 Sl e oAT sl 1
aasly 53 .54 dal gt 3 gdoes Sl Hls  peeded gl 5 Caws gl U
K = K](??) B; =Bi(Q) Ly, o éf)}, ot gy e
A s Zi=Zi() = XpuLi(R) 5 A7 = Ai(x) A= A(R)

Sl ol -\29;
b -t

V() = #TXx (\9)

Journal of Control, Vol. 12, No. 1, Spring 2018

WAV Sl o) o5led )Y o oJ =S alos



Slabor iy (63 Slapinn 5| (IS Gl S p s okl SRS 056 1 b $
2506 me e il (ode 5,

Sl W) e Sl s 7 peies g5 ot ST 51 - OLST
Sope 4 LU Wb ol

V(t) = eTPe ()

S s sl Gy e =x—X% QT):S;}C:@A:A;JE):
daly 4 Ol g o 2 s 4ndd 3l eslinal L.l
V(t) =eéTXe+eTPe
T T

= ZZ h;(2)h;(2)e” [(A_i — LiC_‘}-)TP )

i=1j=1
+P(4; - Lic‘,)] e<0

Sl LlEs Sose s (YY) daly
m (4 —1,C) P+P(A-L,C)<0

2L C=T1 0T 5 o8 W, K s 1) Jb -F b
Slp Al $Ktd b 4 s S (b e ) s
Sgml ST gl 4 el s W) e
€, >0 fzi,-(x) 20 glderkir < Xp; € RV 5 Xy € R
Gl S 4 sl wils 5353 0>0 o b 5L =1,.,7 Gl 4
s

[Xn 0

: Xzz] — €1 isSOS

(*Y)
- (Qi]-(x) + ezij(x)l) is SOS

OT 53 &8 sl 13,

L{A¥X7 + BiZ;} * *
Q) =| A —4)"  L{XpA)  + ()
—BT BT'X,, —o?

Llodds 4:3‘}? j]a_r 3 B = Bl(() ¢ Zj = Zj(x) = K]'(X)Xl_ll 3
JS 056 L o&KT

w= ) 1@ K6 G - %] )
j=1

i Gl (s S U mr e (63505 Sl a Al 0t S5 50 00

sl S gd>we

Sl ol b ol b DU bt 3L e b ST - LS
Ll 5 Ol jen QA;VA\} Sy ass -\:éjfj]b’):)?:x Lb oS
D50 4 (gt (SO g e

T T

=) () Z W (2) [Ay% + Eir] (¥0)
=

i=1

OT 53 8 55 o s 5 5

L{(AF + BK;)Xii! + BiK; — BiK;}

—(BiKi)T
| (Ai( - AT)T
| —BT (¥$)
* * *
L{X5,(4; - LiC))} *
0 LXs54y | =0
0 BTXss —o2l

RYERNI P ;;L« 4 Sl Zp = XppLy OT 53 &S 55 ek

Jslae o0l abasly
L{AFX7 + BiK;} *
T — —
~(BiK;) L{X52 (4 — LiG)}
| (Af - AT)T 0
—BT 0
X —1 BK; %)
* *
_ 0 0 -1 0
L{X334,} * 0 0 [ 0 —I]
BF X3, -l 0 0

<0

[(Bin)T 000
Xii—1 0 0 0

dr g bl O)lite a3l daly o e joodd alb s Sl ol

w}:u‘};@vr_‘ﬂabu&ﬁ“ajcﬁ.&&w“b

[L{(AF + B;K;)X1i'} + L{B;K;}
—(Bin)T
(Ai - AT)T
_B;f

1 _ T
ﬁ(Xu1 -1+ BiK;)

1 ( )T (YA)
— (X = I + BiK;
\/E* * * * *
L(Xp0A; — 2,C)  * * T
0 L{)‘;33Ar} *2 * X <0
0 Br X33 —0o°l x  x
0 0 0 =1 *
0 0 0 0 -I
L |

