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A Robust PI Control Design for a Class of Nonlinear Systems with
Uncertainty Using Sum of Squares Decomposition

Hasan Zakeri, Sadjaad Ozgoli

Abstract: This paper presents a new algorithmic method to design Pl controller for a class of
nonlinear systems whose state space description is in the form of polynomial functions. Design
procedure is taken place based on certain or uncertain nonlinear model of system and sum of
squares optimization. A so called density function is employed to formulate the design problem into
a convex optimization program of sum of squares optimization form. Robustness of the design is
guaranteed by taking parametric uncertainty into account with an approach similar to that of
generalized S-Procedure. Validity and applicability of the proposed method is certified with
numerical simulation. This paper, besides presenting an innovated Pl control design which is not
based on local linearization and works globally, announces a new approach in formulating
parametric uncertainty in nonlinear systems. Derived stability conditions do not suffer from any
drawbacks seen in previous results, such as depending on a linearized model or a stable model and
it can overcome most control difficulties. Furthermore, employing sum of squares techniques makes
it possible to drive stability conditions with least conservatism and directly derive stability of
nonlinear system.

Keywords: Robust Pl Control, Sum of Squares Decomposition, Density Function, Nonlinear
Control Synthesis, Parametric Uncertainty.

[ DOR: 20.1001.1.20088345.1391.6.3.3.9]

o sb ol a3~ 01l 335 1) 5 J S Oledige ezl o =S Al Sl SIS 13 s sk 5


https://dor.isc.ac/dor/20.1001.1.20088345.1391.6.3.3.9
http://joc-isice.ir/article-1-51-en.html

[ Downloaded from joc-isice.ir on 2026-01-31 ]

[ DOR: 20.1001.1.20088345.1391.6.3.3.9]

Sl o ¢ a4 S8 4 Lol e Gy ot b (Gl Sl glis I, PS8 o0 25, YA

Kl sl (g S5

Sl SHLU A Sl sl o2, S Gl by (Dla e g e
b 35 Sla e § geme 45 1 (345 0, Kaasy [10] ol o
53 oJle ysb 4 tdiles S eslinal o 8 St Sl )fJ,S
f Sl o b SIS (b 4 Sl g geme 425 51[17]
Soypo s odal Cows 4 J 2S5 356 sl 0kl o3l O 5LU s,
S5 b albae dhar sl o prn SV S (laber i S
w_,:,»:):s;m\ug‘uS)demdﬁfuyuéwbnﬁ
b W] s ek sl psy el 0T Oap &Skul 5 (WL
s Jb ol bl g s Skl s e S xS
5 Gl ooly (J S 056 gl edal Cawd 4 (glalan i ot <YL
3050 plm 53 S ch.i..a Iy e las 8 s ol @l
056 ¢S oSl als o [A] 5o Sk ) ST e Sen
bl ool ols €11 (ot o Glagienn sl (s Sl SSus
S 1y L Slaslan (355 55 Omen glaind Ol
Lo s oS S8 bl iy V8]0 e
L, e ciles <l oas iyl S xS ool ot w1yl H | jlse
bl 1y edd s 3 51 a5 5 g 63005 4 s
ol b colae 3l 5 i o, 6l YU s 6K Ol (Jl-
Sy by s Jo gl ok wl Sy romen S e dlis
i 4 ol Sy S Sl (IS5 s 4 Sl g

EIE t}f"

b Sl B s ol 08 53 G Wl 1 ey e
Sty Gl b bty (Y] s J&S
DNV e @1 ks on oliul Sl o g gams o3 31 45 Cudoma
S ol i Dl 48 ez SIS e s ol el (S
ok a8 gt il 5 b s iy ol 1 Jldil ey
A dal g ools o feads 4 dlie aslsl 3 eSSl Ll
g s & LU OB 93 4088 5l oslisul L ol i s
Ol 69y 5 Ol on sl ails Ol S148” sl o 1| il e
s 4 pslin (ol e sl 1) PS8 oS slae g 0T
ok &yl (ol ot (15 ¥ ad 53 ) andd B 5 dme pl )T
428 Ol e ) Conbad pe (Sl Slaptos ) 408 51 coven .l

ol 0 15 F o 55 ¥

Sy ool Sle Bl 4 ¥ Cand s Il Glid gl aelsl s
Ceaed () 53 Dla o g game o) Sl 6 paten o ls oo 0olinal
5 b R Slp 0l J ST (b 4 ¥ s el Lo
P a F Cad il e biabipde (35 ks 05