Sheast hise Sog) b 165 K50 53 =) (5 4o

o,
(& - 1,;C)' P+ P(A; — LiC) <0
i=1,..,r (¥4
j=1,..,r

Sas) oKST el s e e il &SG P 0T 45 &7 s 15,
AT oo S @ (Y4) alasly (g slensls 51 aS™ Ly (glabam i 0,45 b (V1)
T alie 55 bl 53 i medss 1) (M) e Sl Sl Ll 5 oo
5 A= A% G =002 1o 0ol ) aad DUl

el oks 4§ b s Ly = Li(R)

Journal of Control, Vol. 12, No. 1, Spring 2018

IRV Sl o) o5led Y o oJ =S alos



v S dhar ki (536 (So e S| NS 51 Ss) 2 e S SRS 056 b
2306 e o e )b ook a5,

- \
03,51 Caws 4 sl e s el Sl a5l ke aas s

ol 0 oslizal S S (gl L
Y Jie V-0

D S i 53 1) s Sl psT ot
X =100 —x1) +uy

Xy = 28x1 — Xy — X1X3 + U, £))
8

X3 = XX, —§x3 + u3
S b e sy ) esliul b .ol x; € [-30,30] OT 5 &
228 dslisn b 45 S 56 ke ¢S5 Ol 5 oo ¢ [FY] ollas
e S8y 73,5 5 1S w1y Sl 2=y pde ke OT
Sl bl AST Co s G2 sk 4 |y s iy oL 5o 1 (FY)

S5 4 (G5

~10 10 0 -10 10 ©

28 -1 -30 28 -1 30

A = g|42= 8

0 30 -3 0 30 —3
100

By=B,=|0 1 0|,C,=C=[1 0 0]
00 1

=30+ )= 30-2)

Soge s g e dHe gl bl S LT e S

0 1 0 100
A=|l0 o 1|,B.=|0 1 of,
-2 -4 -3 00 1
c,=[1 0 0
5 NS Gl 5 S el Slagie 0=5 bl L
Q)M“uib.})

0.1369 —0.3255 —0.0018
X1 = 1077|—0.3255 0.9082  0.0003 |,

—0.0018 0.0003  0.6679
0.4325 —0.2616 0 ]

X,, = [-0.2616 0.2748 0

0 0 0.247
0.0114 —0.0133 0.0266]

X33 =1-0.0133 0.0114 0.0398
0.0266 0.0398 0.0513

—6457.481  492.268 -0.729
K, = | 787.778  —6895.572 0.188 }
—0.182 0.517 —5747.302
—6451.520  492.440 —0.381
K, = 787.216 —6895.329 0.404
—0.498 0.0935 —5747.282
44.704 44.704
L, = 161.498],L2 = | 61.497
18.582 —18.582

Bl Gl 4 ) e dil e leand il T e et
5x(0) =[=5 10 —=5]" e 4 Jol gt 4Jyl Ll 2
» g RO =[5 -5 51" ©ype o Sus,s sl s

“Yalmip Toolbox

- [AY+BK AF—A,
A”_[ 0 A, ]

e=[ 1 E= ]

S Al 038 5 L s 0l ) 4ndd DU s T tile .l

(v%)

258w 015 o0 DS anss loslizul b 5 (V) Sy gm0

r

V() = Z Z hi(2)h;(2) CDT‘{’U.Q) —#x+c%rTr<0 (V)

i=1 j=1
_[X] .7
9 CD = [T] Q‘ BL 4§
£{X,1 (A + B:K;)} * *
Wiy =| AP -ADXu  LXpA} x|SO TN
—BTX,, BTX,, —o?I

dabes (FA) sy (641 3 s ST3Y andd U1 s 4T ke Lol

oy o)l 3
L{(A + BK;)X 11} * %
X"Yix = Ar - 40" L{XpA,} o+ |00
—-BT BTX,, —o2l

M w (F) daly ol y = diag(Xih LD 0T 5 8 ool
b onlply Sl s 5 Ky 5 X1 e ol 33 kol

Sogo & (M) ol y KX T = Z; e i

c{axxi! + Bz} * *
(Af - Ar)T L{XZZAr} * <0 ()
-B! BTX,, —d%l

RGOS

Silwda -0
D 3 odd &l sblas L1 Osls Ol Gl i ol s
i e J3l e 53 3 pb e 61 it Jle a3
G o gy S 33T s 3,8 a1 S s 3050 o S 5ET
O3B oIl e 5 o5 353 5 5b 4 58 g S (56 e
S ps> dle )3 s dal g el S e (e gy e J S
ol ol oo 5 (gl iz (656 s 65 Lo 57 o5 o8
b as ys .l db)\;ﬂywl)rs‘*ﬂw;u O 43 &S
g3 Jla 53 555 e gl (slalardir 56 Jobe ol J 287 056
de o2 5 555 ST (536 Jbe o (s e S )2
e 33 2 Sl il J ST 056 (b s Sl Gl 558