RS (b e 5 LG Conlid pde iud e b Sledie

! Iterative

doddo -

Wi 028 55 S35 g5 on fsans PID 5P sla S3 28

S Pl oS J 28 1) amo J 8 slaail 480 51 iy s
(ol B 2y b eSS gy ol s e JS5 PID
e @ s Caslie e 5 b Sl et

sl

5 g0 IS« mi Sladisl 3 Jali PL 5 PID J 25 slas 8
opb 5 333 IRl Glopg IS 5 (So5 5 smbline ladbsl-
iS55 66 5 VAG Jlo & PID amsu )b 55 e
53 PID laetiS U =87 (g 5 oy sl aan 0l b [V] 355 o
Sl Seose VS (K b ) okige L 1AYY Il
5Pl sle SURS 5 gm cans iy Cbd8 L ol Jl s [Y]

[F ¥ a0 ol 5 gmie slas )8 551, Jsl o > PID

S5 ol ails g5 5,8 aden PID JuS8” &S0l b Ll
phe sz b L el Coalid e w3 eege OIS
4 e slacmliipde ol okile SLPID (gla S8 )5 oonbas
S b o)y Hy 5 QFT Opmen ol fs) 03 e 5ok
5SS Sl otaT [V=0] 55 PID J 8" 0T Sl sh 51 slool
Srably Conbad pe clagti 53 Lomlad pde Loy 5 (28 sl
O3k 1 s Sl s Sl 5l SleMbl g 5led e 5 ol !
o rar 33 A8 o Blod Jde 53 s melyl 353 Hldde cpedls 4 U
Sl g bl Canlad pte bl slapten 257 5 oL
Slaptem 53 (6l palab e Wl () 1-A] oo 0k plol s
il 350 S (Slwlows 5 (b (Shomn Slo 4 (s 5
35 g o gmma 3l Gl (slada )55 5 a8 S 13 Ol
S-Procedure 5 Cila e ¢ sazes 4525 5l eolizal b cdlin ool s
Saptacw 53 bl Conbd oo b agrlse Sl Ay 4Bl e
sy Calodd 1 Pl odiS J 8 b Sulg s 5 s
o e S Lo 5 VA Jla o sl s (Dl e seame & 520
Sl slasl ol atlis B9y 3l cemend Olgie 4 Yoo Jlo s L
3 J 55 Slal 3 las )8 0pSTE s [N S (ime (at (oo SLe
S Sla e g sazme s.;win DY)l il gt (b
Salis ol LS o oslizal ot e 5l slagsslasl alie by,
Lgh o plnl Slahardar mhaw 3 Pl lgdnde b alST &
s e S 53 1 phs e 31 (ol 4 Sl e £ gamn 025,
S Ul o (bl (o) Ao (30 55k 4l w2
S 53 S b ol e S8 s e
 dly WS 5 S Sl s iy & O LU b sl

Sy 3 eslizal b oLl tcal Ktagn olb o gl

Journal of Control, Vol. 6, No 3, Fall 2012

AN b o oplad F dlor (25 alone


https://dor.isc.ac/dor/20.1001.1.20088345.1391.6.3.3.9
http://joc-isice.ir/article-1-51-en.html

[ Downloaded from joc-isice.ir on 2026-01-31 ]

[ DOR: 20.1001.1.20088345.1391.6.3.3.9]

A Sl o ¢ gm0 S8 4 ol e (Glls ot b (Gl Sl glis I, PS8 o0 25,

Kl sl (g S5

K Glp Dl o Sope 4 (0j20) SRl & s
LS a0l 1y slabomr ki

B L 5 51t Sl e PX) iz 1] )
S Lys il Z(X) slagslabereSS 5ls,ls 05 Q20 L sl
p(x)=Z" (X)QZ (x) ()

s S5 05 b 0 o (Sl i s 4 (V)P iy

) ZF . .

otz Llodd 053 {a,.y j (x)} ER, slsslalortir

N

ot (D OO, €200 P OO}, Ry
JL;J_,AQ_}J@JWTC g
N

8 ; -}-Zpi (X)a1J (X)ZO, j =:L2,...,j ®)

i=l

N
8, + 2P ()3, (x) €T, @)
=

s 5l Sz Sl € 0T j3 8¢ ] :(JA+1),...,J &y
el (23055 15, W5 PX) el slacslabesr o

@l Bles b o JB gl 4 igimly e i S
[Y0 ,YF] L5l YALMIP 5 [Y¥'] SOSTOOLS & eas
.{pi }im=o ER, 45 o (VY] (48l pans S-Procedure) ¥ of

m
s LS))J? LYy 1t} {Sk}izlezn < BT

m
alff_)T ¢ pO _ZSI pi (S Zn
i=0

:1{)( eR"|p, (x)zo} "

g{x eR" | po(x)zo}

S ol S-Procedure sl ws i 428 1 avani codd S5 o
MM‘? oslazw! QT J‘ r}u.a f\}la ‘}Zau BE)

408 O 53 4 p g se 5 oI 4B Oy & S cnl OLY 5
RSP IS P

WS oy 5 UK 4 Sl dsles b gt =Y of
x(t)=f (x(t)) W

s e F(0)=0 , f eCl(R”,Rn) o 45
i S 5 sy @l ol 46 seme e CHR™,R")

G a1 Je ol RTO4 RO

4 Sum of Squares program

0 Lwnd 53 Gilwand mli 5 gode sladle @l a5l C}LE.»

.M:dd:g.ﬁbdwdtéwcdj:f%ﬁ}g;w‘o&a:)j-\‘

ol S -Y

o L e 5 Al 5 bl 550 iyl w1 4 i3 ol
25 Soge b Shlardiz 5 Shlor ST f8 sl 53 3315 o0
g s R N

goce N 5HCwl Al X ime 51 M, lalameST-) iy &
oy w8 X =(Xy, Xp,. .0 X,)

m, (X)=X* £X2X57 - X M)

n

n
degm, =D 0 o & Sleber eSS ool By 355 0 a0
i=1

VY] 55 o0 i o
Sl sl s (S5 e N1 P shalam i -V A &
!l b glaber eSS

p2>c,m, =>c, X" )
o (24
ssbe s degp =maxdegm, i, P lder o &3
a

% pia 5 aglahardir degaze Olgie 4 Ry Guorer

bgladberdr & J2S5 5 bptuw 4k flas 1ok 53
CaMe sl (Tl 0k J ST a ke s Slslp slas ,slS
Sk Ko Cob il cal IS J8 S Sl s b glalas i
SIS o355 0 8 gl dir Cudle oni b J 287 ol
Erorms paphn ol 0ld &l Jae oyl ade ol &S el
NEpC

2l (SOS) o ¢ gozms P(X) slabesm iy (111 ¥ Ly 585

sls il 55 S 4, 0T Ol 81 essd oo

p(x):pr(x) )
WAl Sl paeme PX) Glderam STl e
LS & gazme (Cs B3l OT OV iz o) ol P(X) 2 0657
b Ly ) Sl paeme JSKE w5 e N1 Glagglablerdin
Slp S8 s eV bys 5l 2y C'T\%qf;ﬁw‘c.él,,ﬁ)l.lfda

! Monomial
2 Polynomial
® Sum of squares

Journal of Control, Vol. 6, No 3, Fall 2012

AN b o oplad F dlor (25 alone


https://dor.isc.ac/dor/20.1001.1.20088345.1391.6.3.3.9
http://joc-isice.ir/article-1-51-en.html

[ Downloaded from joc-isice.ir on 2026-01-31 ]

[ DOR: 20.1001.1.20088345.1391.6.3.3.9]

Sl o ¢ a4 S8 4 Lol e Gy ot b (Gl Sl glis I, PS8 o0 25, v

Kl sl (g S5

c C
k, ==, k; == )
a a
§ yores alp Sl eeT s 4 Slagal C, 5C @ 0T o

L 55 Sl e

5 Al dJ Sl {x eR" :|x|21} ey

Gl dizr 8 L Ol 1, €, 5 C) 8> 0 b JSul
b(X)V-( (x)a+g (X)c)
~avb(%)-(f (x)a+g (X)c)

QT)JS?JA;QDQJACW

(\Y)

c 201&1‘ (x)+c,h(x),

f () r (X)+g(x)u}, Or)

0

o]

Ll ol s ot slabar i oS5 D(X)

2iose aV pba it 535,55 i L OB g

v o)
dt

S el g 1y 2508 03y 53

LTy

2olsl 368 Gt L

u(t)=k,y(t)+ky(t)

%)
—k g—hf( )k;h(x)

Sl Ll s o)l3 5 ¥ oI Sleslizad LU =V Sl le b

23 013 o35 Bl e 51

p(X)= a ,u(x)p()€)=M av)

b(%)” b(%)”

5o3g ot odd el i Sl laber ki ¢S5 D(X) 0T 55 o8

¢(x)=c, g:f( x)+eh(x)  om

S bdISE bys 03 J5n 5l bl Sy O S s
INT 35500 68 L 55 68 5 ol s 4 5 a8 8 15 eslizul 3,50
Syl g Lo o gb el ol