5 e el 556

Journal of Control, Vol. 12, No. 1, Spring 2018

WAV Sl o) o5led )Y o oJ =S alos



Slabor iy (63 Slapinn 5| (IS Gl S p s okl SRS 056 1 b A
2506 me e il (ode 5,

—0.3x,
I O

[—0.2172 —0.3x2]
-15 —2-2x,?

Ay () = [—1.5

2
B =B, =T ¢ =c=01 o

0
sinxy + 0.21727 X1 — sinxy

h(z) = —t 202 (=L L
1(2) 121720, 2O = 1172y,

odi a3l Olas B s s (FY) s 5B 13 pad el ] Szl 6
b il S s (FY) e 358 0 >N 7 slailes

RO YN

TR PHEER W g %
Sopo g o de Gl Sle BT L
_[-1 05] , _[10] ~ _
a=7 Be=[p]a=0 o

3 SRS bbb 5 (6,8 el Sla e 0= 0.4 Sl L

o & Sl dinr 556 Sa s,

. _3[—0.0064 0
X1 =10 [ 0 0.3557]
_10.0799 0
X“_[ 0 0.006]
. _410.0265 0.0097
53 =10 [0.0097 0.2049

K, = [-2.468 —0.0593 + 0.0064%,]
K, = [-4.051 —0.515+ 0.318%,]

L _ [88:655—235x 10-12;?2]
1 —4.415 — 1.824%,

L. _ [86:994—235x 10-1222]
2= —4.428 — 1.838%,

Cope 4 ads) s OBl b il ml T e S
Cope 4 Gldar i @56 Suss adsl s 5 x(0) =1 1]"
S Heailen (sl ol o3l OLES O J&.& »x0)=[-1 -1]T
)bﬂya};xb&}a&)\.gl;@dbw;}i@%)h
G339 S Sl S3a p"}l Lol ol plasil e sk 4 Sl
5l Ve ol ess o /F wals b Ll I e a7 &

sl okt 4 S k5 3 L e

spd g =M ¥ ISE 55 oS jshilan 58 salia ¥ IS 5 Y S
Groper 358 el (VL S5 L i &5 e Lol J ST 056
v sl T e Lo Slap Sl glle et
Sl S5 Y das e 0L 1y edd S5 IS S
54380 a5 0y 93 (Y s b ol S Do 4T o n 53505

sl ots 4 S 5 30y LWL e
10

—x
o /\v/\//\v/ SN Ry
< OF — 11—l Xr1
546 8 10 12 14 16 18 20

20
——
NlO - Ry
x 0 — — [T Xr2
-10
2 4 6 8 10 12 14 16 18
5 X3
Of~ " R3
< -SN """" Xr3
-10
1% 5 10 15 20
Time(sec)
J,\waouww,%@a@uzrd&;
150

o

=]

-150 2 4 6 8 10 12 14 16 18 20
0

5'-200
-400 2 4 6 8 10 12 14 16 18 20
100

S 0
100y 5 10 15 20

Time(sec)

Jsl Jls s J 287 0 56 IS

Y Jee-Y-0
% = sinx; —0.3x%, + (2,2 + Du
Xy = —1.5x; — 2x, — x,° (F)
y=X

Gl 6, SN b Xy S e OT s ST WK s
b e & (el (o 8 s sy Sl eslizad b (MAD)
G855k 445 G165 43,5T Sy O o 012 55 L (slaber i
bz = X1 pdie e Sls S Cano g 1y (FY) )
Gl wsle 55 Xy 5 s Xy (S el BB I A
oy Gllerdinr G5B Jbs 55 e 2L By 5 A laler

Q)}J‘b(fy)?}:&v&wew

Journal of Control, Vol. 12, No. 1, Spring 2018

IRV Sl o) o5led Y o oJ =S alos



S dhar ki (536 (So e S| NS 51 Ss) 2 e S SRS 056 b

030L me Jo gl ok 459,
Yow = [ 21787 —0.1536] 3 —
37 1-0.1536 1.3586 2 7 \ T o
< 1 . b
K, =[-1.4982 0.2189], K, = [-1.5013 0.2243] o Xel
K; = [-1.5013 0.2243],K, = [-1.5013 0.2243] Y2 4 6 8 10 12 14 16 18 20
1
L _[32682], _[32295 | g
17109292172 7 1-1.0764) 20 \ = o X
L. = [ 31668 _ [ 3.1666 ] -1f A ‘
3= —0.8591/)” 4 —1.0586 2 4 6 8 10 12 14 16 18 20
534 ok o3l 0L S5 (il gl T gr 2’?
- =) \
ot Lle a(0) =[1 17 Sose @ e sl Lls O -
> -2
hd B ol A SRS 2(0) = [_1 _1]T o w66 JS:‘J) 0 ° Twmigec) 1 2
medd Ol \Tad/sec R Y s b g IS & 50 £33 Je ot (S5loand i D e
&l
¥ ke —Y-0
% =01x} —x, +u
< O S e S Xr2 % = sinx, —xix, ()

2 4 6 8 10 12 14 16 18 20

0 5 10 15 20
Time(sec)

5 5 S Je sl p g Jlin (Sl ol 9 IS
w5 (Glalar i (636 Jde ulal  J2S 056 )b & J
A 53 05 el b 4 () s b nes oSalys 3 g oo
JB o (655 Jbe baw 5 1y Sl 51y Sl 03 55
jZ:yQT‘)deﬁ,..»‘u—i{Lu'

0.1y? -1
Al = Y 2:|!A2 =

0.1y2 —1]
1 -y

—0.2172 —y2
1
B1=B2=[0],61=C2=[1 0]

siny + 0.2172y
1.217y

y —siny

(2 = 12172y’

Jho(2) =
b 53 T L Gl (b Gl ple (35 i s L

5 SRS Gl 5 68 reds lagie (it plowl S I
g b 656 S g,

1 —

[0.0415 0.0086]
0.0086 0.0707Y

_ [2:4376 0.3848]
227 10.3848 3.8856)

=[1.7516 0.0448]
33 7 10.0448 2.1999

K, =[-1.1728 0.22032]
K, =[-1.1728 0.2032]

_ [ 0.7008 _[0.7124

L= —0.0671]’L2 ~1-0.1511

y=x1

~ S Je e Sy 93 4 e ol s (YADAL i
12355 g0 plowil J S 056 b (glabor st (656 Ja 5 55 5
SR b o 4 S e S (556 Jde 03)5T s
636 Jhe ol ol X E[=11] S Col ods 53 ols

Soyg0 4 0dsBF L S ST

01 -1, _[ 01 -1
A= 1 —1]'A2 = [—0.217 —1b
[0 =11, 1 0 -1
A5 = [1 0 .44 = [—0.217 0 ]
1
By =B, =By=B, =],
61:CZZC3ZC4:[1 0]
__psinxg + 0.217x4
mG) =xi—— o
x, — sinx;
1217x,
sinx; + 0.217x;
1217x%,

hy(x) = xf

hs(x) = (1 —xf)

X, — Sinx
h) = 0 =xD) =™
. 1

Jbe o el CLl b 5 0 =5 gl bl b T o0 s
el Neabe

a=[7" OB =[] c=1 o

b 63l Sus, s ST Gl bl s 68 e sla e
o

_ [0.8676 0.2861]X 2[0.3066 0.2021
117 10.2861 0.7334) 722 7 [0.2021 0.6991

Journal of Control, Vol. 12, No. 1, Spring 2018

WAV Sl o) o5led )Y o oJ =S alos



Slabor iy (63 Slapinn 5| (IS Gl S p s okl SRS 056 1 b v
250 e o ()b ke 45,

(4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

[15]

Wheeled Mobile Robot With Nonholonomic
Constraint," IEEE Transactions on Control Systems
Technology, vol. 24, pp. 741-746, 2016.