S sk 4 AiL sl sy pECl(Rn_{O},R)
P()F (x)
| Xl
sl KT sl [V-(pf )](X)>O X 2 l,s o,
aJﬁJﬁytE[o,OO) sl X(t) CJB}:»«‘MX(O) 42151 Sl

I ]S o oo oo Com s U 00 (o505

o3 Pl a s ke Yo Jle s 0L ol 6l 4ndS )

S losle JEs e (6 s Wb ol 3530 S JE pl 3
Aﬁyd&éuw&}jlj:ﬁ@@}?db-‘;l.\éérwjg
S (835 4 pamia oo ol e 3505 355 0 e Jola
Slp oS J2S (b s (e sl ) cas e 0L 5 5
el G gL L GU o8 s S aad gl s 2 duw
o Sl S wb 5O SLU b 3l sl 4 S el
b s B 53 5) e Ol 1 (S8 e eslizal (5ol

(15 Somier 53 Dlor 4550z 035 o b (DL o

5 S 2 G b bl DU a5 JS 0s6

oS JgS b 53 s s K 4 cnad ol 1 eslizal
ﬁlj\r:alfuju&ﬁ&@jla;@\@c@&a’r{)b.@)ﬁly

.c,s.uﬁﬁatf.PlJﬁ;sd,.tjbu:”m)w‘d:sqw,“u

@b I - S5 (b 9y T

38 Y a5 ide ol 53 ) andB 05 ) dlis ol Lol 65T 5

b Gl a bge ) oadd Ll il dal s Sl gl i3
Glapimm 4 485 b pand ¥ 40 5 (Coalsd plo gl 050
@‘wtu\.&éb\b
LS s 5 S el s e
x=f (x)+g(x)u
y =h(x)
S99 )‘:ﬁ UER Lr.‘.«.:.u Il )‘Jﬁ XERn QT BE ny
f (x)eRr] G5 s e s Y s JAS
dzs X ) ety o5 N(X)ER, 59(X)eR)

)

53k L P Lol A8 086 080 JUs & b S5 el

(et 23 S 4 A
u(t):kpy(t)+ki]'y (s)ds ()
0
Aaide J S 056 05,57 S a4y Gl g3de i) Ol 4 ) A
S31s
oS S Jlash b () SYslan b ok o313 ot =) dniad

Q@ftwd}_)u\.}ﬁdwaf&,&@gﬁu\h‘}i)‘.\ilét(\')

s Sl 5 e a Ky 5 K il s sl Ol 5

Journal of Control, Vol. 6, No 3, Fall 2012

AN b o oplad F dlor (25 alone


https://dor.isc.ac/dor/20.1001.1.20088345.1391.6.3.3.9
http://joc-isice.ir/article-1-51-en.html

[ Downloaded from joc-isice.ir on 2026-01-31 ]

[ DOR: 20.1001.1.20088345.1391.6.3.3.9]

" Sl o ¢ gm0 S8 4 ol e (Glls ot b (Gl Sl glis I, PS8 o0 25,

Kl sl (g S5

b 53 bbbl e G S gl LD &
B el e Slp psle IS b Gy O w2
40 gazn 53 Q| aabib gt 5la L (V) pmel ot Y B
Wby S Sose 53 eeal Hll (V) J8 056 L esyls 515 (YF)

.LLLTGA S a (VY)

Slag e € slaglabos o }C2;C1‘3.>0L;Uhj§l§...\

e Ot s {8,
b(%)V, (f'(x.0)a+dc)
—avb (XA).(fA(X,q )a+g ()2)0) (YF)

UT)"S”’J?Q[".‘J‘C}“’.“

dh
Cl&f (x,9)+¢;h(x,q),

fﬂ(i,q){f (X’Q)+9(X:Q)U} o

0

o
Il

das 4l 8 glh;:

po =b (X)V, (' (%,)a+gc)
(Y#)
X,q

—avb(%)-(f' (,a)a+d (R)c)
| |
slz Po Z_Zsi P KT p0+zsi P 20 & 10T 5l
i=1 i=1
LS G el oS (Lha g aulyplpeg s X s
|
q‘en{q eR'p; (4)<0} V)
=1
|
ol g el Py (XvQ)>O olal ‘Zsi P 20 .

i=1
bl r.:a\}ﬁ-

| Ry M‘? )\»L;L\_ a:}}‘wa&-‘- ol
Olgp Slape pyamms dis &K Jor b Gp 428 51 ealinal |
i 02 S Wy (e b e 6 el 1 Ll PL RS 28
odd sy pslie (651 4 Sy Slp G i oSS 4 A