G. Wen, W. Yu, Y. Xia, X. Yu, and J. Hu,
"Distributed Tracking of Nonlinear Multiagent
Systems Under Directed Switching Topology: An
Observer-Based Protocol,” IEEE Transactions on
Systems, Man, and Cybernetics: Systems, vol. 47,
pp. 869-881, 2017.

H. O. Wang, K. Tanaka, and M. F. Griffin, "An
approach to fuzzy control of nonlinear systems:
stability and design issues,"” IEEE Transactions on
Fuzzy Systems, vol. 4, pp. 14-23, 1996.

K. Tanaka and H. O. Wang, "Fuzzy regulators and
fuzzy observers: a linear matrix inequality
approach," in Proceedings of the 36th IEEE
Conference on Decision and Control, 1997, pp.
1315-1320 vol.2.

K. Tanaka, T. lkeda, and H. O. Wang, "Fuzzy
regulators and fuzzy observers: relaxed stability
conditions and LMlI-based designs,” IEEE
Transactions on Fuzzy Systems, vol. 6, pp. 250-265,
1998.

M. C. M. Teixeira, E. Assuncdo, and H. C.
Pietrobom, "On relaxed LMI-based designs for
fuzzy regulators and fuzzy observers,” in 2001
European Control Conference (ECC), 2001, pp.
120-125.

M. C. M. Teixeira, E. Assuncao, and R. G. Avellar,
"On relaxed LMI-based designs for fuzzy regulators
and fuzzy observers,” IEEE Transactions on Fuzzy
Systems, vol. 11, pp. 613-623, 2003.

T. Chung-Shi, C. Bor-Sen, and U. Huey-Jian,
"Fuzzy tracking control design for nonlinear
dynamic systems via T-S fuzzy model," IEEE
Transactions on Fuzzy Systems, vol. 9, pp. 381-392,
2001.

G. H. Chang and J. C. Wu, "Robust Tracking
Control Design for Nonlinear Systems via Fuzzy
Observer," in 2012 Fifth International Symposium
on Computational Intelligence and Design, 2012,
pp. 366-369.

M. H. Asemani and V. J. Majd, "A robust Hoo
observer-based controller design for uncertain T-S
fuzzy systems with unknown premise variables via
LMI," Fuzzy Sets and Systems, vol. 212, pp. 21-40,
2013.

C. Lin, Q.-G. Wang, and T. Heng Lee,
"Improvement on observer-based control for T-S
fuzzy systems," Automatica, vol. 41, pp. 1651-1656,
2005.

C.-S. Tseng and C.-K. Hwang, "Fuzzy observer-
based fuzzy control design for nonlinear systems
with persistent bounded disturbances,” Fuzzy Sets
and Systems, vol. 158, pp. 164-179, 2007.

H. Dahmani, O. Pageés, A. E. Hajjaji, and N.
Daraoui, "Observer-Based Robust Control of
Vehicle Dynamics for Rollover Mitigation in
Critical ~ Situations,” IEEE Transactions on

Cog 4 e 4l Lol 5 OBl b (Sland ol T n ety
Cpe kSl @36 Sy, sl Ll e s x(0) =1 117
sl otalie JBY S5 55 2(0) =[-1 —1]7

—x
pEEs y R1
7 A == X1
Do /
14 16 18 20
2 -
N . o o R2
X 0 gome X..;" —~—— ST T X2
-2

0 5 10 15 20
Time(sec)

Gldboz i (656 Jde (6l p Jle gilwans G_L‘J v J{,:,

Gk b 03 3k iV IS 57 S s ST sailes

636 b (b gle il 055 OLSS 525 b gldber dig (556
gl 5 o i gl s 3 350 Solulin (58 s ST
o 4 b e she s DL e e s
358 e dgdome X3 € [—11] o3 4 ildde Hleel & s ST
06 ens )3 5 ildie lalar iz (56 g, L3 S0 o
ol mn el sk 4 J S