R

Pl Cll>— S5 >l ey -¥

o b e 1 IS il oS SRS b 4 055
S ol Y il e S Dl Conlad e ol s
a\@}ﬁj@,mﬁadb\:}égﬁjjdlﬁl)g:,.:a]aj(a..\.o‘;)’l.»‘).\.a
S G

gﬁxk;(..xpggju‘)vu V-0
ﬁﬁf@jﬁj):bx}'dl’-&\bwl{&;@w

x=f (x,0)+g(x,q)u

y =h(x,q)
sl s G ER' 5 e s sy X ER" 0T 1o o8
s FEOIR™ SR ws cel e b
Al § 5 X5 Gbglerts g()IR™ SR™T

(¥+)

pstali a5l oS on 2 abion el s 15 U e
&ij‘ ny .L:-:L Q CL grwdb'a)j.bu 48 goeo é{.j‘ 4 3 gl q

hpe QT ) q S gl ||||pW o5 bl s 8
b gn 45 8 5 )5 (Sl pshre 5 o8

Q:{q eR'IW-(q —q*)p<1} )

QTJJS

W =diag(w, w,,...w, ),
(")
W, W,,.. W, eR™

peN L;lf.S.\iao\j@;;u@.@\f:aj)m;b

Q:{q eR'l p; (q)<0,i =l...,|} ()

! Uncertain system
2 Uncertainty bounding set

Journal of Control, Vol. 6, No 3, Fall 2012

AN b o oplad F dlor (25 alone


https://dor.isc.ac/dor/20.1001.1.20088345.1391.6.3.3.9
http://joc-isice.ir/article-1-51-en.html

[ Downloaded from joc-isice.ir on 2026-01-31 ]

[ DOR: 20.1001.1.20088345.1391.6.3.3.9]

Sl o ¢ a4 S8 4 Lol e Gy ot b (Gl Sl glis I, PS8 o0 25, v

Kl sl (g S5

M5 el ok Ol Slalar iz S5 4 55 4 350 (5 (e
ol o3l BB 0T (g alie ol 55 0ds €1l iy,

SIS e L e ST 055 5> lede 5 S

A ololid 3l ods o b byl ls Sl 0k @11 [YF] o

b ol

q =[0.0038 0.0028 0.2087 —1.1871]T ()
bold 35 Sl s b 4 (gl (Somell 03 95me 4 gores
Q) 4 a5 bl [V] AT o s & Sl je o S S

Q ={ql 241790q? +11360q,q, +13800,q,
—2157.4q, +241210q2 + 90000,
+1240q,09,09.77q, +150q2 + 28000, (*F)
+262.0140q, +150q2 + 294.2220q,
+151.5471-1< 0}

Al o sllae laber s LIB s S

(b b)Y Jee ¥

Jﬁﬁifjl&;):ljﬁ)'&\b\ml{om,::l:w

X —X +3yz 0
y|=| y*-z-x* |+|0|u )
z| |-3z%y-y-z| |1
h=z
il i OT 0325 p3las 5 5 il w0 S5 o 5o
-1 0 O
A=0 0 -1 )
0 -1 -1
-1.6180
eig(A)= -1 ")
+0.6180

3 Sl 31 olizal OG5l ILLE b ail pres ol
g S S S5 e oSS b sl 2

QLQJAC)WM&jaﬂﬂf@bu’}‘}f‘g‘)ﬂaéL&»\
{¥¥] SOSTOOLS i3l aax ¢KaS 4 5+ Coond 3 ) anib b
Médn ‘) j.)A”';:"’

k, ==30.9242, k; = —29.9239 (*A)

Wl odaTY I (gl S8 s (gSlead s

5 [F0004] o btp b e ey e et S

SO s o OW 3T 5 27T oy dasd 53 o 31y ilask!

4 Least squares identification

& Jto -0
B s Coabas pte Gilwdia Sl sl £l 4 Cwnd cpl s
)}kg.rﬁj‘:ﬁ:do-\ﬁ:ﬁb\dﬁ})jiplﬁj&f@‘}p}é‘d@.\b’-
aé}hﬂ&}w\i\‘j‘ww(rﬁulfnyudu\JLZALU.&E-
Cu\.ﬁ LS_)LAJ-\.AAJY Jb:)laﬁ@w(-j&.(@e.\.z ;A.LJ’J s‘:"‘l‘
e 5 53 1) (b B 208 W e w3 (6 gy ool
)ébev\fb5‘)\(}@f|}jj)éﬁ)\fcfJt&.@‘e}\:blﬁiglﬁ
s gn O ¢l it o ¢ 85 e S 4 !
.(L;‘A.:x?g:ﬁ:xbﬁrv\ﬁ)\ Jie V-0
Glaalsd ot £l )3 457 msl 03 3dos 4o gare Sl S 51 (S
C,.:a}aﬁ C.Lc “ C}‘»}A QJ}-:@ oy J,‘;{ ‘sl.h(...‘m:.u BE) 6,’.‘.&‘)%