&5 4o -1

oIS Sl Kas) p e e S 056 Gl dlie )
5 i (atlh el b laderdn (56 Gl gt | ol
(Sldbordizr (556 laptcw | oIS ol ps s b Sl s
482505 oSl 3 DI Hlo 4 atly (s A 5 et o Sl
Sl B Ll e e Sl Sl i b
4 A Dl g g Sy ol 1 U7 0508 lae s aplons
3 S 4 e S sy 0387 105 esdle Ll & 4 S
$2508 3 Slgig p i e Ol e e e eSS I sy
S ol osls Ladeine Hldds I s 5 ot glales b ol
b edd &l J ST 086 1L sl Olis (gl gl 5y sl
A plil Ls s i (515 OT (3l 5 J 2857 0 56

&l

[1] Z. Wang, R. Lu, and H. Wang, "Finite-Time
Trajectory Tracking Control of a Class of Nonlinear
Discrete-Time Systems," IEEE Transactions on
Systems, Man, and Cybernetics: Systems, vol. 47,
pp. 1679-1687, 2017.

[2] Y. F. Gao, X. M. Sun, C. Wen, and W. Wang,
"Adaptive Tracking Control for a Class of
Stochastic Uncertain Nonlinear Systems With Input
Saturation,” IEEE Transactions on Automatic
Control, vol. 62, pp. 2498-2504, 2017.

[3]1 H. Yang, X. Fan, P. Shi, and C. Hua, "Nonlinear
Control for Tracking and Obstacle Avoidance of a

Journal of Control, Vol. 12, No. 1, Spring 2018

IRV Sl o) o5led Y o oJ =S alos



Bl

S dhar ki (536 (So e S| NS 51 Ss) 2 e S SRS 056 b
2306 e o e )b ook a5,

[29]

[30]

[31]

[32]

(33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

[41]

IEEE Transactions on Fuzzy Systems, vol. 17, pp.
1284-1295, 2009.

K. Tanaka, H. Ohtake, T. Seo, M. Tanaka, and H. O.
Wang, "Polynomial Fuzzy Observer Designs: A
Sum-of-Squares Approach," IEEE Transactions on
Systems, Man, and Cybernetics, Part B
(Cybernetics), vol. 42, pp. 1330-1342, 2012.

A. Sala, J. L. Pitarch, M. Bernal, A. Jaadari, and T.
M. Guerra, "Fuzzy Polynomial observers,” IFAC
Proceedings Volumes, vol. 44, pp. 12772-12776,
2011.

C. Liu, H. K. Lam, X. Ban, and X. Zhao, "Design of
polynomial ~ fuzzy  observer—controller  with
membership functions using unmeasurable premise
variables for nonlinear systems," Information
Sciences, vol. 355-356, pp. 186-207, 2016.

H. Han, J. Chen, and H. R. Karimi, "State and
disturbance observers-based polynomial fuzzy
controller,” Information Sciences, vol. 382383, pp.
38-59, 2017.

S. Prajna, A. Papachristodoulou, and W. Fen,
"Nonlinear control synthesis by sum of squares
optimization: a Lyapunov-based approach," in 2004
5th  Asian Control Conference (IEEE Cat.
No.04EX904), 2004, pp. 157-165 Vol.1.

A. Papachristodoulou and S. Prajna, "A tutorial on
sum of squares techniques for systems analysis," in
Proceedings of the 2005, American Control
Conference, 2005., 2005, pp. 2686-2700 vol. 4.

F. Delmotte, M. Dambrine, S. Delrot, and S. Lalot,
"Fouling detection in a heat exchanger: A
polynomial fuzzy observer approach,” Control
Engineering Practice, vol. 21, pp. 1386-1395, 2013.

H. K. Lam and H. Li, "Output-Feedback Tracking
Control for Polynomial Fuzzy-Model-Based Control
Systems,” IEEE Transactions on Industrial
Electronics, vol. 60, pp. 5830-5840, 2013.

Z. Chen, B. Zhang, H. Li, and J. Yu, "Tracking
control for polynomial fuzzy networked systems
with repeated scalar nonlinearities,"
Neurocomputing, vol. 171, pp. 185-193, 2016.

S. Prajna, A. Papachristodoulou, and P. A. Parrilo,
"Introducing SOSTOOLS: a general purpose sum of
squares programming solver," in Proceedings of the
41st IEEE Conference on Decision and Control,
2002., 2002, pp. 741-746 vol.1.