A il e 00 5 )30 43 0k Oy 5 03 51 (Sl
Q={aw -(a-q"), <1},
a"=(a;,a5 ), (re)
W =diag(w,,...w, )
pte S‘J‘AJE:)-’AW;| 2 Ol V.:A\?sa Jie cpl 5o
Jlae u‘.‘ BENE™ 45‘)\ g}i'jJ J\ eslatw! 6‘,1 w\.'!:l;. 6\4” C,._a]dé

Sl Lo 1, 0T 015 o 45

b Glalerdiz B 4 5 Sy 4 odd S5 as serme

Sty
maXMi (qi _qi*) <1 )
=—1<w, (qi —qi")sl
ol

a, _qi*—%vi <0, q —qi*Jr}V/vi >0 )

J._v') ol @ L;:.aul.r 03 gdus 48 jazes ‘5‘414.’-.1..:: E% o

24

(6}@ w ru\.c) Y Jle Y-0

s ol Jghize (gl by 068 o3Il slasy s sy 5 4
&a‘ﬁgwjl‘jbdm&(&i@d&ﬁqgﬁdbu)
Jle cpl 3 las e a2t |y K5 (G2 (6 a5l nal 45 garee

6 ks I (BL by ol pde & s O eal

! Box
2 Ellipsoidal
® Uncertain Lorenz system

Journal of Control, Vol. 6, No 3, Fall 2012

AN b o oplad F dlor (25 alone


https://dor.isc.ac/dor/20.1001.1.20088345.1391.6.3.3.9
http://joc-isice.ir/article-1-51-en.html

[ Downloaded from joc-isice.ir on 2026-01-31 ]

[ DOR: 20.1001.1.20088345.1391.6.3.3.9]

Y Sl o ¢ gm0 S8 4 ol e (Glls ot b (Gl Sl glis I, PS8 o0 25,

Kl sl (g S5

.(ﬁ\jwé‘j r_gu.a @‘Jb)f’ dh& ¥-0

Fod e Sl R el oS J ST 1l 4 el

Sl 15 g e SVl 513 5 e LS 35 O by cpmals

X o(y -x) 0
y |=|x(p-2)-y |+|Ou
z Xy — fz 1
h=x()
o3k &S5 4 g 5 psbel sla il By po OOl js &
03 5 08 J 55 gt & pdo (5 s odd el

o LIl cCoa sl aals 13 T SILLL Jobs dail Condge

(¥4)

Ll plazel Jesl 55 L b
plol 5 sl esgdome 3 bzl (38 s L (gileas

Sy
9<o<1l
25< <3 (F+)
25<p<3l

32l Sblag s o S E T s, B e 03dome (il 3
Olge a1y ) psalie F 4bd I b am das 0 0L 5
&1,/ [Y¥] SOSTOOLS i3 aar ¢SS 4 5 0uiS'd 287 (sla ol

MJ@

k, =—1.5054 , k; =-49.6842 (FV)
izl S &G 4 e Ll Gy (ilaans F S
Qu..;‘)g;.ﬂ‘o.\.i::)l)WAiYU\&G:):é\{.\:-b‘uﬁ‘bb.s“di’
Sl ol &;ﬁ)sw‘ﬁjb@ Sl el s ¥ das
OBl s a5l Sloes e gemes w3l Bolas sgb 4 OT Gb Y &
Ly 0T Gl 4 e & Sl bl o aias 5 oS
(Wl i § S s sl e e Ol 5 ) 680 5aT
Dy 5 eds gl O Jb 3l slazel Jlesl b bads -
s 5 O JSKa 5s as e 0lis 2 S eSTosaT Ly Sl
ol osls Jioles Alasel S 5 gi 53 s olyl Oled bty 4l
L pslizel 5y 5o o5 Qtééyr:m:.uu}i@ odalice amils .ol

el azils 10_3 39> o ¢

S5 4 -0

Pl SIS b slp oz S sy o6 4l 4 dlie ol 5o
S8 4 (bl ok sy i b Gl 51y pslie
wdd 0855 G b 5l Gl 5 eds plil Slm o § gazmae )
e Sl eslizal b (Ko b dos ol ooy U & O3 5LU
blowe 658 o (SN Sla by DMy 5 0kd plnil o o

Iy il 655,s &K o S .l o 315 ¥ IS 55 place!
delg 1 G855 0.2 atels b g s S 5 8 s o 0L
51 ysiles .l oks JsI3T b 27 absd I S il e
I8 gy e 5 BLAZEL 35 55 (e (ol ainie n SO
b ALl o7 g5k @ sl 03ls 0L 3 5 I g hae sl 5 Sas

el 0k Cans 1070 g,

Output
0.02

-0.02 1

-0.04 i

h(t)

-0.06 - 1

-0.08 - 1

01 e 3 c e
0 1 2 3 4 5

Time (seconds)

o il s el 1) IS

X 10'4 Output
8 T T T T

h(t)

Time (seconds)
lizel ji dL..;efJJ'{Y }i.u

disturbance input
0.4

031 R

dt)

I3 1

0.2 : - - - -
0 2 4 6 8 10 12 14 16

Time (seconds)

Slazsl JEw i S

Journal of Control, Vol. 6, No 3, Fall 2012

AN b o oplad F dlor (25 alone


https://dor.isc.ac/dor/20.1001.1.20088345.1391.6.3.3.9
http://joc-isice.ir/article-1-51-en.html

[ Downloaded from joc-isice.ir on 2026-01-31 ]

[ DOR: 20.1001.1.20088345.1391.6.3.3.9]

Sl o ¢ a4 S8 4 Lol e Gy ot b (Gl Sl glis I, PS8 o0 25, A

Kl sl (g S5

(4]

(5]

(6]

(7]

(8]

(9]

[10]

(11]

(12]

[13]

[14]

[15]

[16]

[17]

(18]

Q. G. Wang, Z. Ye, and W. J. Cai, PID Control for
Multivariable Processes: Springer, 2008.

H. Panagopoulos and K. J. Astrém, "PID control
design and Hoo loop shaping," International
Journal of Robust and Nonlinear Control, vol. 10,

pp. 1249-1261, 2000.

C.-M. A Fransson, B. A Lennartson, T. A Wik, and
P.-O. A Gutman, "On optimizing PID controllers
for uncertain plants using Horowitz bounds," in
IFAC Workshop on digital control: Past, present,
and future of PID control, Terassa, Spain, Terassa,

Spain, 2000.
B. Labibi, H. J. Marquez, and T. Chen, "LMI

optimization approach to robust decentralized
controller design,” International Journal of Robust

and Nonlinear Control, vol. 21, pp. 904-924, 2011.

B. R. Barmish, New tools for robustness of linear
systems: Macmilllan, 1994.

S. P. Bhattacharyya, H. Chapellat, and L. H. Keel,
Robust control ithe parametric approach: Prentice

Hall PTR, 1995.

. Horowitz, "Quantitative feedback theory,"
Control Theory and Applications, IEE Proceedings

D, vol. 129, pp. 215-226, 1982.

P. A. Parrilo, "Structured Semidefinite Programs
and Semialgebraic Geometry  Methods in
Robustness and Optimization,"” PhD, California

Institute of Technology, Pasadena, California, 2000.

D. Henrion and A. Garulli, Positive Polynomials In
Control: Springer, 2005.

Z. Jarvis-Wloszek, R. Feeley, T. Weehong, S.
Kunpeng, and A. Packard, "Some controls
applications of sum of squares programming," in
Decision and Control, 2003. Proceedings. 42nd

IEEE Conference on, 2003, pp. 4676-4681.

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

vol. 4.

A. Papachristodoulou and S. Prajna, "On the
construction of Lyapunov functions using the sum
of squares decomposition,” in Decision and
Control, 2002, Proceedings of the 41st IEEE

Conference on, 2002, pp. 3482-3487 vol.3.

S. Prajna, A. Papachristodoulou, and W. Fen,
"Nonlinear control synthesis by sum of squares
optimization: a Lyapunov-based approach,” in
Control Conference, 2004. 5th Asian, 2004, pp.
157-165 Vol.1.

Y. Zhi, G. Zhao, and J. Yu, "Robust static output
feedback for a class of nonlinear uncertain
systems," in Proceedings of the 2011 International
Conference on Computational and Information

Sciences, ICCIS 2011, 2011, pp. 1163-1166.