S. Boyd. et. al., Linear Matrix Inequalities in System
and Control Theory, in Applied Mathematics, vol.
15, PHL:SIAM, 1994.

C.-W. Park, C.-H. Lee, and M. Park, "Design of an
adaptive fuzzy model based controller for chaotic
dynamics in Lorenz systems with uncertainty,”
Information Sciences, vol. 147, pp. 245-266, 2002.

H. Ohtake, K. Tanaka, and H. O. Wang, "Fuzzy
modeling via sector nonlinearity concept,” in
Proceedings Joint 9th IFSA World Congress and
20th NAFIPS International Conference (Cat. No.
01TH8569), 2001, pp. 127-132.

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

Intelligent Transportation Systems, vol. 15, pp. 274-
284, 2014.

H. Dahmani, O. Pages, and A. E. Hajjaji, "Observer-
Based State Feedback Control for Vehicle Chassis
Stability in Critical Situations," IEEE Transactions
on Control Systems Technology, vol. 24, pp. 636-
643, 2016.

P. Bergsten, R. Palm, and D. Driankov, "Observers
for Takagi-Sugeno fuzzy systems,” IEEE
Transactions on Systems, Man, and Cybernetics,
Part B (Cybernetics), vol. 32, pp. 114-121, 2002.

L. Li, S. X. Ding, J. Qiu, Y. Yang, and D. Xu,
"Fuzzy Observer-Based Fault Detection Design
Approach  for Nonlinear Processes,” IEEE
Transactions on Systems, Man, and Cybernetics:
Systems, vol. PP, pp. 1-12, 2016.

L. Li, S. X. Ding, J. Qiu, and Y. Yang, "Real-Time
Fault Detection Approach for Nonlinear Systems
and its Asynchronous T-S Fuzzy Observer-Based
Implementation,” IEEE Transactions on
Cybernetics, vol. 47, pp. 283-294, 2017.

Y. Wu, J. Dong, X. J. Li, and G. H. Yang, "A new
fault detection observer scheme for T-S fuzzy
systems with unmeasurable variables," in 2016 12th
World Congress on Intelligent Control and
Automation (WCICA), 2016, pp. 120-125.

Y. Yang, S. X. Ding, and L. Li, "On observer-based
fault detection for nonlinear systems,” Systems &
Control Letters, vol. 82, pp. 18-25, 2015.

L. Li, S. X. Ding, Y. Yang, and Y. Zhang, "Robust
fuzzy observer-based fault detection for nonlinear
systems with disturbances,"” Neurocomputing, vol.
174, Part B, pp. 767-772, 2016.

T. Agustinah, A. Jazidie, M. Nuh, and D. Haiping,
"Fuzzy tracking control design using observer-based
stabilizing compensator for nonlinear systems,” in
2010 International Conference on System Science
and Engineering, 2010, pp. 275-280.

K. Tanaka, H. Yoshida, H. Ohtake, and H. O. Wang,
"A Sum of Squares Approach to Stability Analysis
of Polynomial Fuzzy Systems," in 2007 American
Control Conference, 2007, pp. 4071-4076.

K. Tanaka, H. Yoshida, H. Ohtake, and H. O. Wang,
"Stabilization of Polynomial Fuzzy Systems via a
Sum of Squares Approach,” in 2007 IEEE 22nd
International Symposium on Intelligent Control,
2007, pp. 160-165.

K. Tanaka, H. Ohtake, and H. O. Wang,
"Guaranteed Cost Control of Polynomial Fuzzy
Systems via a Sum of Squares Approach," IEEE
Transactions on Systems, Man, and Cybernetics,
Part B (Cybernetics), vol. 39, pp. 561-567, 20009.

K. Tanaka, H. Yoshida, H. Ohtake, and H. O. Wang,
"A Sum-of-Squares Approach to Modeling and
Control of Nonlinear Dynamical Systems With
Polynomial Fuzzy Systems," IEEE Transactions on
Fuzzy Systems, vol. 17, pp. 911-922, 20009.

A. Sala and C. Arino, "Polynomial Fuzzy Models
for Nonlinear Control: A Taylor Series Approach,”

Journal of Control, Vol. 12, No. 1, Spring 2018

WAV Sl o) o5led )Y o oJ =S alos