H. Zakeri and S. Ozgoli, "A Polynomial Modeling
and State Feedback Control of Blood Glucose

ol

@l Ghay 3l sy b s il e S AL o8

Conlad pde S 4 1) (o b s 53 3 50 nbad ol iomen
TIb & St Jas LT Gl 5 Sl B 5 5 55 s bl

S andd oSG 4 Caalid pde Hpam 53 L LT das s

S wesde ladle Ll ods pll bl pans Procedure

L

h()

h()

(1]

(2]

(3]

-0.01
-0.02 -
-0.03

-0.04
0

G e e 4 okd 3,1y BLazEl 5 3 ed £ S s

Alesls Ol (gade (gilwads

25

time (sec)

ezl P & s S il oy —F S

Closed Loop Response
0.04 © T -

0.03

0.02

0.01

0.5 1 15 2 25 3 35 4
time (sec)

ALl o & e 4l s sl O S

&l
S. Bennett, "Nicholas Minorsky and the automatic
steering of ships,” Control Systems Magazine,
IEEE, vol. 4, pp. 10-15, 1984.
N.  Minorsky, "Directional  Stability  of
Automatically Steered Bodies,” Journal of the
American Society for Naval Engineers ,vol. 34, pp.

280-309, 1922.

K. J. Astrém and T. Hagglund, Advanced PID
control: ISA-The Instrumentation, Systems, and

Automation Society, 2006.

Journal of Control, Vol. 6, No 3, Fall 2012

AN b o oplad F dlor (25 alone


https://dor.isc.ac/dor/20.1001.1.20088345.1391.6.3.3.9
http://joc-isice.ir/article-1-51-en.html

[ Downloaded from joc-isice.ir on 2026-01-31 ]

[ DOR: 20.1001.1.20088345.1391.6.3.3.9]

Yo

Do o saen 725 SSaS 4 onlsd e Sl a5 b (Sl Sl sl 51, PS8 10 25

Kl sl (g S5

[23]

[24]

[25]

[26]

[27]

S. Prajna, A. Papachristodoulou, and P. A. Parrilo,
"Introducing SOSTOOLS: a general purpose sum of
squares programming solver,” in Decision and
Control, 2002, Proceedings of the 41st IEEE

Conference on, 2002, pp. 741-746 vol.1.

J. Lofberg, "YALMIP : a toolbox for modeling and
optimization in MATLAB," in Computer Aided
Control Systems Design, 2004 IEEE International

Symposium on, 2004, pp. 284-289.

J. Lofberg, "Pre- and Post-Processing Sum-of-
Squares Programs in Practice," Automatic Control,

IEEE Transactions on, vol. 54 ,pp. 1007-1011,

2009.

H. Didier, "LMIs for Robust Stabilization of
Systems with Ellipsoidal Uncertainty," presented at
the Process Control Conference, Slovakia, 2001.

O. D. Crisalle, H. M. Mahon, and D. Bonvin,
"Study of robust control designs using the critical-
direction method for ellipsoidal uncertainties," in
Southcon/94. Conference Record, 1994, pp. 173-
180.

[19]

[20]

[21]

[22]

Regulatory in Diabetic Patients,” in 4th
International Conference on Intelligent and
Advanced Systems (ICIAS2012), Kuala Lumpur,

Malaysia, 2012, pp. 647-651.

M. Krug, S Saat, and S. K. Nguang, “Nonlinear

robust H oo static output feedback controller design
for parameter dependent polynomial systems: An
iterative sum of squares approach," in 50th IEEE
Conference on Decision and Control and European

Control Conference, 2011 ,pp. 3502-3507.

A. Rantzer, "A dual to Lyapunov's stability
theorem," Systems & Control Letters, vol. 42, pp.

161-168, 2001.

S. Prajna, P. A. Parrilo, and A. Rantzer, "Nonlinear
control  synthesis by convex optimization,"
Automatic Control, IEEE Transactions on, vol. 49,

pp. 310-314, 2004.

W. Tan, "Nonlinear Control Analysis and Synthesis
using  Sum-of-Squares  Programming," PhD
dissertation, Mechanical Engineering, University of
California, Berkeley, USA, 2006.

Journal of Control, Vol. 6, No 3, Fall 2012

AN b o oplad F dlor (25 alone


https://dor.isc.ac/dor/20.1001.1.20088345.1391.6.3.3.9
http://joc-isice.ir/article-1-51-en.html

[ TE-T0-920g Uo 1199551-00[ Wwouy papeojumoq | [6'€°€'9T6ET G€88002 T TOOT 02 4O ]


https://dor.isc.ac/dor/20.1001.1.20088345.1391.6.3.3.9
http://joc-isice.ir/article-1-51-en.html
http://www.tcpdf.org

